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Editorial on the Research Topic


Abiotic and biotic stress in horticultural crops: insight into recent advances in the underlying tolerance mechanism





Introduction

The changing global climate and human activities have immensely impacted the production and productivity of horticultural crops (Varshney et al., 2018). The abiotic stress condition has led to various environmental restrictions such as salinity, sodic alkaline, drought, temperature fluctuations, and heavy metal exposure (Tiwari et al., 2021; Devi et al., 2022; Lal et al., 2022; Chen et al.; Zheng et al.). These factors can significantly affect plant growth, yield, and quality. Similarly, biotic stresses, such as viruses, fungi, bacteria, insects, vectors, and nematodes, can severely damage the vigour and productivity of horticultural crops (Kumar et al., 2021; Lal et al., 2021; El-Sappah et al.; Sun et al.; Yadav et al.; Samal et al.). Abiotic and biotic stress in horticultural crops impacts seed germination, growth, reproduction (including seed formation, flowering, and fruiting), and eventual decline (El-Sappah et al.; Sun et al. Samal et al.). Hence, it is imperative to investigate horticultural crops’ physiological, biochemical, and molecular reactions to ascertain the impact of abiotic stresses and recognize potential resistance mechanisms and ameliorating approaches.

Various interventions have been implemented in horticultural crops to mitigate the negative effects of abiotic and biotic stresses on crop plant (Williamson et al., 2002; Sonmez et al., 2009). These include biostimulant chemicals, hormones, novel chemicals, and microorganisms, which have been shown to enhance crop plant tolerance and ultimately lead to increased yield in horticultural crops (Chen et al.; Jaiswal et al.). Recent studies have indicated that the presence of phytochemicals, secondary metabolites, and antimicrobial peptides can alleviate the negative impacts of both abiotic and biotic stresses through the augmentation of enzymatic and non-enzymatic antioxidants, phytohormonal interactions, activation of defense genes, and systemic resistance (Xia et al., 2020; Altaf et al., 2021; Altaf et al., 2022; Moosa et al.; Tiwari et al., 2022; Najeeb and Li; Rahman et al.). Understanding the effects of abiotic and biotic stresses on horticultural crops and the mechanisms involved in mitigating these stresses can significantly improve crop productivity and quality. In this Research Topic, researchers around the world provided various mitigation strategies and used various novel biostimulant chemicals, hormones, novel chemicals, and microorganisms, as well as phytochemicals, secondary metabolites, and antimicrobial peptides, can help develop new strategies to enhance the resilience of horticultural crops to environmental stresses.

The regulation of stress response involves a significant mechanism known as phytohormonal cross-talk. Researchers have utilized epigenomics, genomics, proteomics, and metabolomics methodologies to comprehend the reaction of horticultural crops toward abiotic stress (Hoekenga, 2014; Zargar et al., 2017; Mishra et al., 2022; Yadav et al.; Zheng et al.). Osmotic adjustments and reactive species signalling are two key mechanisms involved in the response of horticultural crops to abiotic and biotic stress. Transcriptional and translational regulation is essential in stress response in these crops (Zheng et al.). Researchers are also exploring the application of novel phytoprotectants to mitigate stress in horticultural crops (Khan et al., 2014; Arnao and Hernández-Ruiz, 2020; Devireddy et al., 2021). Additionally, there is increasing interest in understanding the mechanistic insights of Plant Growth Promoting Rhizobacteria (PGPR) in regulating stress conditions in horticultural crops. PGPR-mediated regulation has been shown to improve the tolerance of crops to abiotic and biotic stresses (Vaishnav et al., 2016; Abbas et al., 2019; Bharti and Barnawal, 2019). By exploring various avenues such as physiological and biochemical responses, signalling mechanisms and pathways, phytohormonal cross-talk, epigenomics, genomics, proteomics, and metabolomics approaches, osmotic adjustments, reactive species signalling, transcriptional and translational regulation, novel phytoprotectants, and PGPR-mediated regulation, a more comprehensive comprehension of horticultural crops’ reaction to abiotic and biotic stress can be attained (Vance, 2010; Qin et al., 2020). The discoveries above have the potential to facilitate the formulation of novel approaches aimed at augmenting crop durability and output.





Studies addressing factors affecting abiotic stress responses in horticultural crops

The world is currently experiencing changes in the global climate, and with the world population increasing rapidly, there is an urgent need to increase agricultural productivity (Rosegrant and Cline, 2003; Devaux et al., 2020; Kumar et al., 2023). According to projections, a 70 percent increase in agricultural output will be necessary by mid-century to satisfy the needs of the expanding population (Ortiz-Bobea et al., 2021). Enhancing agricultural productivity is paramount in tackling the world’s population-escalating food requirements (Knoppers et al., 2008). Given the impacts of climate change, such as elevated temperatures and severe weather phenomena, it is crucial to identify sustainable and effective methods for augmenting agricultural productivity (Zheng et al.). Achieving the horticultural productivity goal necessitates a multifaceted strategy encompassing cutting-edge technologies, embracing sustainable agricultural methodologies, and advancingovel horticultural cultivars (Devaux et al., 2020; Onoja and Adione, 2020). Furthermore, governments and organizations must allocate resources towards research and development initiatives to tackle the horticultural industry’s various obstacles(Yadav et al.; Zulfiqar et al.; Samal et al.).

The role of phytohormone and growth regulator in enhancing horticultural crops can lead to sustainable agricultural growth, which might enhance tolerance against abiotic stress tolerance (Zheng et al.). For example, the use of nano-nutrient solution (NNS) was used to alleviate the detrimental effect of drought on tomato crops. The application of about 1% NNS showed improved shoot length, fresh and dry weight, number of leaves and flowers. It increased the content of leaf chlorophylls, carotenoids, total phenolics, total soluble sugars, and flavonoids of tomato crop. The concentration of 3% NNS was found to minimize electrolyte leakage, while 5% NNS application exhibited higher total free amino acids and minimum lipid peroxidation rate in leaves. The growth regulator NNS could be a promising environmentally safe agricultural technique for mitigating the negative effects of drought stress on crop growth and yield (Mubashir et al.). Similarly, another study by Ahmed et al. showed that using zinc oxide nanoparticles (ZnO NPs) can effectively enhance plant growth and production of Coriandrum sativum L plant during drought. The foliar application of 100 ppm ZnO NPs in Coriandrum sativum L can improve net photosynthesis, stomatal conductance, and transpiration rate, as well as increase chlorophyll content and reduce abscisic acid levels in drought-susceptible plants. The efficacy of ZnO NPs in inducing drought tolerance was revealed through principal component analysis. The findings suggest that ZnO NPs can be a promising strategy to mitigate the negative impact of drought stress on Coriandrum sativum L (Ahmed et al.). Cold stress is also reported to affect the Hami melon and its keeping quality. However, components such as chitosan treatment can reduce fruit softening and chilling injury in cold-stored Hami melon. The study by Zhang et al. revealed that chitosan treatment maintained high levels of starch and sucrose contents, regulated enzyme activities and gene expressions related to starch and sucrose metabolism, and reduced fruit softening and chilling injury (Zhang et al.).

Moreover, the review on the aspect of the role of bio-stimulator such as salicylic acid (SA) in horticultural revealed that the use of SA can lead to enhance productivity and reduce the negative effects of abiotic stress conditions by enhancing signaling molecules, antioxidants, osmolytes, and secondary metabolites, as well as regulate the expression of stress-related genes (Chen et al.). Pre-harvest foliar spraying of salicylic acid (SA) and post-harvest caraway oil coating was tested to reduce chilling injury (CI) during post-harvest storage of sweet pepper. The caraway oil showed antifungal activity against Botrytis cinerea mycelia. The lowest CI was obtained with 3 mM SA and 0.6% caraway oil treatment. The treatment resulted in a delay in weight loss and firmness, as well as changes in pH, TSS (total soluble solids), TA (total acidity), and color. Additionally, the treatment led to an increase in capsaicin content. Incorporating SA (3 mM) and caraway oil (0.6%) might be a practical solution to improve sweet pepper quality during storage (Hanaei et al.). Using carbon-rich materials such as biochar (BC) also showed significant benefits for horticultural systems. BC amendments to soil or growing media improve seedling growth, increase photosynthetic pigments, and enhance photosynthesis, improving crop productivity in Citrus sinensis crop (Zulfiqar et al.).

The abiotic stress in the horticultural crops leads to changes in the biochemical and molecular response, ultimately providing tolerance. The role of certain genes, such as the overexpression of CpCHS1 gene from sweet cherry in tobacco has been shown to improve the germination frequency and fresh weight of transgenic seedlings under drought stress by enhancing the activity of SOD, POD, CAT, and proline under drought stress. These findings suggest that chalcone synthase plays a crucial role in regulating plant growth, development, and abiotic stress tolerance in sweet cherry and other Rosaceae species, which might have potential applications in improving the productivity and stress tolerance of cherry and other fruit trees (Hou et al.). Similarly, the overexpression of HSF20 in ‘Benihoppe’ strawberries made fruits sensitive to temperature, while overexpression of CBF/NF-Y promoted coloring under cold treatment. On the contrary, different temperatures affected hormone metabolism, anthocyanin, reactive oxygen species, and synthesis of terpenoids, amino acids, and phenylpropanoids, leading to changes in fruit quality and this aforementioned study provides a basis for further research on improving post-harvest quality of strawberries (Zheng et al.). The transcriptome analysis in Brassica napus revealed total of 79,061 unigenes, with 3,703 differentially expressed genes (DEGs) under low-temperature stress. The DEGs under low temperature stress revealed that the gene related to sugar metabolism, antioxidant defense system, plant hormone signal transduction, and photosynthesis was expressed (Hussain et al.). Similarly, the cold stress tolerance was enhanced in cucumber when figleaf was grafted on it, which leads to the activation of the WRKY41/WRKY46-miR396b-5p-TPR module by abscisic acid (ABA). The findings suggest that ABA-mediated figleaf gourd grafting-induced cold tolerance in cucumber plants is through activating the WRKY41/WRKY46-miR396b-5p-TPR module (Sun et al.). Another study by Hussain et al. in soybean highlights the importance of miRNA for low-temperature stress. It also sheds light on the role of miRNAs, such as miR319, miR394, miR397, and miR398, in regulating gene expression cold stress tolerance (Hussain et al.). Another study was conducted on 151 cucumber accessions to identify genetic loci associated with low-temperature germination (LTG). Eight candidate genes associated with abiotic stress were identified, and the function of one gene, CsPPR, was confirmed to regulate cucumber cold tolerance at the germination stage negatively. Moreover, it provides insights into cucumber LT-tolerance mechanisms and can aid in cucumber breeding development (Li et al.). Transcription factors such as MebHLH18 regulate low temperature-induced leaf abscission in cassava. MebHLH18 overexpression decreased the abscission rate, while interference expression increased it. The expression of MebHLH18 was related to POD levels and ROS scavenger levels. A single nucleotide polymorphism variation in the promoter region of MebHLH18 caused changes in its expression, leading to increased POD activity and decreased ROS accumulation, resulting in a slower leaf abscission rate at low temperatures (Liao et al.).

On the contrary, the high-temperature stress negatively affects cucumber anther, reducing pollen fertility and abnormal anther structures. The metabolites in plant hormone signal transduction and amino acid and sugar metabolism pathway were found to be associated with decreased pollen fertility. These findings provide insights into the metabolic changes in cucumber anther under HT (Chen et al.). The role of temperature is very crucial for potato storage. Higher cold conditions during potato storage can lead to the browning of chips and the development of potential carcinogens such as acrylamide during the processing of potato tubers. However, using RNAi-mediated silencing technology, there are four transgenic lines developed with reduced RS content (up to 57.5%) and acceptable chip color upon processing were obtained. The study demonstrated the efficacy of UGPase silencing in controlling CIS in potato, with potential applications for the development of CIS-tolerant potato varieties (Jaiswal et al.).

The translocation of mineral nutrients under abiotic conditions is a major factor affecting plant growth and development. A study in Chinese fir under low P conditions showed that inoculation of arbuscular mycorrhizal fungi (AMF) would promote P utilization efficiency. Low P stress conditions promoted AMF colonization and enhanced root cortex tissue dissolution, root biomass accumulation, and P use efficiency (Tian et al.). A similar kind of report was suggested by Zou et al., (2023) that arbuscular mycorrhizal fungi (AMF) affect walnut tree growth and phosphorus acquisition. They also observed that AMF directly helped with phosphorus uptake at low phosphorus levels and increased expression of certain genes involved in phosphorus transport at moderate phosphorus levels (Zou et al.). A recent report by Ihtisham et al. suggested that nitrogen, phosphorus, and potassium fertilization improved turfgrass tolerance to cold stress by enhancing antioxidant defense systems and increasing chlorophyll and carotenoid. Efficient nutrient management is important for turfgrass management in transitional climates (Ihtisham et al., 2023). The transcriptomics study in Schima superba in response to Mn metal stress showed 6558 DEGs. The study also identified 20 variably expressed ABC transporters in S. superba under Mn treatment, providing insight into the molecular mechanisms of heavy metal tolerance and detoxification in plants (Liaquat et al.). The deficiency of another essential element, such as B, can lead to affect the photosynthetic performance of sugarbeet cultivars. Song et al. indicated that B deficiency significantly impacted the growth of sugar beet leaves and the net photosynthetic rate. The study suggests that the photosynthetic rate and extent of phot-oxidative damage can be used to develop the varietal selection of sugar beet cultivars (Song et al.). Heavy metal disrupts the metabolic processes of the plant. Heavy metal such as cadmium (Cd) toxicity was reported to affect the wheat selenium-binding protein-A (TaSBP-A). TaSBP-A plays a significant role in Cd detoxification and can be used to develop Cd-tolerant plants (Luo et al.). Moreover, the role of the mineral elements such as calcium in mitigating abiotic stress was comprehensively reviewed by Feng et al.. Exogenous calcium has been shown to enhance plant resistance and tolerance to stresses through various mechanisms, including stabilizing cell walls and membranes, regulating ion ratios, maintaining photosynthesis, and inducing gene expressions and protein transcriptions (Feng et al.).

Among abiotic stress, salinity stress is a major emerging stress which affects horticultural crops. Recent reports showed that the overexpression of gene LpNAC17 from Lilium pumilum in transgenic tobacco resulted in increased net photosynthetic rate and chlorophyll contents and decreased stomatal conductance, transpiration rate, and intercellular CO2 concentration under salt stress (Wang et al.). Another study in Lilium pumilum showed that key genes such as NF-YB3, metallothionein type 2 protein, vicilin-like seed storage protein, and bidirectional sugar transporter SWEET14 associated with salt stress tolerance (So et al.). Similarly, another study revealed that 143 NPF genes were reported in tobacco and classified into eight subfamilies. These findings suggest that NtNPF6.13 may play a role in chloride uptake in tobacco. Additionally, several other NtNPF genes were identified as potential players in chloride metabolism, but further study is needed to confirm their roles (Zhang et al.).

Drought is detrimental to plant growth and development. Horticultural crops such as grapevine and Cynodon dactylon were reported to be affected by drought stress. The drought-responsive gene ANNEXIN (VvANN1) in grapevine showed to be induced by osmotic stress and enhances osmotic and drought tolerance by modulating the level of MDA, H2O2, and   at the seedling stage, indicating that VvANN1 might be involved in the process of ROS homeostasis under drought or osmotic stress conditions. The control of VvANN1 might be due regulation of VvbZIP45 by controlling the expression of VvANN1 by binding in the promoter region of VvANN1 in response to drought stress (Niu et al.). On the other hand, Cynodon dactylon provides tolerance to drought stress by root modification and sclerification. Anatomical modifications that are specific to each ecotype of Cynodon dactylon to cope with environmental stress conditions (Tufail et al.). Another study of drought stress in C3 and C4 plant, SPEECHLESS genes may play a role in these differences, with C4 crops having evolved multiple homologs, a potential model for abiotic stress response in C3 and C4 crops (Song et al.).

The pH of soil modulates the growth and development of horticultural crops. The study on high soil pH in 15 blueberry cultivars showed variations in phenotypic and physiological. The cultivars were classified into four categories based on their tolerance level, with ‘Briteblue’ being the most tolerant and ‘Anna’ being the most sensitive. Plant height, soluble sugar, transpiration rate, leaf length, intercellular CO2 concentration, SOD, and SPAD were useful predictors of high soil pH tolerance (Yang et al.).





Studies addressing factors affecting biotic stress responses in horticultural crops

Numerous studies have investigated the factors affecting biotic stress responses in horticultural crops (Khan et al.; Yadav et al.). Some of the key factors include plant genetics, environmental conditions, and cultivation practices. Plant genetics play a critical role in biotic stress responses, as the level of resistance to pests and diseases is largely determined by the plant’s genetic makeup. Breeding programs that focus on developing disease-resistant and pest-resistant cultivars have successfully enhanced the resilience of horticultural crops to biotic stress. Studies on watermelon suggest that the resistant line had higher levels of defense-related phytochromes and showed significant differences in gene expression compared to the susceptible line against powdery mildew. Most differentially expressed genes were linked to plant hormone and transduction pathways, phenylpropanoid biosynthesis, and defense responses. The study identified several potential genes, including PR1 and PRX, for further research on resistance breeding (Yadav et al.). On the contrary, Yellow Leaf Disease (YLD) affects betel palms in China region due to the velarivirus 1 (APV1). YLD symptoms worsen in winter, and severity is linked to the APV1 viral titre. Temperature also plays a role, with severe symptoms at low temperatures and moderate symptoms at high temperatures. APV1 titer is highest at low temperatures. These findings have implications for YLD epidemiology (Khan et al.). Tomato yellow leaf curl virus (TYLCV) is a harmful disease affecting tomato growth. Six genes (Ty-1 to Ty-6) have been transferred to commercial cultivars to provide protection, but only Ty-1, Ty-2, and Ty-3 are effective in some strains. This study aims to provide information on obstruction genes, sources, and indicators to help breeders develop TYLCV-resistant varieties (El-Sappah et al.).

Bacterial infection in horticultural crops might be devastating and affect the production and productivity of the crops. A recent study by Chandel et al. screened 157 onion genotypes for resistance to Stemphylium leaf blight (SLB) at two stages of growth. A more robust resistance breeding program can be achieved by screening at both stages and selecting genotypes with high dry matter and biochemical activity. This approach can help identify and prioritize genotypes that exhibit desirable traits related to resistance, which can ultimately lead totronger and more effective breeding strategies (Chandel et al.). The impact of galaxolide (HHCB) on the growth, physiology, and biochemistry of wheat and faba bean plants was studied by Madnay et al.. Diazotrophic plant growth-promoting Rhodospirillum sp. JY3 mitigated HHCB-induced stress by modulating oxidative burst, improving plant biomass and photosynthetic efficiency, augmenting antioxidants, and enhancing detoxification metabolism. Inoculation with JY3 also increased the tolerance level of both crops against HHCB contamination (Madnay et al.). Similarly, the role of the CmWRKY15-1 gene was suggested to provide resistance to White Rust disease in chrysanthemums. Silencing CmWRKY15-1 reduced the activities of antioxidant and defense enzymes and increased susceptibility to the pathogen. The gene likely increases resistance by enhancing the protective enzyme system, which could aid in breeding new resistant varieties (Chen et al.; Rahman et al.). Crop loss due to Phytophthora sojae in soybean results in approximately 2 billion US $ crop loss annually. Adigun et al. studied tolerant and susceptible cultivars to assess the role of phyto-oxylipin anabolism during infection. Unique oxylipin biomarkers were generated from intact oxidized lipid precursors in tolerant cultivars, while microbial-origin oxylipins were upregulated in susceptible cultivars. This study provides evidence for phyto-oxylipin metabolism in soybean cultivars during pathogen infection and its potential application in developing soybean tolerance to Phytophthora sojae (Adigun et al.).

Using biological agents is a sustainable approach to control the biotic stress in horticultural crops. The beneficial effect of endophytic bacterial strains in French marigold suggest that three endophytic bacterial strains improved growth, vase life, biochemical attributes, and antioxidant and nematocidal activities. The bacterial strains also improved the plant’s ability to scavenge radicals, resist plant-parasitic nematodes, and increase the activity of several antioxidant enzymes (Naveed et al.). Endophytic entomo-pathogenic fungi (EEPF) can be used as a potential tool for biological control. EEPF can boost plant growth, nutrition, and defense mechanisms against insect pests through changes in physio-chemical properties and the production of enzymes. IPM requires understanding the physiological mechanisms of EEPF colonization and the abiotic and biotic elements that influence plant-EEPF interaction (Samal et al.). Similarly, in another study, the combined effect of Providencia vermicola and iron oxide nanoparticles was observed on plant growth in Ajwain (Trachyspermum ammi) seedlings under different levels of arsenic contamination. However, the application of P. vermicola and FeO-NPs improved plant growth by decreasing arsenic content and capturing reactive oxygen species. FeO-NPs showed better results compared to P. vermicola. The study suggests that combining P. vermicola and FeO-NPs can improve plant growth and composition under metal stress (Sun et al.). Rhizobium is a key nitrogen-fixing microorganism that improves soil fertility and crop productivity. Using soil test-based fertilizers and adding native strains significantly increased pod yield in farmers’ fields. Both strains are recommended for the bio-inoculation of French beans(Athul et al.). The excessive use of chemical fertilizers and pesticides in agriculture causes soil problems and restricts sustainable development. Streptomyces aureoverticillatus HN6 is a biocontrol microorganism that improves soil fertility and controls diseases. Streptomyces HN6 has the potential as a biofertilizer for improving plant productivity and controlling plant pathogenic fungi (Wang et al.). A recent study suggested that Parthenium hysterophorus, a locally available herbaceous plant, manages the bacterial wilt of tomatoes. The P. hysterophorus leaf extract significantly reduced the pathogen population in soil and wilt severity on tomato plants, resulting in increased growth and yield (Najeeb and Li). In another study, Trichoderma spp. Isolates were obtained from the rhizospheric microflora of solanaceous horticultural crops and screened for biocontrol activity against fungal and bacterial pathogens. Molecular identification revealed that seven isolates were T. harzianum and one was T. asperellum. In vitro assays showed significant biocontrol activity for all eight isolates. It was concluded that T. harzianum MC2 and T. harzianum NBG show promise for use in agricultural biopesticide formulations (Rahman et al.). The suppressive effect of salicylic acid and Cinnamomum verum on green and blue mold in sweet oranges. The combination of SA and CV showed the lowest disease incidence and severity without affecting fruit quality. Transcriptional profiling and biochemical quantification revealed upregulation of defense enzymes associated with reduced incidence of molds. SA+CV can be a safer alternative to chemicals for post-harvest mold management (Moosa et al.).





Conclusions and perspectives

In conclusion, the impact of abiotic and biotic stresses on horticultural crops is a significant challenge facing global food security and economies. However, recent research has shown promising strategies to enhance crop tolerance and productivity through biostimulant chemicals, microorganisms, phytochemicals, secondary metabolites, and antimicrobial peptides. Furthermore, researchers are utilizing cutting-edge technologies such as epigenomics, genomics, proteomics, and metabolomics to understand better the mechanisms involved in plant stress response and develop novel approaches to improve crop durability and output. Continuing research in this area is essential to develop sustainable and resilient horticultural crop production systems that adapt to the changing global climate and human activities. By screening for genotypes with high dry matter and biochemical activity, selecting desirable traits related to resistance, and utilizing the latest technologies and strategies, researchers can help develop more robust and effective breeding programs. Ultimately, these efforts have the potential to significantly enhance crop plant tolerance to stress and contribute to the production of high-quality, nutritious, and sustainable food for the growing global population.
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Cherries are one of the important fruit trees. The growth of cherry is greatly affected by abiotic stresses such as drought, which hinders its development. Chalcone synthase (CHS, EC 2.3.1.74) is a crucial rate-limiting enzyme in the flavonoid biosynthetic pathway that plays an important role in regulating plant growth, development, and abiotic stress tolerance. In the current study, three genes encoding chalcone synthase were identified in the genome of sweet cherry (Prunus avium L.). The three genes contained fewer introns and showed high homology with CHS genes of other Rosaceae members. All members are predicted to localize in the cytoplasm. The conserved catalytic sites may be located at the Cys163, Phe214, His302, and Asn335 residues. These genes were differentially expressed during flower bud dormancy and fruit development. The total flavonoid content of Chinese cherry (Cerasus pseudocerasus Lindl.) was highest in the leaves and slightly higher in the pulp than in the peel. No significant difference in total flavonoid content was detected between aborted kernels and normally developing kernels. Overexpression of Chinese cherry CpCHS1 in tobacco improved the germination frequency of tobacco seeds under drought stress, and the fresh weight of transgenic seedlings under drought stress was higher than that of the wild type, and the contents of SOD, POD, CAT, and Pro in OE lines were significantly increased and higher than WT under drought stress. These results indicate cherry CHS genes are conserved and functionally diverse and will assist in elucidating the functions of flavonoid synthesis pathways in cherry and other Rosaceae species under drought stress.
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Introduction

Sweet cherry (Prunus avium L.) is a member of the Rosaceae family and is one of the most popular fruits. Similarly, the Chinese cherry (Cerasus pseudocerasus Lindl.) is an economically important fruit tree and is widely distributed in the southwestern region of China (Zhang et al., 2018). After a long period of selection, a variety named “Manao Hong” Chinese cherry was selected. Which has suitable for cultivation in the mountainous terrain of Guizhou province (Zhang et al., 2012). Guizhou is located on the Yunnan-Kweichow Plateau, and the entire province is composed of mountains and hills. Few economically important fruit trees are suitable for planting here because of the lack of sunshine and rainfall all year round. After years of selective breeding, “Manao Hong” cherry has been able to grow in harsh environments. However, under the environment of uneven annual rainfall and karst landforms in Guizhou, cherries still face the impact of drought.

Flavonoids are a kind of phenolic compound, which are secondary metabolites widely synthesized in terrestrial plants, and are important nutrients in fruits and food crops (Hernández et al., 2009; Shen et al., 2022). Flavonoids perform crucial functions in plant growth, development, environmental adaptation, and response to biotic or abiotic stresses (Petrussa et al., 2013). Chalcone synthase (CHS) is a crucial rate-limiting enzyme in the flavonoid biosynthetic pathway that catalyzes the condensation of malonyl-CoA and ρ-coumaroyl-CoA to produce naringenin chalcone, which serves as the precursor of a variety of flavonoid derivatives (Winkel-shirley, 2001; Petrussa et al., 2013). The molecular weight of the CHS protein is 42–45 kDa, and modeling of the three-dimensional structure shows that there are four highly conserved amino acid residues (Cys, Phe, His, and Asn) in the center of the CHS molecule, which is the core of the catalytic function of CHS (Pandith et al., 2020). Based on their function and structure, CHS or CHS-like proteins are type III polyketide synthase (PKS) and have been extensively studied in diverse species (Flores-Sanchez and Verpoorte, 2009; Pandith et al., 2020). Chalcone is an intermediate product of the flavonoid synthesis pathway, not the final product. For example, flavanones and dihydro flavanols synthesized from chalcone as the substrates will eventually form anthocyanins and catechins (Singh et al., 2017). These flavonoids are involved in the response to and protection of plants from abiotic and biotic stress, including ultraviolet radiation, temperature, humidity, and pathogen attack (Fini et al., 2011).

Chalcone synthases in plants are a multi-member gene family. Owing to the availability of plant genomes, this family has been systematically identified in numerous species, e.g., eight members in wheat (Glagoleva et al., 2019), five in phalaenopsis (Kuo et al., 2019), 20 in cotton (Kong et al., 2020), 14 in maize (Han et al., 2016). The evolution and function of these genes have been studied to a certain extent, which has greatly broadened the understanding of the function of this gene family in plants. In citrus, transcription of CHSs was enhanced by methyl jasmonate (MeJA) and led to the accumulation of flavonoids (Wang et al., 2018). As for gerbera, only GCHS4 correlated with flavonoid biosynthesis, while GcCHS4worked for anthocyanin (Deng et al., 2014). Recently, an involvement of CHS in anthraquinone biosynthesis was reported in Senna tora, and further analysis showed a species-specific expansion of CHSs in this grass (Kang et al., 2020). The effects of drought on CHS gene expression have been explored somewhat in horticultural plants. After UV-B and drought treatments, the expression of the CHS gene significantly increased in the chili pepper (Capsicum annuum L.), indicating that this gene’s function had changed (Rodríguez-Calzada et al., 2019). In addition, proteomic data showed that CHSs were found downregulated in tea plants under drought stress along with accumulated flavonoids (Gu et al., 2020). The aforementioned evidence suggests that CHS is essential for drought stress adaption.

Drought is an important environmental factor, that greatly affects plant growth and development, and is a major limitation to agricultural production. The accumulation of phenolics can increase the drought tolerance of plants (Sharma et al., 2019). The direct result of drought stress is the reduction in water uptake from the soil; the effect within cells is the escape of electrons from the mitochondria, which increases the reactive oxygen species (ROS) concentration in the cell, and thereby weakens the antioxidant capacity of the cell (Choudhury et al., 2013; Sachdev et al., 2021). To adapt to this abiotic stress, plants have the ability to scavenge oxygen free radicals. Previous researches have shown that flavonoids can scavenge reactive oxygen species produced by plants under abiotic stress, thereby enhancing plant resistance (Ma et al., 2014; Naing and Kim, 2021). Drought can induce the up-regulation of CHS gene expression, thereby increasing the drought tolerance of plants (Chen et al., 2017; Wang et al., 2017a).

One goal in breeding agricultural crops is to increase their ability to tolerate drought, which can also enhance production safety precautions. CHS genes play a positive role in plant drought resistance but have been rarely studied in cherries. In the current study, we analyzed the genome of sweet cherry to identify genes encoding chalcone synthase and explored the molecular characteristics of these genes. In addition, we isolated a gene encoding chalcone synthase from the Chinese cherry “Manao Hong” and analyzed its function in transgenic tobacco under drought treatment. The purpose of this study was to investigate the response to drought stress of tobacco overexpressing the Chinese cherry CHS gene, and to provide a reference for future studies of the molecular mechanism of drought tolerance in Chinese cherry.



Materials and methods


Plant material

The experimental material is a 2-year-old cherry plant grown in a rain shelter (out annual average temperature is 15°C; greenhouse day/night: 20–23°C/15–18°C; the average annual relative humidity is 77%; colorless transparent plastic film). The root system was cleaned, immediately frozen in liquid nitrogen, and stored at −80°C for later use. During the ripening period of “Manao Hong” cherry, the mature fruits and leaves were collected, and the peel and pulp were separated from the fruits, while the normally developed kernels and the aborted kernels are collected and set aside. The tobacco used in this experiment was Nicotiana benthamiana. Tobacco seeds were sterilized with 75% ethanol and 10% NaClO, sown on Murashige–Skoog (MS) medium, and vernalized for two days at 4°C. Subsequently, the seedlings were grown for 14 days under the conditions of 50% relative humidity and a 14 h/10 h (day/night) photoperiod to generate sterile tobacco seedlings.



Sweet cherry CHS identification and analysis

The sweet cherry genome (Tieton Genome v2.0) was downloaded from the GDR database1 (Wang et al., 2020b). The sweet cherry genome was searched using Arabidopsis thaliana CHS as the query sequence with the BLAST method. The protein molecular weight (MW) and theoretical isoelectric point (pI) were calculated with the ExPASy tool.2 Prediction of subcellular localization is based on previous research (Sohail et al., 2022). Motifs were predicted using the MEME Suite.3 The gene structure was visualized using genome annotation information and TBtools (Chen et al., 2020). The candidate sequences were submitted to Pfam4 for verification. CHS protein sequences of common species of Rosaceae, Brassicaceae, Solanaceae, and Poaceae were downloaded from the NCBI and UniProt5 database. A multiple sequence alignment was generated using Clustal W (Li, 2003). The protein three-dimensional structure was predicted using SWISS-MODEL6 and PHYRE2.7 Use Pymol software to predict the active site of the protein model, and the active site refers to previous research reports (Imaizumi et al., 2020). The phylogenetic tree was constructed by setting 1,000 bootstrap, Poisson model and other default parameters with MEGA11 (Tamura et al., 2021), and visualized with the online tool ChiPlot.8 The RNA-seq data of PRJNA255452 (Wei et al., 2015), PRJNA369332 (Ionescu et al., 2017), and PRJNA550274 (Bing et al., 2020) were downloaded from NCBI-SRA and mapped to the sweet cherry genome after quality control. The gene expression level was arranged using the pipeline of HISAT, StringTie, and Ballgown (Fan et al., 2021). The expression level was calculated with the log2(FPKM + 1) function using TBtools.



RNA isolation and gene cloning

Total RNA was extracted from the Chinese cherry root using an RNA kit (OMEGA, China). The quantity and purity of the isolated RNA were checked using a Nano Drop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, United States). The first strand of cDNA was synthesized using the PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa, Dalian, China). For the coding sequence of CpCHS1, full-length amplification primers were designed using Primer5, and qRT-PCR primers were generated using the RNA-seq sequences as a reference. The primers used are listed in Supplementary Table S1. The full-length coding frame of the Chinese cherry CHS gene was amplified by PCR, and sequenced after transformation into E. coli. The correctly sequenced gene was designated CpCHS1.



Vector construction and genetic transformation

The coding sequence of CpCHS1 was inserted into the plant expression vector pBWA(V)KS to produce the CpCHS1-35S construct driven by the Cauliflower mosaic virus (CaMV) 35S promoter. The DNA recombinant plasmid was transfected into Agrobacterium tumefaciens strain GV1301. Genetic transformation was conducted using the method of inducing plantlet regeneration of tobacco from leaf explants after transformation (Sunilkumar et al., 1999). Tobacco leaves pre-cultured for 2 weeks were cut into 0.5 cm size, surface sterilized, and washed 5 times with sterile water. After pre-culturing in MS medium for 2 days in the dark, using Agrobacterium tumefaciens (OD600 = 0.5) for 10 min of infection. Then, it was plated on MS medium, cultured at 25 ± 2°C for 3 days, and then transferred to MS medium containing kanamycin (Kana). After screening CpCHS1-positive tobacco plants with Kana, genomic DNA was extracted using a DNA extraction kit (TIANGEN, Beijing, China) for PCR verification with primers listed in Supplementary Table S1.



Assays for drought treatment

Analysis of germination rate of tobacco seeds under drought. Transgenic lines and wild-type (WT) seeds were sterilized and sown in 1/2 MS medium supplemented with 100, 200, and 300 mm mannitol. Among them, the seeding of different strains on 1/2 MS medium lacking mannitol was used as the control. After sowing, the petri dishes were incubated in a tissue culture room at 23 ± 2°C under a 16 h/8 h (day/night) photoperiod. The germination frequency of transgenic and WT seeds in each treatment was counted after 14 days.

Drought tolerance analysis of tobacco plantlets. The OE lines and wild-type tobacco seeds were sterilized and sown on 1/2 MS supplemented with 50 mg/l Kana or lacking Kana, and incubated at 23 ± 2°C with a 16 h /8 h (day/night) photoperiod in the tissue culture room for 7 days. Transgenic and wild-type tobacco seedlings with the same growth vigor were selected and transferred to 1/2 MS medium supplemented with 100, 200, and 300 mm mannitol, and the growth status of different lines on 1/2 MS medium was used as a control for 14 days treatment. The growth status of transgenic and wild-type tobacco seedlings in each treatment with different concentrations of mannitol was observed, and the root length and fresh weight were measured.

Phenotypic analysis of tobacco under drought treatment. Seeds of CpCHS1 overexpression (OE) lines and wild-type tobacco were sterilized and sown on 1/2 MS supplemented with 50 mg/l Kana or 1/2 MS solid medium. The seeds were incubated at 4°C for 2 days, and then incubated at 23 ± 2°C for 16 /8 h (day/night) for 14 days. The seedlings were transplanted into soil, and after 4 weeks, seedlings of similar growth were selected for natural drought stress treatment. Watering was withheld for 15 days. The morphological changes of the transgenic tobacco and wild-type tobacco were observed and recorded at 0, 5, 10, and 15 days of natural drought treatment and after rehydration for 7 days, and the survival percentage and growth rate of the plants were determined.

All experiments were replicated thrice and T3 generation of tobacco plants was used as experimental material.



Measurement of indices of drought tolerance

Peroxidase (POD), Superoxide Dismutase (SOD), Malondialdehyde (MDA), Catalase (CAT), and Proline (Pro) Content in the transgenic and WT plants were measured as previously described (Hou et al., 2022). Fresh samples were taken and disrupted using sonication (Power 200 W, ultrasonic for 3 s, interval of 10 s, repeat 30 times). After extraction POD, SOD, MDA, and Pro according to the instructions, were measured by visible light spectrophotometry, and the absorbance was measured at 470 nm, 560 nm, and 520 nm, respectively. Likewise, cells from fresh samples were disrupted by sonication, and CAT content was determined using UV spectrophotometry (240 nm). Three biological replicates were set up for each experiment. The Micro Plant Flavonoids Assay Kit (Spectrophotometer/Microplate Reader; Solarbio, Beijing, China) was used to determine the total flavonoid content in transgenic plants in accordance with the manufacturer’s instructions.



Expression pattern of related genes in transgenic plants

The expression levels of the core genes PAL, C4G, 4CH, and CHI in the flavonol synthesis pathway in response to drought treatment were analyzed. The primers reported in a previous study were used (Lijuan et al., 2015). Total RNA was isolated from drought treatment WT and OE lines tobacco at different time points with the RNA Kit (OMEGA, China). Quantitative real-time PCR reactions were performed on the CFX ConnectTM Real-Time System (BIO-RAD, Hercules, CA, United States) using SYBR Mix (Applied Biosystems, Shanghai, China).



Statistical analysis

All experiments were conducted with three biological replicates, and three technical replicates were analyzed for each sample. The significance of differences between means was determined with Duncan’s multiple range test using SPSS 20.0 at the 5% significance level.




Results and discussion


Sweet cherry CHS gene characteristic

The BLAST search of the sweet cherry genome detected, three genes encoding chalcone synthase, which were designated PavCHS1, PavCHS1-like, and PavCHS2 (Supplementary Table S2). Compared with transcription factor gene families such as MYB, the CHS gene family contains fewer members. For example, three CHS members are known in apple (Yahyaa et al., 2017), 5 members in mulberry (Wang et al., 2017a), 7 members in eggplant (Wu et al., 2020), 8 genes in wheat (Glagoleva et al., 2019), and 9 genes in soybean (Yi et al., 2010). The proteins encoded by the three PavCHS genes were 261 or 391, the molecular weights ranged from 28755.09 to 42778.47, and the theoretical isoelectric points were all less than 7. Thus, each gene encodes a hydrophilic protein (Supplementary Table S3). The three genes were located on chromosome 1 and are relatively close to each other. The subcellular localizations of all members were predicted to be in the cytoplasm (Supplementary Table S3), suggesting that these genes function in the cytoplasm. Analysis of the gene structure revealed that the PavCHS genes contained one or two introns (Figure 1A), with fewer introns, indicating that the CHS genes may have fewer sequence insertions in sweet cherry and appeared later in evolution (Liu et al., 2021b). The paucity of introns also indicates that the function of the genes may be limited or relatively specific, and the genes are more likely to be induced by external stress (Hanada et al., 2008). The presence of introns may also be associated with gene expression, as some introns have “intron-mediated enhancement’ sequences” that can significantly affect gene expression (Anireddy and Maxim, 2008; Shaul, 2017). A search with the MEME tool revealed 10 conserved motifs, among which PavCHS2 lacked Motif 5, Motif 6, and Motif 10 (Figure 1A).
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FIGURE 1
 Characterization of CHS in sweet cherries. (A) Conserved motifs (left) and gene structures (right) of PavCHSs, conserved motifs and gene structures are represented by square boxes with different colors, and the black lines on the right represent introns. (B) The evolutionary relationship of CHS genes in four types of plants, different types of plants are represented by different colored branches on the phylogenetic tree. R, S, B, and P represent Rosaceae, Solanaceae, Brassicaceae, and Poaceae, respectively. (C) Multiple sequence alignment of CHS genes in sweet cherry, Chinese cherry, Arabidopsis thaliana, rice, and peach; red background indicates complete agreement, above the sequence is the predicted protein secondary structure. (D) Protein tertiary structure of PavCHS1. (E) The surface structure of PavCHS1 protein. (F) The possible active site of PavCHS1. Cp (Cerasus pseudocerasus); Py (Prunus yedoensis); Pp (Prunus persica); Pd (Prunus dulcis); Pav (Prunus avium); Ps (Prunus salicina); Pa (Prunus armeniaca); Md (Malus x domestica); Pyc (Pyrus communis); Sl (Solanum lycopersicum); St (Solanum tuberosum); Ca (Capsicum annuum); Nt (Nicotiana tabacum); Na (Nicotiana alata); Sm (Solanum melongena); Mi (Matthiola incana); Bn (Brassica napus); Rs (Raphanus sativus); Pc (Pugionium cornutum); Br (Brassica rapa); Bo (Brassica oleracea); Os (Oryza sativa); Hv (Hordeum vulgare); Ta (Triticum aestivum); Zm (Zea mays); Sb (Sorghum bicolor).


To explore the homology and evolution of the PavCHS and CpCHS1 proteins, relevant protein sequences for other members of the Rosaceae, Solanaceae, Brassicaceae, and Poaceae were downloaded and a multiple sequence alignment was generated (Figure 1B). The PavCHS proteins and CpCHS1 were phylogenetically similar to proteins from other Prunus species, suggesting that these genes may have high homology. Interestingly, PavCHS1 and PavCHS1-like are highly similar, with only 3 amino acid differences. The two genes may be derived from the same ancestral gene or have similar functions. Similar gene members include SlMADS53 and SlMADS54 in the MADS-box family of tomato (Wang et al., 2019), and PmbHLH20 and PmbHLH21 in Prunus mume (Wu et al., 2022). The four families included in this analysis were evolutionarily homogenized into one class, which indicated that the evolutionary relationships of CHS genes may be basically consistent with diversification in the families. CHS genes are present in bryophytes, which may represent the earliest CHS genes and have differentiated functional differences (Jiang et al., 2006). Studies have shown that the pro-core of the catalytic cysteine of the CHS gene has been gradually enhanced during the diversification of vascular plants (Liou et al., 2018). These changes in CHS have increased the diversity of flavonoid biosynthesis, which has important implications for plant survival in terrestrial ecology (Durbin et al., 2000). The multiple sequence alignment showed that the CHS sequences of rice, Arabidopsis, and cherry were highly similar, suggesting that the CHS gene is highly conserved in vascular plants (Figure 1C).

Previous studies have shown that CHS proteins form homodimers. In the current study, a protein homology model was constructed in SWISS-MODEL and PYRE2 using the protein sequence of PavCHS1. The results showed that the PavCHS1 protein has a homodimer structure (Figure 1D), which is highly similar to GmCHS1 in soybean (Imaizumi et al., 2020). In the dimeric structure of MsCHS, the active site is located at the intersection of a specialized “CoA-binding tunnel” and a large internal “initiation/extension/cyclization cavity”; this site is deeply buried in both monomers; and each monomeric active site contains a catalytic triad of Cys164, His303 and Asn336 residues at the top of the active site cavity (Abe and Morita, 2010). In this present study, PavCHS1 contained such an active site, which was predicted to be at Cys163, Phe214, His302, and Asn335 of PavCHS1 (Figures 1E,F). In the three-dimensional structure, the catalytic triad and Phe216 intersect with three interconnected cavities, comprising the CoA-binding tunnel, the coumaroyl-binding pocket, and the cyclization pocket, forming the active site structure of CHS (Pandith et al., 2020). At the beginning of the synthesis reaction, Cys164 nucleophilically attacks the thioester carbonyl group, resulting in the transfer of the coumaroyl moiety to the cysteine side chain. This process is maintained by the sulfate anion of Cys164 through ionic interaction with the imidazolium cation of His303. The His303 and Asn336 residues form hydrogen bonds with the thioester carbonyl group, which further stabilized the formation of tetrahedral reaction intermediates. Coenzyme dissociates from the enzyme, leaving a coumaroyl thioester at Cys164 (Jez et al., 2001; Abe and Morita, 2010; Imaizumi et al., 2020).



Expression profile of PavCHSs and flavonoids content in Chinese cherry fruit

To examine the expression pattern of the PavCHS genes, their expression at different stages of fruit development and floral bud differentiation was explored from public data. The expressions of the three PavCHS genes were gradually downregulated during floral bud differentiation, indicating that these genes may play an important role in the early stage of floral bud differentiation (Figure 2A). PavCHS1 and PavCHS2 were significantly inhibited on day 6 of cyanamide-treated flower buds, suggesting that their functions were altered (Figure 2B). During fruit development of the sweet cherry cultivar “Tieton,” PavCHS1-like and PavCHS2 were gradually up-regulated with fruit ripening; in the cultivar “13–11,” the three CHS genes were highly expressed in the initial period of fruit development, and thereafter were downregulated expression (Figure 2C). These results indicated that CHS genes in sweet cherry may have multiple functions. In Paeonia, PhCHS is up-regulated in the first two stages of petal development and thereafter is downregulated which may be the result of ubiquitination (Gu et al., 2019). The expression of chalcone synthase and related genes was proportional to the population dynamics of pine wood nematode, and these genes dominated the co-expression module, suggesting that CHS and related genes play an important role in the response of pine to suppression of pine wood nematode infection (Chen et al., 2021). The three CHS genes in apple are highly expressed in young leaves and also in the fruit skin (Yahyaa et al., 2017).
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FIGURE 2
 RNA-seq based expression patterns of PavCHS and flavonoid content in different tissues of Chinese cherries. (A–C) Expression patterns of PavCHS genes in RNA-seq of public databases; where (A–C) are flower bud differentiation, flower bud processing and fruit development, respectively. (D–H) Leaf and fruit tissues of Chinese cherries at maturity, scale bar is 1 cm. (I) Determination of flavonoid content in Chinese cherries.


Flavonoids are beneficial nutrients and play crucial roles in the maintenance of the biological activities of plants. In the current study, the total flavonoid content of flavonoids in the pericarp and pulp of Chinese cherry fruit at the ripe stage, and in the leaves at the ripe stage of the fruit, was determined (Figures 2D,E). In addition, during cherry fruit development, various factors may lead to embryo abortion, which can lead to fruit abscission or poor fruit development (Deng et al., 2019; Qiu et al., 2020). To explore whether embryo abortion was associated with the flavonoid content, the flavonoid content in normal and aborted kernels of Chinese cherry fruit was also determined (Figures 2F–H). The flavonoid content was highest in the leaves, and that in the pulp was slightly higher than that in the peel (Figure 2I). There was no statistically significant difference in flavonoid content between normally developed and aborted kernels, suggesting that abortion may not be associated to flavonoid levels. According to studies, pollen abortion may be related to the flavanone synthesis pathway, and male sterility and cytoplasmic male sterility are both related to and necessary for the suppression of CHS or other flavonoids’ biosynthetic gene expression (Yang et al., 2008). GbCHS06, GbCHS10, GbCHS16, and GbCHS19 in cotton were abnormally expressed in abortion pollen (Kong et al., 2020). Although no difference in total flavonoid content was detected in normal and aborted kernels of Chinese cherry, further study is required to resolve the mechanism of kernel abortion. The expression of CHS gene in satsuma mandarin (Citrus unshiu Marcow) was gradually downregulated during fruit ripening, accompanied by a decrease in total flavonoid content, indicating that the expression of CHS gene was positively correlated with flavonoid content (Wang et al., 2010). The increase of CHS gene in Silybum marianum was positively correlated with the content of silybin; and CHS1, CHS2, and CHS3 were involved in the biosynthesis of silybin, and the transcription levels of these three genes were increased under light and salt treatments (El-Garhy et al., 2016). These results demonstrate the diversity of CHS gene functions.



Overexpression of CpCHS1 enhances seed germination in drought stress

To evaluate the biological function of CHS genes in Chinese cherry, CpCHS1 was cloned (Supplementary Table S2). The coding sequence of CpCHS1 was 1,227 bp. Heterologous overexpression of CpCHS1 in tobacco resulted in the identification of three tobacco OE lines (Figure 3A). Among the three OE lines, the expression level was highest in OE5 (Figure 3B). The response of plants to drought stress is an extremely complex process involving changes in physiology, phenotype, and gene regulation (Zia et al., 2021). CHS genes are involved in the complex regulatory network in response to drought stress (Kubra et al., 2021). In the current study, the seed germination frequency differed among the tobacco OE lines in a mannitol-containing medium, with OE5 having the highest seed germination rate (Figures 3C,D). Compared with the WT, the seed germination rate of the OE line was higher than that of the wild type. These results indicated that overexpression of CpCHS1 could enhance the germination of tobacco seeds under drought conditions. With regard to the salt tolerance of Populus euphratica, genes associated with the flavonoid synthesis pathway are differentially expressed, illustrating the importance of flavonoid-related genes in participating in stress responses to abiotic stress (Zhang et al., 2019). The improvement of plant tolerance to drought and salt stress is related to the increase of flavonoids, phenolics, and alkaloids (Resmi et al., 2015). Similarly, overexpression of CpCHS1 increased the germination frequency of tobacco under experimentally induced drought stress, possibly by increasing flavonoid or alkaloid biosynthesis (Gu et al., 2020; Yang et al., 2020).
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FIGURE 3
 Genetic transformation of Chinese cherry CpCHS1 into tobacco. (A) PCR method to identify transgenic tobacco lines. (B) Detection of the expression level of CpCHS1 in tobacco. (C) Germination of WT and OE lines at different mannitol concentrations. (D) Statistics on the germination rate of tobacco seeds under different mannitol concentrations. Different letters and ‘*’ indicate the significant differences of the three replicates as determined by SPSS software (p < 0.05).


Overexpression in tobacco of a quinolone synthase gene, a participant in the flavonoid synthesis pathway, of bael increased the root length of the transgenic plants and improved drought tolerance (Resmi et al., 2015). In the present study, the growth of OE lines and WT tobacco seedlings under nature drought stress was evaluated (Figure 4A). The results showed that seedlings of the OE lines showed increased plant fresh weight and root elongation under drought stress (Figures 4B,C). Exposure to drought decreased the biomass of transgenic and wild-type tobacco, but the biomass of the OE lines was higher than that of wild-type under drought stress, suggesting that CpCHS1 increased the post-germination drought tolerance. Under drought treatment, the fresh weight of transgenic plants was significantly higher than that of WT, especially OE5 with the highest expression level. The root length of the OE line was also significantly higher than that of WT under drought treatment. These results suggest that CpCHS1 can resist drought-induced growth inhibition by increasing root length and fresh weight of tobacco. Secondary metabolites are among the main participants in the response to abiotic stress, and mutations in some genes in the flavonoid biosynthesis pathway weaken the drought tolerance of plants and lead to a reduction in biomass accumulation (Baozhu et al., 2022). These findings suggest that flavonoid biosynthesis-related genes have crucial regulatory roles in abiotic stress.
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FIGURE 4
 WT and OE line tobacco seedlings were treated with different mannitols. (A) Phenotypic comparison after 14d treatment with different mannitol. (B) Fresh weight statistics after treatment in WT and OE lines. (C) Root length statistics after treatment in WT and OE lines. Different letters indicate the significant differences of three replicates as determined by SPSS software (p < 0.05).




CpCHS1 enhances drought tolerance in tobacco

Abiotic stress stimulates plants to produce protective flavonoids, including a significant accumulation of anthocyanins, which are stress tolerance mechanisms developed by plants (Petrussa et al., 2013). Flavonoids can promote antioxidant substances such as SOD and CAT activities, to scavenge ROS produced by plants in adverse environments, thereby enhancing plant tolerance (Wang et al., 2021). In the current study, the OE lines of tobacco exhibited strong drought tolerance (Figure 5). With the increase in the duration of drought treatment, the OE line showed stronger tolerance (Figures 5A–D). At 10 days of drought treatment, the leaves of the WT had wilted, whereas those of the OE line tobacco were turgid, especially in the high expression line OE5. At 15 days of drought stress, the lines exhibiting slightly lower expression of OE9 and OE6 showed wilting of mature leaves, but the situation was slightly better for OE6. The line OE5 still behaved normally at 15 days. After rehydration for 7 days following drought treatment, the growth condition of OE lines was better than that of the WT (Figure 5E). In tobacco grown for 15 days under the non-stress condition, the plant height of the OE line was higher than that of the WT (Figure 5F). The SOD, POD, and CAT activities, and MDA and Pro contents were determined after drought treatment (Figures 5G–K). At day 0, no difference between the WT and OE lines was observed, but the SOD, POD, and CAT activities and Pro contents of the OE lines were significantly higher than those of the wild type under drought stress. The content of MDA in OE was higher than that of wild type on the 5th day of drought treatment, but with the increase in the duration of drought exposure, the content of MDA gradually decreased and was significantly lower than that of the WT after 10 days. These results indicated that overexpression of CpCHS1 increased SOD, POD, Pro, and CAT activities and Pro content, and decreased the MDA contents during drought treatment, thereby enhancing the drought tolerance of the seedling.
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FIGURE 5
 WT and OE tobacco lines are under drought treatment. (A–D) Phenotypes of tobacco drought treatments at 0, 5, 10, and 15 d. (E) Tobacco state after rehydration for 7 days after drought treatment. (F) Tobacco is grown normally for 15 days. (G–K) Determination of SOD, POD, Pro, CAT, and MDA contents in tobacco under drought treatment. * represent the significant differences of three replicates as determined by SPSS software (p < 0.05).


CHS and related genes have been studied to varying extents in other plant species. In Coelogyne ovalis, the CoCHS gene was expressed in all tissues analyzed, up-regulated under different abiotic stresses, and positively correlated with anthocyanin accumulation (Singh and Kumaria, 2020). The expression of SoCHS1 in Syringa oblata was the highest before flowering, and the transcription level was highest in the corolla lobes and calyx; overexpression of SoCHS1 in tobacco led to a darker corolla color of flowers, suggesting that this gene may be involved in anthocyanin synthesis (Wang et al., 2017b). In poplar, PtrCHS4 systemically responds to traumatic stress, with a 2.4-fold increase in transcript levels observed after 24 h of trauma treatment (Sun et al., 2011). Heterologous overexpression of EaCHS1 in Eupatorium adenophorum in tobacco increases flavonoid accumulation downstream of CHS and promotes the up-regulated expression of related genes; maintaining ROS homeostasis during seed germination and root development regulates tobacco tolerance of salt stress (Lijuan et al., 2015). These results are consistent with those of the present study, the overexpression of CpCHS1 overexpression increased the activities of antioxidant enzymes such as SOD and CAT, and eliminated the negative effects of drought stress (Figure 5).

Tomato SlF3HL overexpression in tobacco confers stronger tolerance of low temperature, high temperature, salt and oxidative stress, higher flavonoid content and lower MDA content than those of the wild type (Meng et al., 2015). In the current study, genes associated with the flavonol synthesis pathway were differentially expressed under drought stress. Among these genes, PAL, C4H, 4CL, and CHI in the OE lines were up-regulated under drought treatment, and the expression levels were higher than those of the wild type, especially in line OE9 (Figure 6). Genes such as PAL, C4H, and C3H of Asarum sieboldii Miq are up-regulated under drought treatment, indicating the involvement of these genes in the response to drought (Liu et al., 2021a). Heterologous overexpression of Dendrobium officinale DoFLS1 in Arabidopsis increases the flavonol content, and the gene was up-regulated under drought and cold stress (Yu et al., 2021). The expression of CsF3H in saffron is significantly enhanced under UV-B radiation, dehydration, and salt stress; overexpression of CsF3H in tobacco results in massive accumulation of dihydroquercetin, which confers tolerance to dehydration stress by increasing chlorophyll contents and reducing the MDA content (Baba and Ashraf, 2019). These results suggest that flavonoid synthesis-related genes play an important role in resistance to abiotic stress. In the present study, CpCHS1is to a crucial enzyme in the flavonoid biosynthesis pathway, and heterologous overexpression enhanced the drought resistance of tobacco. The changes in expression of flavonoid-related genes under drought stress led to an increase in the total flavonoid content, and increased activities of antioxidant enzymes, such as SOD and POD, that scavenge ROS generated under abiotic stress, thereby improving plant tolerance (Figure 7). Plants produce excess reactive oxygen species under abiotic stress and cause oxidative damage to the body. Studies have shown that plants can remove excess ROS through the transcription of related genes in the anthocyanin synthesis pathway (Wang et al., 2020a). As a key rate-limiting enzyme in flavonoid biosynthesis, CHS gene plays a critical role in plant stress resistance (Figure 7). It is worth noting that the excessive accumulation of flavonoids under experimental conditions does not bring about plant growth inhibition (Nakabayashi et al., 2014), which will also be a new direction for future breeding. This study lays a foundation for the study of flavonoid pathway-related genes in cherries and provides a reference for the selection of superior germplasm in cherries for a drought environment.
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FIGURE 6
 Quantitative qRT-PCR analysis of different gene expressions in WT and OE lines. PAL, C4H, 4CL and CHI represent genes of phenylalanine ammonia-lyase, cinnamate-4-hydroxylase, 4-coumarate coenzyme A ligase and chalcone isomerase, respectively. Actin was used as an internal standard for the analysis. * represent the significant differences of three replicates as determined by SPSS software (p < 0.05).


[image: Figure 7]

FIGURE 7
 A possible model of CpCHS1 responding to drought stress in the transgenic of tobacco. CpCHS1 induced changes in related genes in the flavonol biosynthesis pathway under drought stress, increased SOD, POD, CAT, and Pro contents, and scavenged ROS accumulated in drought stress. In addition, the germination rate and root length of tobacco in a dehydrated environment are increased, and finally, the purpose of drought resistance is achieved.





Conclusion

In this study, three genes encoding chalcone synthase were identified from the sweet cherry genome. The three genes contained fewer introns and were evolutionarily similar to CHS genes of other members of the Rosaceae family. The tertiary structure of PavCHS1 protein is a homodimer composed of two subunits, and the conserved catalytic sites may be located in Cys163, Phe214, His302, and Asn335. The three genes were differentially expressed in different tissues. In addition, the mature leaves of Chinese cherries contain high levels of flavonoids. Overexpression of the Chinese cherry CpCHS1 gene in tobacco improved the seed germination frequency and the drought tolerance of seedlings exposed to drought stress (Figure 7). In addition, CpCHS1 enhanced the drought resistance of tobacco, at least partly, by increasing the activities of SOD, POD, and CAT, increasing the Pro content, and decreasing the MDA content.
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Footnotes

1https://www.rosaceae.org/

2https://www.expasy.org/

3https://meme-suite.org/meme/

4http://pfam.xfam.org/

5https://www.uniprot.org/

6https://swissmodel.expasy.org/

7http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index

8https://www.chiplot.online/
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Lilium pumilum is a perennial herb with ornamental edible and medicinal value. It is an excellent wild germplasm resource with wide distribution and strong resistance. The NAC family of transcription factors is unique to higher plants. The NAC family plays a regulatory role in plant growth and development and participates in plant responses to biotic and abiotic stresses. The LpNAC17 gene of L. pumilum was cloned and transformed into tobacco to investigate the response of transgenic tobacco to salt stress. The results showed that the net photosynthetic rate and contents of chlorophyll in LpNAC17 over-expressed tobacco were higher than those in the control plants, while the stomatal conductance, transpiration rate and intercellular CO2 concentration were lower than those in the controls. The activity of superoxide dismutase, peroxidase, catalase, and the content of proline in LpNAC17 over-expressed tobacco were higher than those in the controls, while the content of malondialdehyde, superoxide anion, and hydrogen peroxide were lower than that in the control. Nitro-blue tetrazolium staining and 3,3′-diaminobenzidine tissue localization showed that the contents of [image: image] and H2O2 in transgenic tobacco was lower than in the controls. The expression levels of NtSOD, NtPOD, NtCAT, NtHAK1, NtPMA4, and NtSOS1 in the transgenic tobacco were higher than those in the controls. Therefore, this study provides a gene source for molecular breeding of salt-tolerant plants through genetic engineering, and lays a foundation for further research on salt-tolerant Lily.
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Introduction

Plants are often affected by various abiotic stresses including the stresses of salt, drought, extreme temperature (high temperature, low temperature) during their growth and development. These stresses seriously affect the ecological and economic value of plants (Zhang and Ma, 2019). Thus, plants have to respond to these stresses to minimize the stress-induced damage (Pérez et al., 2013). Many studies have shown that plant cells can sense stresses and transmit stress signals to stress-responding transcription factors (TFs) through complex signaling pathways. TFs can regulate the expression of target genes in plants by binding its DNA binding domain to cis-acting elements in the promoter regions of target genes (Karam et al., 2002; Chen and Zhu, 2004; Huang et al., 2012). Many TF families such as the NAC, bZIP, MYB, and WRKY families have been found to play important roles in plant growth and development, and responses to abiotic stresses (Dortje et al., 2011). The NAC gene family is a large family of transcription factors unique to plants. So far, there are 117 NAC genes in Arabidopsis thaliana, 151 NACs in rice (Ooka et al., 2003; Mohammed et al., 2010), 163 NACs in Populus trichocarpa (Rui et al., 2010), 152 NACs in soybean (Dung et al., 2011), 283 NACs in upland cotton (Sun et al., 2018), 152 NACs in maize (Kaliyugam et al., 2014), 154 NACs in tobacco (Li et al., 2018), 168 NACs in durum wheat (Saidi et al., 2017). NAC TFs participate in plant morphogenesis, root growth and elongation, and the responses to various abiotic stresses. In Rosa chinensis “Old Blush,” the expression of RcNAC72 was significantly induced by drought, cold, salinity, and abscisic acid (ABA), and overexpression of RcNAC72 in A. thaliana enhanced its tolerance to drought stress (Jia et al., 2022). Knockout of OsNAC3 reduced rice sensitivity to ABA and increased its sensitivity to salt stress, whereas overexpression of OsNAC3 had the opposite effect (Zhang et al., 2021). Similarly, silencing and overexpression of the SlNAC6 gene in tomato decreased and enhanced tolerance to drought, respectively (Jian et al., 2021). MdNAC047 in apple (Malus domestica) enhances tolerance to salt stress by inducing ethylene accumulation (An et al., 2018). In the analysis of the expression pattern of SmNACs in eggplant, it was found that they are involved in the regulation of responses to a variety of abiotic stresses (Wan et al., 2021). In addition, the Pearl millet (Pennisetum glaucum) PgNAC21, the horsegram (Macrotyloma uniflorum) MuNAC4, and the tomato (Solanum lycopersicum) NAC transcription factor JUNGBRUNNEN1 (JUB1) also positively regulate responses to abiotic stresses (Pandurangaiah et al., 2014; Thirumalaikumar et al., 2018; Harshraj et al., 2019). However, studies have shown that NAC transcription factors also exhibit a negative regulatory role in plant responses to abiotic stresses, e.g., ANAC069 increased sensitivity to salt and osmotic stress by reducing reactive oxygen species scavenging capacity (He et al., 2017). Similarly, ZmNAC071 enhanced the sensitivity to ABA and osmotic stress by downregulating the expression of superoxide dismutase (SOD), peroxidase (POD), and other genes in transgenic A. thaliana (He et al., 2019). Therefore, NAC transcription factors regulate stress tolerance in plants through multiple pathways and are important for plants to cope with abiotic stress.

Lilium pumilum is a perennial wild herb. Its flower shape is beautiful and has high ornamental value. Moreover, its bulb and flower have edible and medicinal values. It is mainly distributed in Northeast and Northern China. It has a strong tolerance to cold, drought, and saline-alkali stresses and a strong resistance to diseases. It is an excellent wild germplasm resource (Wang et al., 2018a,b). So far, a small number of genes have been cloned from L. pumilum and transferred into tobacco. Studies have shown that over-expression of L. pumilum LpNAC13 and LpPEX7 genes can enhance salt and alkali tolerance in tobacco (He et al., 2020; Wang et al., 2020). The salt tolerance of L. pumilum APX and LpNAC6 overexpression plants was significantly enhanced under salt stress (Chen et al., 2010; Liu et al., 2020). However, there are still many valuable NAC transcription factors that have not been functionally characterized in L. pumilum. In the present study, we found that LpNAC17 in L. pumilum responds to salt stress according to the analysis of transcriptome data and NAC gene expression. We cloned the LpNAC17 gene from L. pumilum and transformed it into tobacco. We found that the overexpression of the LpNAC17 gene in tobacco significantly improved the salt resistance of transgenic plants, showing enhanced photosynthetic rate, osmotic regulation substance content, and antioxidant enzyme activities of transgenic tobacco under salt stress. These results indicated that LpNAC17 was positively correlated with salt tolerance, permitting further research on the molecular mechanism of LpNAC17-mediated regulation of salt stress in L. pumilum.



Results


Identification of the LpNAC17 gene in L. pumilum

Sequence analysis indicated that the open reading frame (ORF) of LpNAC17 gene is 507 bp long and encodes a NAC gene family protein of 168 amino acids in length. The molecular weight of LpNAC17 was 19021.02 kDa, and the theoretical isoelectric point was 9.64, indicating that LpNAC17 was a hydrophilic stable protein. The results of the prediction of the transmembrane structure and signal peptide showed that the protein does not contain a transmembrane domain or signal peptide, and is a non-secreted protein. A Blast search of Genbank showed that the highest sequence homology between L. pumilum and Cinnamomum micranthum was 91.1% for LpNAC17 (Figure 1A), and the phylogenetic analysis showed that LpNAC17 forms a monophylogenic group with its homologs in Prosopis alba and Phoenix dactylifera (Figure 1B). Real-time RT-PCR (qPCR) analysis showed that LpNAC17 was expressed in the root, bulb, and leaf of L. pumilum with the highest expression level in bulb (Figure 1C).


[image: Figure 1]
FIGURE 1
 Sequence and expression analysis of LpNAC17. (A) Multiple sequence alignment of the deduced amino acid sequences of LpNAC17 from L. pumilum with other NACs from Cinnamomum micranthum (RWR92746.1), Zea mays (ACN29102.1), Coffea eugenioides (XP_027148352.1), Prosopis alba (XP_028757564.1), Gossypium davidsonii (MBA0625903.1), Triticum turgidum (VAH67189.1), Erythranthe guttata (XP_012844117.1), Phoenix dactylifera (XP_008781592.1), Brachypodium distachyon (XP_003564785.1), Morus notabilis (XP_010095416.1), Ziziphus jujuba (XP_015885739.1). (B) Phylogenetic tree of LpNAC17 and its homologs. (C) Expression analysis of LpNAC17 gene in different tissues of L. pumilum. LilyActin was used as the internal control gene. Bars represent the SE of three independent experiments and the different letters indicate the significant difference at P < 0.05.




Expression of the LpNAC17 gene in L. pumilum under abiotic stress

We investigated how the expression of LpNAC17 in L. pumilum seedlings responded to the individual treatments of ABA, NaCl, drought and cold at 1, 3, 6, 12, 24, 48 h post treatment (hpt). Under ABA treatment, the expression levels of LpNAC17 in roots, bulbs and leaves were induced when compared with that in the mock-treated plants within 48 hpt (Figures 2A–C). The highest induced expression was 58.08 times in roots at 1 hpt, 3.97 times in bulbs at 48 h, and 141.04 times in leaves at 12 h, respectively. Under NaCl stress, the LpNAC17 expression in the three tissues were increased when compared with that in the mock-treated plants within 48 hpt (Figures 2D–F). The highest induced expression was 12.12 times in roots at 12 hpt, 31.41 times in bulbs at 12 hpt, and 3.24 times in leaves at 48 hpt. For the drought stress, the LpNAC17 expression in the three tissues were also induced when compared with that in the mock-treated plants within 48 hpt (Figures 2G–I). The highest induced expression was 86.82 times in roots at 24 hpt, 5.18 times in bulbs at 48 hpt, and 7.46 times in leaves at 48 hpt. The cold stress treatment also induced the LpNAC17 expression in the three tissues within 48 hpt (Figures 2J–L). The highest induced expression was 12.46 times in roots at 12 hpt, 26 times in bulbs at 24 hpt, and 714.58 times in leaves at 12 hpt. As a result, the expression levels of LpNAC17 in the three tissues were significantly induced by each of the ABA, NaCl, drought, and cold treatments.


[image: Figure 2]
FIGURE 2
 Expression patterns of LpNAC17 in roots, bulbs, and leaves of L. pumilum under abiotic stress treatment. (A–C) 150 μM ABA treatment. (D–F) 200 mM NaCl treatment. (G–I) 20% PEG-6000 treatment. (J–L) 2°C treatment. Bars represent the SE of three independent experiments and the different letters indicate the significant difference at P < 0.05.




Generation of transgenic tobacco lines overexpressing LpNAC17

The ORF of LpNAC17 was cloned into the pBI121 vector to form pBI121-LpNAC17- GFP (Figures 3A,B), followed by Agrobacterium-mediated tobacco transformation. A total of 6 potential transgenic lines with normal growth and development were obtained. PCR amplification of the transgene LpNAC17 confirmed the presence of the transgene in 4 out of the 6 potential transgenic lines (Figure 3C). qPCR analysis of the relative expression levels of LpNAC17 in the four transgenic lines showed that the single-copied homozygous OE-1 and OE-3 lines had high expression levels (Figure 3E), whose seedlings grew normally in the Kanamycin selection media (Figure 3D). Thus, these two lines were selected for subsequent experiments.


[image: Figure 3]
FIGURE 3
 Generation of transgenic tobacco overexpressing LpNAC17. (A) Schematic diagram of T-DNA region of the expression vector containing 35S: LpNAC17-NosT. (B) Construction of binary vector pBI121- LpNAC17-GFP. M, 2000 DNA marker; 1–6, verification of binary vectors. (C) PCR confirmation of the presence of LpNAC17 in transgenic tobacco lines. P, plasmid DNA as a positive control; H2O, sterile distilled water as a negative control; CK, wild-type tobacco; #1, 2, 3, and 5, transgenic tobacco lines. (D) Growth of CK, EV and the OE-1 and OE-3 lines on the media containing Kanamycin. (E) Relative expression of LpNAC17 in the transgenic tobacco lines.




The effect of the overexpressed LpNAC17 on salt tolerance

To explore whether the transgenic tobacco lines overexpressing LpNAC17 are tolerant of salt stress, the 5-week-old wild-type tobacco (CK), transgenic tobacco lines with the empty vector (EV) and the OE-1 and OE-3 lines were used for salt stress treatment. There was no apparent difference in the morphology of the tobacco plants at 0 day post treatment (dpt; Figures 4A,B). After 7 dpt, 2–3 leaves on the lower part of each of CK and EV tobacco plants began to wilt, but the growth of OE-1 and OE-3 plants was not affected. After the 15 dpt, the leaves on the lower part of the CK and EV tobacco plants started to turn yellow and drooped, and the upper leaves began to wilt, while the leaves near the root of OE-1 and OE-3 lines just began to wilt, indicating an enhanced tolerance to salt stress in the transgenic tobacco lines overexpressing LpNAC17.


[image: Figure 4]
FIGURE 4
 Analysis of salt tolerance in the transgenic tobacco lines overexpressing LpNAC17. (A) Comparative top view images. (B) Comparative side view images.




The effect of the overexpressed LpNAC17 on photosynthetic capacity under salt stress

Photosynthesis is the basis of energy conversion and the most sensitive physiological activity to salt stress in plants. Net photosynthetic rate (Pn) can directly reflect the photosynthetic capacity of plants, since it is positively correlated with the latter. We found that the Pn of all of the tobacco leaves decreased gradually with the increase in salt stress treatment duration (Figure 5A). However, the Pn of OE-1 and OE-3 lines was significantly higher than that of CK and EV at 7 and 15 dpt (P < 0.05), and the Pn of OE-1 and OE-3 lines was 1.85 and 1.29 times higher than that of CK at 15 dpt.


[image: Figure 5]
FIGURE 5
 Analysis of photosynthetic capacity in the transgenic tobacco lines overexpressing LpNAC17 under salt stress. (A) Net photosynthetic rate (Pn). (B) Stomatal conductance (Gs). (C) Transpiration rate (Tr). (D) Intercellular CO2 concentration (Ci). (E) Chlorophyll (Chl) content. (F) Proline (Pro) content. (G) malondialdehyde (MDA) content. (H) Superoxide dismutase (SOD) activities. (I) Peroxidase (POD) activities. (J) catalase (CAT) activities. (K) Superoxide anion ([image: image]) content. (L) Hydrogen peroxide (H2O2) content. Bars represent the SE of three independent replicates and the different letters indicate the significant difference at the same time point (P < 0.05).


The stomatal conductance (Gs), transpiration rate (Tr), and intercellular CO2 concentration (Ci) of all the tobacco plants showed an obvious decreasing trend with the increase in the stress treatment duration (Figures 5B–D). However, the decrease degrees of these three parameters in the OE-1 and OE-3 lines were significantly greater than that of CK and EV (P < 0.05). The Gs, Tr, Ci of the OE-1 and OE-3 lines were decreased by 65.79 and 49.67%, 54.80 and 34.52%, 36.75 and 26.36%, respectively, when compared with CK at 15 dpt, indicating that salt stress had significant inhibitory effect on the three parameters, and the inhibitory effect on the OE-1 and OE-3 lines was more obvious than in the CK and EV. The decrease in Ci may be caused by the joint action of Gs and Pn. The decrease in Gs restricts the entry of external gas into tobacco leaves, while the increase in Pn consumes more carbon dioxide in leaves, thus leading to the decline in Ci in tobacco leaves.

Chlorophyll (Chl) synthesis is an important component in plant photosynthesis. At 15 dpt, the Chl content of all the tobacco leaves increased continuously, and the OE-1 and OE-3 lines showed a significantly higher Chl content than that of CK and EV (Figure 5E). The Chl contents in the OE-1 and OE-3 lines were 1.47 and 1.49 times higher than that of CK, respectively, at 15 dpt. The increase of Chl content may be one of the reasons for the increased Pn in tobacco.



The effect of the overexpressed LpNAC17 on ROS levels and ROS scavenger activities under salt stress

The proline (Pro) contents were gradually increased in all the tobacco plants with the increase in salt stress treatment time, while the Pro contents in the OE-1 and OE-3 lines were significantly higher than that of CK and EV at 7 and 15 dpt (Figure 5F). The malondialdehyde (MDA) contents in all the tobacco plants increased at 7 dpt and then decreased at 15 dpt (Figure 5G). However, the MDA content in the OE-1 and OE-3 lines was significantly lower than that in CK and EV at both time points.

To study the effect of the overexpressed LpNAC17 on reactive oxygen species (ROS) homeostasis, we examined the activities of key ROS scavengers superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT). There was no significant difference between treatments at 0 dpt. The activities of the SOD (Figure 5H), POD (Figure 5I), and CAT (Figure 5J) in all the tobacco leaves were gradually increased when plants were subjected to salt stress, and their activities in the OE-1 and OE-3 lines were significantly higher than those of CK and EV at 7 and 15 dpt (P < 0.05).

In order to further determine the ROS content in tobacco leaves, we measured the contents of superoxide anion ([image: image]) and hydrogen peroxide (H2O2). The contents of [image: image] and H2O2 gradually accumulated in all the tobacco plants with the increase in salt stress treatment time (Figures 5K,L). However, the contents of [image: image] and H2O2 in the OE-1 and OE-3 lines were significantly lower than that in CK and EV at 7 and 15 dpt (P < 0.05). Histochemical staining analysis using nitro-blue tetrazolium (NBT; for [image: image]) and 3,3′-diaminobenzidine (DAB; for H2O2) staining showed the leaves of the OE-1 and OE-3 lines were stained much lighter than that of the CK and EV at 7 and 15 dpt (Figures 6A,B), indicating less contents of [image: image] and H2O2 in the OE-1 and OE-3 lines. These results were consistent with the content determination of [image: image] and H2O2 in Figures 5K,L.


[image: Figure 6]
FIGURE 6
 Histochemical staining of the leaves of the transgenic tobacco lines overexpressing LpNAC17 under salt stress. Accumulation of (A) O2 −and (B) H2O2 was revealed by histochemical staining with NBT and DAB, respectively.




The effect of the overexpressed LpNAC17 on expression levels of stress-related genes NtSOD, NtPOD, NtCAT, NtHAK1, NtPMA4, and NtSOS1 under salt stress

In order to further verify the role of LpNAC17 in salt stress tolerance, the relative expression levels of stress-related genes NtSOD, NtPOD, NtCAT, NtHAK1, NtPMA4, and NtSOS1 were quantified using qPCR. We found that the relative expression levels of these genes were significantly up-regulated in all the tobacco plants at 7 and 15 dpt but the increase of each gene in the OE-1 and OE-3 lines was significantly higher than that of the CK and EV at both time points (Figures 7A–F). The expression levels of NtSOD, NtPOD, and NtCAT in the OE-1 and OE-3 lines were 1.66 and 1.55, 2.60 and 2.19, 1.59 and 1.78 times higher than that of CK at 7 and 15 dpt, respectively. The expression levels of NtHAK1, NtPMA4, and NtSOS1 in the OE-1 and OE-3 lines were 4.04 and 3.72, 3.64 and 3.85, 2.80 and 2.84 times higher than that of CK at both time points, respectively.


[image: Figure 7]
FIGURE 7
 Analysis of the changes in the expression of stress-related genes in the leaves of the transgenic tobacco lines overexpressing LpNAC17 under salt stress. (A) NtSOD. (B) NtPOD. (C) NtCAT. (D) NtHAK1. (E) NtPMA4. (F) NtSOS1. The tobacco Actin gene was used as the internal control gene. Bars represent the SE of three independent replicates and the different letters indicate the significant difference at the same time point (P < 0.05).





Discussion

To withstand the negative effects caused by salt stress, plants have evolved various biochemical and molecular mechanisms, such as regulating osmotic balance and ions balance to respond to the stress (Munns, 1993; Chen and Polle, 2010; Ruiz-Lozano et al., 2012; Gong et al., 2020). A number of TF genes have been reported as having effect on improving tolerance to salt and other abiotic stresses. Numerous studies have shown that plant NAC family members play a key role in response to abiotic stresses. It has been reported that the over-expression of ONAC063 (Naoki et al., 2009), GmNAC20 (Yu et al., 2011), GmNAC11 (Yu et al., 2011), GmNAC06 (Li et al., 2020), VvNAC17 (Ju et al., 2020), MlNAC12 (Yang et al., 2018), and StNAC053 (Wang et al., 2021) genes can enhance plant salt tolerance. L. pumilum is a kind of perennial herb with strong resistance, which is mainly distributed in most areas of north China. A few NAC genes from L. pumilum have been studied and found to improve salt tolerance (Cao, 2019). In our pre-screening of the salt-tolerance NAC family genes in L. pumilum, LpNAC17 with highly salt-inducible expression was selected for the present study.

LpNAC17 is expressed in all tissues under normal growth condition. It showed an up-regulated expression following drought, salt, cold, and ABA treatments, suggesting that LpNAC17 is involved in the ABA signaling pathway. Leaf wilting was found in all tobacco plants under salt stress, but the transgenic lines overexpressing LpNAC17 suffered less damage. Photosynthesis is one of the important indicators reflecting the response ability of plant photosynthesis to stress (Liu et al., 2013). Studies have shown that salt stress can affect the activity of Chl enzymes and destroy the chloroplast structure, thereby reducing the Chl content in plant leaves (Zhu and Zhu, 1999; Zhou, 2020). In the present study, the contents of Chl and Pn in the transgenic tobacco overexpressing LpNAC17 was significantly higher than that of the control plants, indicating that LpNAC17 gene can enhance photosynthesis of tobacco under salt stress by increasing the Chl content. However, the role of LpNAC17 in promoting Chl synthesis or protecting Chl from degradation under salt stress is unclear and needs further study. In addition, the Tr, Ci, and Gs of the transgenic lines overexpressing LpNAC17 decreased more rapidly than that of the control plants under salt stress. Many previous studies have also shown that the reductions in these indicators are often accompanied by the reductions in Pn (Farquhar and Sharkey, 1982; Huo et al., 2020; Jia et al., 2021). However, Delatorre-Herrera et al. (2021) found that the rate of CO2 assimilation was less dependent on stomatal conductance in the salt-tolerant ecotype (Amarilla) of quinoa. They showed that there is another diffusion mechanism involved in carbon dioxide assimilation, such as mesophyll conduction (Gm), and found that the salt-tolerant ecotype performed better under salt stress mainly due to higher photochemical efficiency and greater ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) activity in that ecotype (Delatorre-Herrera et al., 2021). These findings suggest that plant species and their tolerance mechanisms vary in their gas exchange properties. Therefore, we speculate that the transgenic lines overexpressing LpNAC17 may also maintain a higher Pn through other mechanisms, such as higher Chl content and higher photochemical efficiency, and greater RubisCO activity. The change of ABA content in plant leaves is caused by salt stress, and ABA is closely related to stomatal closure. Previous studies have shown that overexpressing apple MdUGT88F4 gene in transgenic lines resulted in lower ABA content under salt stress than that of wild-type plants, and the transcription level of ABA synthesis gene MdNCED3 in the leaves of each line was increased by salt treatment (Chen, 2021). In the present study, the LpNAC17 gene was up-regulated by ABA treatment (Figures 2A–C), indicating that LpNAC17 may regulate the salt tolerance of the transgenic tobacco plants through the ABA signaling pathway, which needs further examination.

Under salt stress, a large amount of ROS is produced. Excessive ROS could increase membrane lipid peroxidation and cause damage to the cellular membrane (Gill and Tuteja, 2010), resulting in the generation of massive secondary products such as MDA that can indirectly reflect ROS in plants (Moore and Roberts, 1998; Farmer and Mueller, 2013). In this study, we found that the content of MDA in LpNAC17 transgenic plants was lower than that in the control plants under salt stress, indicating that the cell membrane damage of the transgenic plants under salt stress was lower than that of control plants. In order to reduce the damage of salt stress to plants, plants usually increase the concentration of osmotic substances, such as Pro, to improve plant tolerance. Osmotic adjustment substances play roles in protecting cellular macromolecules, protecting the cell membrane structure to improve stress tolerance (Zhang et al., 2020). It has been reported in previous studies that NAC TFs regulate the content of osmotic regulators in plants in response to salt stress. For example, tobacco plants overexpressing CsNAC1/2/3 gene accumulated higher levels of osmotically active substances than the control plants under salt stress (Liu et al., 2022), and transgenic plants overexpressing VuNAC1/2 exhibited higher Pro content and lower MDA content than the control plants under salt stress (Srivastava et al., 2022). In the present study, Pro content in the transgenic plants overexpressing LpNAC17 is significantly higher than in the controls under salt stress. This result implied that LpNAC17 can reduce the damage to cell membrane under salt stress to a certain extent, and play a role in maintaining the stability of cell membrane under salt stress. These data suggest that over-expression of LpNAC17 could positively regulate Pro content to confer a better ability to resist salt stress in the transgenic tobacco.

The antioxidant enzymes play an important role in coping with excess ROS to reduce oxidative stress. To maintain cell homeostasis, the antioxidant system in plants plays a dominant role in enhancing the activities of antioxidant enzymes, including SOD, POD, and CAT, to prevent plants from being damaged by salt stress (Jaleel et al., 2009). Antioxidant enzymes can eliminate the damage of [image: image] and ROS to cells. Many reports indicate that NAC TFs are actively involved in the regulation of ROS metabolism and induction of important ROS scavenging enzymes (Jia et al., 2019; Figueroa et al., 2021; Jin et al., 2021; Mei et al., 2021). Consistent with these studies, we found that under salt stress, the activities of SOD, CAT, and POD were increased in LpNAC17 over-expression tobacco while the contents of [image: image] and H2O2 and the level of ROS were less than those in the control plants. These results indicated that the improvement of ROS homeostasis is an important reason for LpNAC17-mediated salt tolerance.

In order to further verify the function of LpNAC17 under salt stress, the expression levels of several key genes of plant stress tolerance were detected in transgenic plants overexpressing LpNAC17 after salt stress. The results showed that under salt stress, the expression of genes related to scavenging ROS (NtPOD, NtSOD, NtCAT) were induced, and improving plant salt tolerance could be achieved by scavenging excess ROS in plants (Lai et al., 2020). We found that the expression levels of NtPOD, NtSOD, NtCAT, NtSOS1, NtHAK1, and NtPMA4 were significantly up-regulated in the transgenic tobacco overexpressing LpNAC17 when compared with the control plants, indicating that LpNAC17 could improve the salt tolerance of transgenic tobacco by increasing the expression of ROS genes and sodium-potassium ion balance genes. SOS1 plays a role in the process of Na+ efflux from cells, which can protect plants from salt poisoning caused by excessive intracellular Na+ (Eduardo, 2000). PMA4 can regulate cellular K+ uptake and balance K+ concentration (Moriau et al., 1993). Moreover, HAK1 can balance intracellular Na+/K+ and prevent excessive intracellular Na+ content from causing toxicity to cells (Qin et al., 2015).

We present a working model for the putative regulatory function of LpNAC17 in responses to salt stress in transgenic tobacco (Figure 8). Overexpression of the TF LpNAC17 can affect the expression of multiple stress-related genes and indirectly upregulate the activity of ROS scavenging enzymes. Furthermore, increased LpNAC17 expression may trigger the ABA signaling pathway. Taken together, all these changes resulted in decreased ROS accumulation, enhanced photosynthetic capacity, and increased salt tolerance in transgenic tobacco overexpressing LpNAC17.


[image: Figure 8]
FIGURE 8
 Putative working model of the LpNAC17 regulatory function in the transgenic tobacco in response to salt stress treatment. Overexpression of LpNAC17 in tobacco activates the expression of stress-related genes and sodium and potassium ion balance factors, and possibly the ABA signaling pathway, leading to lower accumulation of reactive oxygen species (ROS) and higher Pn under salt stress and thus improved salt tolerance.




Conclusion

In conclusion, a stress-responsive NAC gene LpNAC17 from L. pumilum was identified and its function was characterized. Overexpression of LpNAC17 enhanced the salinity tolerance of transgenic tobacco at the morphological, physiological and molecular levels. This study provides a functional gene for lily salt tolerance breeding, and lays a foundation for revealing the molecular mechanism of NAC transcription factors under salt stress and for further studying the salt tolerance mechanism in L. pumilum.



Materials and methods


Gene cloning and sequence analysis

Total RNA was extracted from bulbs of L. pumilum and cDNA synthesis was conducted as described in Wang et al. (2020). Gene-specific primers were designed for the LpNAC17 gene (accession #: MF398208.1) are shown in Supplementary Table S1. PCR amplification was performed with KOD-plus-neo (Toyobo, Japan). The PCR products were digested with SmaI and SalI and cloned into the PBI121-GFP empty vector with the LpNAC17 gene being driven by the full-length 35S promoter, followed by being transformed into Escherichia coli DH-5α. After Sanger sequencing confirmation, the destination vector was transformed into Agrobacterium tumefaciens EHA105 by the electroporation method.

The amino acid sequence of the LpNAC17 protein was analyzed using various bioinformatics tools as described in Ma et al. (2017). BLASTp was used to search for homologous sequences in Genbank, and sequences with high sequence homology were selected for sequence alignment. Phylogenetic analysis was constructed by using DNAMAN.



Tobacco transformation and analysis of transgenic tobacco lines

Tobacco transformation was performed using Agrobacterium-mediated transformation of tobacco leaf disks using 50 mg/L Kanamycin for transgenic plant selection (Wang, 2020). Genomic DNA was extracted using the modified CTAB method and PCR was performed as described above. Total RNA extraction and qPCR were conducted as described above. Copy number of the transgene was determined by the segregation ration, and two single-copied homozygous transgenic lines with high transgene expression were selected for subsequent experiments.



Plant abiotic stress treatment

Twenty-eight-day-old seedlings of L. pumilum were pre-cultured with Hoagland's nutrient solution for 1 week and then transferred to Hoagland's nutrient solution containing 200 mM NaCl, 20% PEG or 150 μM ABA. For cold stress, pre-cultured seedlings were transferred to Hoagland's nutrient solution and cultivated in a 2°C artificial climate incubator. Seedlings treated with Hoagland's nutrient solution or 25°C were used as the negative control plants.

Two-week-old transgenic tobacco seedlings overexpressing LpNAC17 were grown on soil: vermiculite: perlite =3:1:1 culture medium at 26°C with 16 h light/8 h darkness for 3 weeks, followed by the treatment with 100 mL NaCl solution with a concentration of 300 mmol/L once per 2 days. Water was used as the mock treatment. Phenotypic analysis and leaf tissue harvest were conducted at 0, 7 and 15 d of salt stress.



Real-time RT-PCR analyses

Total RNA was extracted from the roots, bulbs and leaves of L. pumilum after each treatment at the time points of 0, 1, 3, 6, 12, 24, or 48 hpt using TRIzol. Total RNA was also extracted from leaves of transgenic tobacco under 300 mM NaCl stress on 0, 7, and 15 dpt. cDNA synthesis was conducted using the ReverTra Ace® qPCR RT Kit (Toyobo, Japan). qPCR was conducted using the 2 × Fast qPCR Master Mixture (CWBIO, China) and 3 biological replicates as described in Zhao et al. (2021). qPCR was performed with the following cycling conditions: 94°C for 2 min followed by 35 cycles at 94°C for 15 s, 60°C for 15 s, and 72°C for 10s. Each 20 μL of reaction mix included 10 μL of 2 × Fast qPCR Master Mixture, 0.4 μL of cDNA, 0.4 μL of Primer-F, 0.4 μL of Primer-R, 8.8 μL of dd H2O. The LilyActin gene (accession #: JX826390) and the tobacco NtActin gene (accession #: no.U60495) were used as the internal control gene for and tobacco, respectively. The relative expression of genes was analyzed using the 2−ΔΔCt method.



Assays of photosynthetic parameters in tobacco under salt stress

Li-6400 portable photosynthetic instrument (LI-COR, USA) was used to measure the photosynthetic parameters of tobacco plant leaves from 9:00 a.m. to 10:00 a.m. The photosynthetic parameters included leaf net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), and transpiration rate (Tr). Before measurement, the photosynthetic instrument was adjusted and preheated. Three plants (replicates) were randomly selected from each line, and the 3rd to 4th leaf were selected from each plant. After the readings stabilized, the data were recorded. Each leaf blade was recorded for 5 times, and the average value was used for each replicate.



Determination of physiological indexes of transgenic tobacco under salt stress

Malondialdehyde (MDA) accumulation was measured using the thiobarbituric acid-based method (Hodges et al., 1999). The proline (Pro) content was measured using the acid ninhydrin method (Bates et al., 1973). The chlorophyll (Chl) content was determined using the acetone extraction method (Zou et al., 2000; Liu and Li, 2016b,c). The superoxide dismutase (SOD) activity was measured using the nitro blue tetrazolium colorimetric method (Liu and Li, 2016a). The peroxidase (POD) activity was measured using the guaiacol colorimetric method (Zou et al., 2000; Liu and Li, 2016b,c). The catalase (CAT) activity was measured using the ammonium molybdate colorimetric method (Zou et al., 2000; Liu and Li, 2016b,c). The superoxide anion ([image: image]) was determined by hydroxylamine oxidation method (Huang et al., 2010). The hydrogen peroxide (H2O2) content was determined using hydrogen peroxide (H2O2) content kit (Greis Biotechnology, China). The levels of [image: image] and H2O2 were detected with p-Nitro-Blue tetrazolium chloride (NBT) (Liu et al., 2008) and 3,3′- diaminobenzidine tetrahydrochloride (DAB) (Mason et al., 2016) staining, respectively. For the determination of antioxidant enzymes (SOD, POD, and CAT), pre-weighed tobacco leaves (0.5 g) were placed in a pre-cooled mortar, and 5 mL of pre-cooled 50 mmol·L−1 (pH 7.8) phosphate buffer (added in several times) was added. The leaves were ground into a homogenate under an ice bath, centrifuged at 3,000 rpm for 10 min at 4°C, and the supernatant was used for the determination of antioxidant enzymes. All these experiments were performed in triplicate.
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Grafting is one of the key agronomic measures to enhance the tolerance to environmental stresses in horticultural plants, but the specific molecular regulation mechanism in this tolerance largely remains unclear. Here, we found that cucumber grafted onto figleaf gourd rootstock increased cold tolerance through abscisic acid (ABA) activating WRKY41/WRKY46-miR396b-5p-TPR (tetratricopeptide repeat-like superfamily protein) module. Cucumber seedlings grafted onto figleaf gourd increased cold tolerance and induced the expression of miR396b-5p. Furthermore, overexpression of cucumber miR396b-5p in Arabidopsis improved cold tolerance. 5’ RNA ligase-mediated rapid amplification of cDNA ends (5’ RLM-RACE) and transient transformation experiments demonstrated that TPR was the target gene of miR396b-5p, while TPR overexpression plants were hypersensitive to cold stress. The yeast one-hybrid and dual-luciferase assays showed that both WRKY41 and WRKY46 bound to MIR396b-5p promoter to induce its expression. Furthermore, cold stress enhanced the content of ABA in the roots and leaves of figleaf gourd grafted cucumber seedlings. Exogenous application of ABA induced the expression of WRKY41 and WRKY46, and cold tolerance of grafted cucumber seedlings. However, figleaf gourd rootstock-induced cold tolerance was compromised when plants were pretreated with ABA biosynthesis inhibitor. Thus, ABA mediated figleaf gourd grafting-induced cold tolerance of cucumber seedlings through activating the WRKY41/WRKY46-miR396b-5p-TPR module.
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Introduction

Cucumber (Cucumis sativus L.) is one of the main vegetable crops in China, with the cultivation area reaching 1.27 million hm2 in 2020 (Lu L. et al., 2022). However, due to its weak tolerance and sensitivity to unsuitable environments, it often suffers from abiotic or biotic stresses, such as low temperature, high temperature, salt stress, downy mildew (Pseudoperonospora cubensis), and powdery mildew (Podosphaera xanthii) during the cultivation, which have become the limiting factors for the production of cucumber under protected cultivation (Das et al., 2022). Low temperature is a common environmental barrier factor in protected cultivation in China, which threatens the protected cultivation of cucumber in winter and spring (Feng et al., 2021). Grafting commercial cultivars with good quality, yield, and other traits onto strong rootstocks for cultivation is an effective way to overcome the stress damage of cucumber under low temperature (Li et al., 2021). At present, more than 30% of protected cucumber production in China adopts to grafting, which overcomes the low temperature barrier and effectively ensures the production of protected cucumber in low temperature growth seasons (Zhang H. M. et al., 2019). Previous studies revealed that the tolerance level of cucumber grafted seedlings to low temperature is largely dependent on the rootstock (Fu et al., 2021; Lv et al., 2022). Therefore, how to use the rootstock to regulate the cold tolerance of the scion is an important technical bottleneck for cucumber to achieve the grafting goal, and the core scientific problem behind it is how to obtain the cold tolerance of the scion from the rootstock.

Grafting functions by up-regulating a series of related genes involved in signal transduction, transcriptional regulation, protein expression, and antioxidant response (Li et al., 2014a,b). Furthermore, the scion microRNA (miRNA) and its target gene transcription level is regulated by grafting to adapt to environmental stress (Buhtz et al., 2010). miRNA is an endogenous non-coding RNA consisting of about 21–24 nucleotides. Mature miRNA binds to target mRNA by forming miRNA-induced silencing complex (RISC) and cutting or inhibiting translation, thereby achieving negative regulation of target genes and participating in the regulation of various physiological processes, such as cell division and differentiation, signal transduction, growth, and development, organ morphogenesis, and response to various biotic and abiotic stresses (Wang et al., 2017; Song et al., 2019; Li et al., 2022). Grafting alters the expression of miRNA and its target genes, indicating that miRNA plays an important role in regulating the physiological process of grafted seedlings at a post-transcriptional level (Khaldun et al., 2016; Li et al., 2016; Kehr and Kragler, 2018). In recent years, a large number of grafting-related miRNAs have been obtained by sRNA-Seq technology (Pagliarani et al., 2017; Yin et al., 2021; Hu et al., 2022). In our previous study on cucumber/pumpkin grafting compatibility, we isolated and identified 60 differentially expressed miRNAs in scions of grafted seedlings through high-throughput sequencing, but no specific miRNA was found (Ren et al., 2018), suggesting that the rootstock regulated a series of physiological characteristics mainly by inducing differential expression of miRNA inherent in the scion. Among the differentially expressed miRNAs, miR396b-5p was highly expressed in cucumber seedlings grafted onto figleaf gourd (Cucurbita ficifolia Bouché) (Ren et al., 2018). Figleaf gourd, a cold-tolerant species, has been widely used as the rootstock to improve cold tolerance of grafted cucumber (Zhou et al., 2009; Li et al., 2014b; Liu W. et al., 2021). However, it is not clear whether miR396b-5p mediates figleaf gourd-induced cold tolerance.

Grafting can change the endogenous hormone content of the scion through xylem transport of hormones, such as abscisic acid (ABA), salicylic acid, gibberellin, and cytokinin, thereby changing the physiological characteristics of the scion to adapt to the adverse environment (Zhang Z. et al., 2019; Fu et al., 2021; Guo et al., 2021), indicating that root hormones might play a vital role in root-shoot signal communication. ABA has been shown to be a signaling molecule that mediates communication between roots and shoots through activating H2O2 signaling, other hormones, or transcriptional regulatory pathways (Guo et al., 2021; Li et al., 2021; Lv et al., 2022). WRKY proteins, a family of plant-specific transcription factors, are involved in ABA-induced cold tolerance (Rushton et al., 2012). Exogenous application of ABA enhances the expression of four WRKYs in banana fruit during cold storage (Luo et al., 2017). Furthermore, cold stress induces the expression of WRKY41 and WRKY46 in cucumber, pepper (Capsicum annuum), and Pak-choi (Brassica campestris ssp. chinensis) (Wang et al., 2012; Zhang Y. et al., 2016; Wei et al., 2017), indicating that these two WRKYs might mediate cold tolerance. Indeed, ectopic overexpression of cucumber WRKY46 in Arabidopsis enhances the tolerance to cold stress (Zhang Y. et al., 2016), while its regulation pathway is not well understood. Here, we found that cucumber grafted onto figleaf gourd enhanced the tolerance to cold stress as associated with the increase of ABA in roots and leaves. ABA induced the expression of WRKY41 and WRKY46 to further activate the transcript of MIR396b-5p, which directly cleaved the target gene of tetratricopeptide repeat-like superfamily protein (TPR), resulting in enhanced cold tolerance of grafted seedlings. Our results illustrated the molecular mechanism of miRNA-mediated source signal molecules that regulate the cold tolerance of grafted seedlings, which could guide the selection and use of cold-resistant rootstocks in the grafting cultivation and provide new ideas for the cultivation of new varieties of cold-resistant rootstocks.



Materials and methods


Plant materials and growth conditions

Cucumber (Jinchun No. 4) was used as scion, and figleaf gourd was used as rootstock in this study. The germinated seeds of cucumber and figleaf gourd as rootstocks were sown into 15-hole seedling trays containing commercial organic substrate (Jiangsu Xingnong Substrate Technology Co., Ltd., Zhenjiang, China). The cucumber seeds for the scion were sown after 3 d of rootstocks. Split grafts were performed when the cotyledons of cucumber (as scions) were fully expanded. The grafted plants with cucumber or figleaf gourd as rootstocks were designed as Cs/Cs or Cs/Cf, respectively. The plants were grown in a growth chamber and the growth conditions were maintained as follows: 22/18°C day/night, relative humidity of 65–75%, photosynthetic photon flux density (PPFD) of 300 μmol m–2 s–1, and a 14/10 h photoperiod.



Experimental design

Experiment 1: To investigate the role of figleaf gourd rootstock on scion cold stress tolerance, the grafted plants with three true leaves were transferred into a growth chamber maintained at 4°C for cold treatment or maintained at 22°C for control treatment. The leaf samples were collected at 0 h, 6 h, 12 h, 24 h, 3 d, 5 d, and 7 d and, frozen in liquid nitrogen and stored at −80°C for further analysis.

Experiment 2: To test the effects of ABA on the cold tolerance of grafted plants, the Cs/Cs and Cs/Cf seedlings with three true leaves were divided into three groups: (1) In the control group, the Cs/Cs and Cs/Cf seedlings were watered with distilled water; (2) Exogenous ABA treatment, the Cs/Cs and Cs/Cf seedlings were watered with 100 μmol ABA; (3) Exogenous sodium tungstate (ST) treatment, ST, an inhibitor of molybdo-enzymes in plants, such as ABA aldehyde oxidase, is widely used as an ABA biosynthesis inhibitor in plants (Martin-Rodriguez et al., 2011; Carvajal et al., 2017; Jahan et al., 2021). To inhibit the biosynthesis of ABA, the Cs/Cs and Cs/Cf seedlings were watered with 1 mmol ST. For preparing the solution, ABA (Sigma-Aldrich, St. Louis, MO, United States) was dissolved in ethanol, and ST was dissolved in distilled water, then these solutions were diluted with distilled water at a ratio of 1: 10,000 (v:v). To exclude the influence of ethanol, an equal volume of ethanol was added into distilled water in the control treatment or ST solution in the ST treatment. Each group contained 24 plants and each plant was watered with 50 mL of solution. After watering for 24 h, half of the treated plants were exposed to cold stress at 4°C for 7 d, and the other plants were grown under normal conditions. The phenotype, maximum quantum yield of photosystem II (Fv/Fm), and the relative electrolyte leakage (REL) value were measured after cold stress for 7 d.



Prediction of the target genes of miR396b-5p

The target genes of miR396b-5p were predicted using a plant miRNA target prediction server1 based on the expectation value ≤ 3 and the smaller unpair target site (UPE) value.



5’ RNA ligase-mediated rapid amplification of cDNA ends (5’ RLM-RACE)

5’ RLM-RACE was performed to verify the cleavage relationship of miR396b-5p to its predicted target genes using the FirstChoice™ RLM-RACE Kit (AM1700, Invitrogen, Carlsbad, CA, United States). The PCR products were cloned into a pMD-19T vector, and the clones were sequenced by General Biological Systems Co., Ltd., (Chuzhou, China).



Construction of MIR396b-5p and TPR overexpression plants

The precursor of miR396b-5p was synthesized by General Biological Systems Co., Ltd., (Chuzhou, China), and ligated into the pCAMBIA1301 vector. The full-length CDS sequence of TPR was amplified using cucumber cDNA as the template with the specific primers (Supplementary Table 1), and inserted into the pFGC5941 vector. The constructed pCAMBIA1301-MIR396b-5p and pFGC5941-TPR plasmids were transformed into Agrobacterium tumefaciens strain EHA105, and Arabidopsis Col-0 wild-type (WT) plants were transformed using floral dip method (Clough and Bent, 1998). Transformed plants were selected and validated using qPCR, and the homozygous lines from T3 generations were used for cold stress with the same method of grafted cucumber seedlings.



Yeast one-hybrid assay

The yeast one-hybrid assays were performed according to the methods as previously described (Wang et al., 2019). MIR396b-5p promoter sequence was amplified using the specific primers (Supplementary Table 1), inserted into the pAbAi vector, and linearized by BstBI (Thermo Fisher Scientific, Rockford, IL, United States). The linearized vector was transferred into Y1HGold yeast strain. The full-length CDS sequences of cucumber WRKY41 and WRKY46 were amplified using the specific primers (Supplementary Table 1), and inserted into the pGADT7 vector. The pGADT7-WRKY41, pGADT7-WRKY46, or pGADT7 empty vector was transferred into the positive strain containing the bait vector, respectively, and cultured on the selection solid medium containing 110 ng mL–1 aureobasidin A (AbA) at 30°C for 3–5 d to detect DNA-protein interaction.



Dual-luciferase assay

The dual-luciferase assays were performed according to the previous method (Yang et al., 2021). The CDS of TPR was amplified with the specific primers (Supplementary Table 1), and inserted into the pAC006 vector. The CDS of WRKY41 and WRKY46, and the promoter sequence of MIR396b-5p were amplified and inserted into the pFGC5941-GFP and pGreenII 0800-LUC vectors, respectively, and transformed into A. tumefaciens strain GV3101 (pSoup-p19). The A. tumefaciens containing the indicated recombinant plasmid was injected into Nicotiana benthamiana leaves, and a Tanon 5200 Multi Image system (Tanon, Shanghai, China) was used to detect the luciferase luminescence after injected for 2 d. The firefly luciferase (LUC) and renilla luciferase (REN) activities were detected using the Duo-Lite™ Luciferase Assay System (Vazyme, Nanjing, China).



RNA isolation and qPCR analysis

The miRNAs were isolated from each sample-treated with cold stress using a miRcute miRNA extraction Kit (Tiangen, Beijing, China) as previously described (Li et al., 2022). The isolated miRNA was reversely transcribed into cDNA using the Mir-X miRNA First-strand Synthesis Kit (Takara, Dalian, China). qPCR was performed using the TB Green Advantage qPCR Premix (Takara) with the specific primers (Supplementary Table 2). The U6 gene was selected as an internal reference for standardized data.

Total RNA was extracted using a RNA simple Total RNA Kit (Tiangen), and reversely transcribed into cDNA using a HiScript II Q RT SuperMix Kit for qPCR (+ gDNA wiper) Kit (Vazyme). qPCR was performed using the TB Green® Fast qPCR Mix (Takara) on a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Foster, CA, United States) with the specific primers (Supplementary Table 2). The actin gene was selected as an internal reference for standardized data, and the relative gene expression level was calculated as the method previously described (Livak and Schmittgen, 2001).



Measurement of biomass, proline, malondialdehyde content, REL, and Fv/Fm

The fresh and dry weight, proline and malondialdehyde (MDA) contents, REL as well as Fv/Fm were measured after cold stress for 7 d. The fresh and dry weight was measured with an electronic balance as previously described (Wang Y. et al., 2021). The content of proline was determined by the acidic ninhydrin colorimetric method (Bates et al., 1973). MDA content was measured by the thiobarbituric acid method (Hodges et al., 1999). The values of REL and Fv/Fm were determined according to previous methods (Zhang Y. et al., 2021).



Determination of ABA content

The leaves or roots (0.2 g) of grafted seedlings were taken at 0 h, 6 h, 12 h, and 24 h of cold stress and determined with an ELISA Kit (Shanghai Renjie Biotechnology Co., Ltd.) as described by Li et al. (2022).



Histochemical staining analysis of GUS

The CDS of TPR, or the promoter sequences of WRKY41 and WRKY46 were amplified using the specific primers (Supplementary Table 1), and inserted into the pBI121 vector. The recombinant plasmid was transformed into the A. tumefaciens strain GV3101. The tobacco was transiently transformed according to the previous method (Wang Y. et al., 2020). After transformation for 2 d, the leaves were stained by GUS staining Kit (Solarbio, Beijing, China) and photographed. For analyzing the role of ABA on the expression of WRKY41 and WRKY46, tobacco leaves were subjected to foliar spray of 100 μmol ABA after injection for 1 d.



Statistical analysis

All data were expressed as the mean ± SD (n = 3). The data were statistically analyzed using analysis of variance (ANOVA), and the significance of treatment differences was analyzed with Tukey’s test at P < 0.05 using SPSS 18.0 software (SPSS Inc., Chicago, IL, United States).




Results


Figleaf gourd rootstock improved cold tolerance of grafted cucumber

To analyze the cold tolerance of the grafted seedlings, the Cs/Cs and Cs/Cf plants were treated with cold stress for 7 d, and compared the phenotype, the values of Fv/Fm and REL, and the contents of proline and MDA. Cold stress induced the lower leaves wilting, a decrease of Fv/Fm value and significant increase of REL, proline, and MDA content in Cs/Cs and Cs/Cf plants (Figure 1). In contrast, figleaf gourd-grafted cucumber plants effectively ameliorated cold-induced leaf wilting, the decrease of Fv/Fm, and the increase of REL, and MDA content, as indicated that the value of Fv/Fm in Cs/Cf plants was 18.50% higher than that in Cs/Cs plants, and the level of REL and MDA content were significantly lower than that in Cs/Cs plants (Figure 1). These results indicated that cucumber grafted onto figleaf gourd significantly improved cold tolerance.
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FIGURE 1
Figleaf gourd rootstock increased cold tolerance of grafted cucumber seedlings. (A) Plant phenotype under cold stress for 7 d. Bar: 5 cm. (B,C) The maximum quantum yield of photosystem II (Fv/Fm). (D) Relative electrolyte leakage (REL). (E) Proline content. (F) Malondialdehyde (MDA) content in leaves. Cucumber seedlings grafted onto cucumber (Cs/Cs) and figleaf gourd (Cs/Cf) were treated with cold stress at 4°C for 7 d, and the phenotype, Fv/Fm, REL, and MDA content were measured. The results represent the mean ± SD of 3 replicates. Means with the same letter did not significantly differ at P < 0.05 according to Tukey’s test. FW, fresh weight.




Differentially expressed miR396b-5p mediated cold stress tolerance

In our previous study, we performed high-throughput sequencing on Cs/Cs and Cs/Cf plants and found that the expression of miR396b-5p in Cs/Cf plants was higher than that in Cs/Cs plants (Ren et al., 2018). It has been demonstrated that miR396, a conserved miRNA family, plays a vital role in plant growth and stress response (Yuan et al., 2020; Liu Y. et al., 2021). To investigate whether miR396b-5p mediated figleaf gourd-induced cold tolerance, we analyzed the expression level of miR396b-5p using qPCR under cold stress. As shown in Figure 2A, the expression level of miR396b-5p in Cs/Cf plants was 45.18% higher than that in Cs/Cs plants under normal growth conditions. Furthermore, cold stress significantly induced the expression of miR396b-5p, but its expression level in Cs/Cs plants was still significantly lower than that in Cs/Cf plants (Figure 2A). These results showed that miR396b-5p was induced by grafting and cold stress, suggesting that miR396b-5p might play an important role in figleaf gourd-induced cold tolerance.
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FIGURE 2
Functional analysis of miR396b-5p in response to cold stress. (A) The expression of miR396b-5p under cold stress. Cucumber seedlings grafted onto cucumber (Cs/Cs) and figleaf gourd (Cs/Cf) were treated with cold stress at 4°C for 24 h, and the expression of miR396b-5p was detected by qPCR. (B) Overexpression of cucumber miR396b-5p in Arabidopsis improved cold stress tolerance. Bar: 1 cm. (C) Fresh weight. (D) Dry weight. (E) Relative electrolyte leakage (REL). (F) Malondialdehyde (MDA) content in leaves. Arabidopsis seedlings were treated with cold stress at 4°C for 7 d, and the phenotype, fresh weight, dry weight, REL, and MDA content were measured. The results represent the mean ± SD (n = 3). Means with the same letter did not significantly differ at P < 0.05 according to Tukey’s test. FW, fresh weight.


To verify whether miR396b-5p played a critical role in the cold tolerance of grafted seedlings, we predicted the precursor sequence of miR396b-5p, and constructed miR396b-5p overexpression plants in Arabidopsis thaliana (miR396b-5p OE2 and miR396b-5p OE3). The expression level of miR396b-5p in miR396b-5p OE2 and miR396b-5p OE3 plants was 231.80-fold and 188.40-fold higher than that in WT plants (Supplementary Figure 1). After 7 d of cold stress treatment, WT plants grew slowly compared with miR396b-5p overexpression plants, and the fresh and dry weight of WT plants were significantly lower than those of miR396b-5p overexpression plants (Figures 2B–D). Further analysis of the physiological indicators of WT and miR396b-5p overexpression plants under cold stress showed that the value of REL of WT and miR396b-5p overexpression plants increased under cold stress, but the up-regulation level in WT plants was significantly higher than that in miR396b-5p overexpression plants (Figure 2E). The content of MDA in WT plants was 42.31% and 32.14% higher than that of the miR396b-5p OE2 and miR396b-5p OE3, respectively, after cold stress for 7 d (Figure 2F). These results indicated that overexpression of miR396b-5p could improve cold stress tolerance.

In order to further investigate the mechanism of miR396b-5p under cold stress, we predicted the target genes by psRNATarget and found five target genes [CsaV3_6G012770, CsaV3_3G004170, CsaV3_2G030130, CsaV3_4G032160 (TPR), and CsaV3_6G045320], which were closely related to cold stress. To investigate whether the predicted target genes had a target-cleavage relationship with miR396b-5p, we used 5′ RLM-RACE to locate the miR396b-5p-directed cleavage site among the five predicted target genes. The results showed that a miR396b-5p-directed cleavage site was located in the 10th and 11th base pairs of the miR396b-5p target site in the CDS of TPR (Figure 3A). Interestingly, cold stress significantly induced the expression of miR396b-5p, but dramatically inhibited the expression of TPR (Figure 3B). The expression pattern of miR396b-5p and TPR was the opposite, indicating that TPR might be the target gene of miR396b-5p.
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FIGURE 3
Cucumber TPR is the target gene of miR396b-5p. (A) 5’ RLM-RACE verified that there was a cleavage site in TPR, and the cleavage site is indicated by a black arrow. (B) Effects of cold stress on the expression of miR396b-5p and TPR in cucumber. Cucumber plants were exposed to cold stress and the leaves were harvested at the indicated time point for analysis the expression of miR396b-5p and TPR by qPCR. (C,D) Dual-luciferase assay verification of miR396b-5p cleavage of TPR. Agrobacterium tumefaciens harboring the indicated plasmids were infiltrated into tobacco leaves, and the leaves were analyzed after infiltration for 2 d. The empty vector was used as a control. The results represent the mean ± SD (n = 3). Means with the same letter did not significantly differ at P < 0.05 according to Tukey’s test. (E) GUS staining experiment verification of miR396b-5p cleavage of TPR. A. tumefaciens harboring the indicated plasmids were injected into tobacco leaves, and the leaves were stained after injection for 2 d. EV, empty vector.


To further test whether TPR was the true target of miR396b-5p, we detected the interaction of miR396b-5p and TPR using luciferase and GUS staining experiment in tobacco leaves. As shown in Figure 3C, the fluorescence signal was weaker when co-injected with TPR-LUC and 35S:MIR396b-5p than that co-injected with TPR-LUC and empty vector. Furthermore, the relative LUC/REN ratio in the leaves of co-inoculation of TPR-LUC and 35S:MIR396b-5p was significantly lower than that in the control leaves (Figure 3D). GUS staining results showed that no blue staining was observed in the leaves inoculated with 35S:MIR396b-5p overexpression vector (Figure 3E). When the leaves were injected with 35S:GUS or 35S:TPR-GUS or 35S:MIR396b-5p and 35S:GUS, GUS staining was observed with blue color in the injected leaves (Figure 3E). However, the blue color was lighter and the area was smaller when the leaves were co-injected with 35S:MIR396b-5p and 35S:TPR-GUS (Figure 3E). These results indicated that miR396b-5p negatively regulated the expression of TPR through direct cleavage.



Overexpression of cucumber TPR in Arabidopsis thaliana reduced cold tolerance

To investigate the role of TPR in cold stress, we first analyzed its expression patterns in different tissues. Tissue expression analysis showed that TPR was expressed in different tissues, with less expression in roots, stems, and fruits, and higher expression in old leaves and mature leaves (Supplementary Figure 2). The expression level of TPR in old leaves was approximately 5 times that in mature leaves, and approximately 15 times that in tendrils and flowers (Supplementary Figure 2), suggesting that TPR was mainly expressed in cucumber leaves.

To further test the function of TPR under cold stress, we overexpressed cucumber TPR in Arabidopsis and obtained 2 independent overexpression plants (TPR OE1 and TPR OE2). The expression level of TPR gene in the two transgenic lines was detected by qPCR. As shown in Supplementary Figure 3, the expression level of cucumber TPR in WT plants was not detected, but its expression in TPR OE2 plants was 12.56 times that of TPR OE1 plants. TPR overexpression plants grew slower than WT plants during 7 d of cold stress treatment, as indicated by the fresh and dry weight of the TPR overexpression plants being significantly lower than that of the WT plants (Figures 4A–C). For instance, the fresh weight of TPR OE1 and TPR OE2 plants was 36.61% and 54.46% lower than that observed in WT plants, respectively (Figure 4B). The dry weight of TPR overexpression plants was 36.66–37.93% of WT plants (Figure 4C). Although cold stress significantly induced the decline of Fv/Fm, the value of Fv/Fm in WT was 12.26% and 8.37% higher than that in TPR OE1 and TPR OE2 plants, respectively, after 7 d of cold stress (Figure 4D). Further analysis of the physiological indicators of WT and TPR overexpression plants under cold stress showed that the value of REL of WT and TPR overexpression plants dramatically increased, but the increased level in the TPR overexpression plants was higher than that of WT plants (Figure 4E). In addition, the increased level of MDA content in TPR overexpression plants was significantly higher than that of WT plants after 7 d of cold stress treatment (Figure 4F), indicating that the cell membrane integrality of TPR overexpression was more damaged than that of WT plants under cold stress. These results indicated that overexpression of cucumber TPR reduced the tolerance to cold stress.
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FIGURE 4
Functional analysis of TPR in response to cold stress. (A) Overexpression of cucumber TPR in Arabidopsis increased sensitivity to cold stress. Bar: 1 cm. (B) Fresh weight. (C) Dry weight. (D) The maximum quantum yield of photosystem II (Fv/Fm). (E) Relative electrolyte leakage (REL). (F) Malondialdehyde (MDA) content in leaves. Arabidopsis seedlings were treated with cold stress at 4°C for 7 d, and the phenotype, fresh weight, dry weight, Fv/Fm, REL, and MDA content were measured. The results represent the mean ± SD (n = 3). Means with the same letter did not significantly differ at P < 0.05 according to Tukey’s test. FW, fresh weight.




Cucumber WRKY41 and WRKY46 bound to the promoter of MIR396b-5p to induce its expression

miR396b-5p participated in the response of grafted seedlings to cold stress by targeting and regulating the expression of TPR gene, but its upstream regulatory factor is unclear. To identify the transcription factors that regulate the expression of miR396b-5p, we first analyzed the promoter sequence of MIR396b-5p using the promoter analysis website PlantCare and PLACE. It was found that there were multiple cis-acting elements, such as W-box, MYB, and MYC, and hormone-responsive elements, including salicylic acid (TCA-element), methyl jasmonate (TGACG-motif, CGTCA-motif), gibberellin (P-box, TATC-box), in MIR396b-5p promoter sequence (Figure 5A).
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FIGURE 5
WRKY 41 and WRKY46 binding to the promoter of MIR396b-5p. (A) Analysis of the cis-acting elements in the promoter of MIR396b-5p. Numbering is from predicted transcriptional start sites. (B) Yeast one-hybrid assays indicating WRKY41 and WRKY46 binding to the promoter of MIR396b-5p. Yeast cells with DNA-protein interactions were grown on SD/Leu plates with 110 ng mL–1 aureobasidin A. (C,D) Dual-luciferase assay showing transient overexpression of WRKY41 increase the expression of MIR396b-5p in Nicotiana benthamiana leaves. (E,F) Dual-luciferase assay showing transient overexpression of WRKY46 increase the expression of MIR396b-5p in N. benthamiana leaves. Agrobacterium tumefaciens harboring the indicated plasmids were infiltrated into tobacco leaves, and the leaves were analyzed after infiltration for 2 d. The empty vector was used as a control. The results represent the mean ± SD (n = 3). Means with the same letter did not significantly differ at P < 0.05 according to Tukey’s test. EV, empty vector.


Studies have shown that WRKY transcription factors can specifically interact with the cis-acting element of W-box, which activates or inhibits gene transcription to mediate the plant stress response (Yang et al., 2020; Wani et al., 2021; Rosado et al., 2022). Considering the promoter sequence of MIR396b-5p containing W-box, we screened WRKY transcription factors that bound to MIR396b-5p promoter using a yeast one-hybrid assay and found that yeast cells containing the bait vector of MIR396b-5p promoter sequence grew on SD/Leu medium containing 110 ng mL–1 AbA when transformed with pGADT7-WRKY41 or pGADT7-WRKY46 (Figure 5B). However, yeast cells containing the MIR396b-5p promoter sequence transformed with pGADT7 empty vector could not grow on the selection medium (Figure 5B). These results indicated that WRKY41 and WRKY46 bound to the promoter of MIR396b-5p in vitro. In order to confirm the interaction, we performed a dual-luciferase assay using tobacco transient transformation system. The fluorescence signals of tobacco leaves co-injected with 35S:WRKY41 or 35S:WRKY46 and proMIR396b-5p-LUC were stronger than those co-injected with empty vector and proMIR396b-5p-LUC (Figures 5C,E). Significantly, the relative LUC/REN ratio in the leaves co-injected with 35S:WRKY41 or 35S:WRKY46 and proMIR396b-5p-LUC was significantly higher than those co-injected with empty vector and proMIR396b-5p-LUC (Figures 5D,F). In addition, the expression levels of WRKY41 and WRKY46 in Cs/Cf plants were significantly increased under cold stress, among which, the expression level of WRKY41 and WRKY46 in Cs/Cf plants was 1.58-fold higher than that in Cs/Cs plants (Supplementary Figure 4). Therefore, transcription factors WRKY41 and WRKY46 in the figleaf gourd-grafted seedlings were up-regulated under cold stress, which promoted the expression of MIR396b-5p in cucumber leaves.



ABA induced WRKY 41 and WRKY46 to regulate cold tolerance of grafted plants

It has been verified that ABA plays important roles in grafted plants in response to cold stress (Guo et al., 2021; Lv et al., 2022). To test whether WRKY41 and WRKY46 could respond to ABA, we used tobacco transient transformation system to perform GUS staining experiment. As shown in Figure 6A, tobacco leaves injected with proWRKY41:GUS or proWRKY46:GUS detected slight blue staining, but the GUS staining was deeper and the area was bigger after foliar application of ABA. To further validate these results, cucumber seedlings were treated with exogenous water, ABA, or ST to analyze the expression of WRKY41 and WRKY46. The results showed that compared with the control, the expression of WRKY41 and WRKY46 was significantly up-regulated by ABA treatment, while their expression was drastically blocked by ST (Figures 6B,C). Thus, the transcription levels of WRKY41 and WRKY46 were regulated by ABA.
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FIGURE 6
Effects of abscisic acid (ABA) on the expression of WRKY41 and WRKY46. (A) Transient GUS expression in tobacco leaves showing ABA inducing the expression of WRKY41 and WRKY46. Agrobacterium tumefaciens harboring the indicated plasmids were infiltrated into tobacco leaves, and the leaves were treated with 100 μmol ABA after infiltration for 1 d, and the GUS staining was performed after injection for 2 d. (B) Effects of ABA on the expression of WRKY41 in cucumber leaves. (C) Effects of ABA on the expression of WRKY46 in cucumber leaves. Cucumber plants were irrigated with 100 μmol ABA or 1 mmol sodium tungstate (ST), and the leaves were collected at 1 d for analysis the expression of WRKY41 and WRKY46 using qPCR. The results represent the mean ± SD (n = 3). Means with the same letter did not significantly differ at P < 0.05 according to Tukey’s test.


In order to investigate whether ABA mediated figleaf gourd-induced cold stress tolerance, we measured the dynamic changes of ABA content in leaves and roots of grafted seedlings under cold stress. The results showed that under cold stress, ABA content in leaves of Cs/Cs and Cs/Cf plants increased before 6 h and then decreased (Figure 7A). The content of ABA in the leaves of Cs/Cf plants reached the peak at 6 h and then decreased gradually, while Cs/Cs plants reached the peak at 12 h, but its ABA content was still significantly lower than that in Cs/Cf plants (Figure 7A). ABA content in Cs/Cs and Cs/Cf roots all significantly increased after cold stress and ABA content in Cs/Cf roots was significantly higher than that in Cs/Cs at any time point (Figure 7B). Therefore, figleaf gourd rootstock promoted the accumulation of ABA both in roots and leaves, which might play an important role in improving the cold tolerance of grafted seedlings.
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FIGURE 7
Abscisic acid (ABA) mediates figleaf gourd-induced cold stress tolerance. (A) ABA content in the leaves of grafted plants. (B) ABA content in the roots of grafted plants. Cucumber seedlings grafted onto cucumber (Cs/Cs) and figleaf gourd (Cs/Cf) were treated with cold stress at 4°C, and the leaves or roots were harvested at the indicated time points for analysis ABA content. (C) Phenotype of grafted plants treated with ABA or sodium tungstate (ST) under cold stress. (D,E) The maximum quantum yield of photosystem II (Fv/Fm) of grafted plants treated with ABA or ST under cold stress. (F) Relative electrolyte leakage (REL) of grafted plants treated with ABA or ST under cold stress. The Cs/Cs and Cs/Cf plants were irrigated with 100 μmol ABA or 1 mmol ST for 24 h, and then the plants were exposed to 4°C for 7 d to analyze the phenotype, Fv/Fm, and REL. The results represent the mean ± SD (n = 3). Means with the same letter did not significantly differ at P < 0.05 according to Tukey’s test. FW, fresh weight.


To further test the effect of ABA on the response of grafted seedlings to cold stress, Cs/Cs and Cs/Cf plants were treated with cold stress after pre-irrigated exogenous ABA or its biosynthesis inhibitor ST. As shown in Figure 7C, the Cs/Cs plants-exposed to cold stress induced leaves wilting, but these effects were alleviated by pre-treatment with ABA. In contrast, when Cs/Cs plants were given pre-treatment with ST, the wilting was more serious than that pre-treatment with distilled water (Figure 7C). Strikingly, figleaf gourd rootstock-induced cucumber seedlings cold stress tolerance was compromised when plants were pretreated with ST (Figure 7C). Furthermore, the values of Fv/Fm and REL showed no significant difference in all of the plants under normal growth conditions (Figures 7D–F). However, cold stress significantly decreased the value of Fv/Fm in Cs/Cs plants, but the value of Fv/Fm in Cs/Cs plants pretreated with ABA was 26.85% higher than the plants pretreated with distilled water (Figures 7D,E). Furthermore, when Cs/Cf plants were pretreated with ST, their value of Fv/Fm was significantly lower than that in the distilled water-treated plants under cold stress (Figures 7D,E). Pretreatment with ABA significantly alleviated the decline of REL values both in Cs/Cs and Cs/Cf plants, but the values of REL in ST-pretreated plants were significantly higher than those of distilled water-treated plants under cold stress (Figure 7F). These results indicated that figleaf gourd rootstock-induced cold stress tolerance largely depended on ABA.




Discussion

Grafting is one of the most commonly used techniques in vegetable crop production, which can improve stress tolerance, yield, and quality of vegetables (Shi et al., 2019; Wei et al., 2019; Darre et al., 2022). In recent years, many studies have shown that the cold tolerance of vegetable crops can be improved by grafting onto tolerant rootstock by maintaining higher photosynthesis, enhancing antioxidant activity to scavenge excess reactive oxygen species (ROS) (Xu et al., 2016; Lu J. et al., 2022; Luan et al., 2022), but information regarding the molecular mechanism of grafting in increasing cold tolerance remains largely unknown. In this study, we found that cucumber seedlings grafted onto figleaf gourd significantly increased the tolerance to cold stress through promoting the accumulation of ABA to induce the expression of WRKY41 and WRKY46, which further activated the expression of miR396b-5b to target cleavage of TPR. Interestingly, cucumber grafted onto figleaf gourd not only promotes growth, but also increases the fruit yield (30%) in greenhouse during winter compared to non-grafted cucumber (Kumar et al., 2019), indicating that figleaf gourd is a promising rootstock for increasing cold tolerance of cucumber.

Numerous studies have reported that ABA participates in the regulation of grafted seedlings’ stress tolerance, such as cold, heat, salt, and drought stress (Shu et al., 2016; Niu et al., 2019; Zhang Z. et al., 2019; Habibi et al., 2022; Primo-Capella et al., 2022). A recent study using the cucumber/pumpkin grafting system showed that cold stress induces the increase of ABA content in leaves and roots of grafted seedlings, and ABA content positively correlates with the cold tolerance of varieties, and the increase of ABA content in leaves is mainly transportation from roots (Lv et al., 2022). Moreover, grafting of watermelon onto pumpkin increased the content of ABA in leaves and roots under cold stress, which was accompanied by a higher ABA exudation rate in the xylem (Guo et al., 2021). These results indicate that ABA acts as a long-distance signal molecule to participate in the cold stress response in grafted plants. Here, we found that cucumbers grafted onto figleaf gourds accumulated more ABA content both in leaves and roots in comparison to self-grafted plants under cold stress (Figures 7A,B). However, figleaf gourd-induced cold tolerance of cucumber seedlings was completely compromised by pre-treatment with an ABA biosynthesis inhibitor (Figures 7C–F). Therefore, ABA might function as a root-to-shoot signal to play an important role in improving the cold tolerance of grafting cucumber onto figleaf gourd. Indeed, rootstock-originated ABA is involved in grafting-induced cold stress tolerance through forming the feedback loop with melatonin and jasmonic acid (JA) (Guo et al., 2021). Moreover, ABA promotes the accumulation of H2O2 as the signal molecule to mediate rootstock-induced cold stress tolerance of grafting plants (Lv et al., 2022). It is worth noting that ABA activates numerous transcription factors, including WRKY, NAC, and bZIP, to mediate the plant stress response (Rushton et al., 2012; Ju et al., 2020; Liu C. et al., 2021; Wang T. J. et al., 2021).

WRKY, one of the largest families of transcription factors in higher plants, regulates plant growth, development, and stress responses (Ahammed et al., 2020; Li et al., 2020; Yang et al., 2020). For instance, overexpression of WRKY12 from Vitis amurens in Arabidopsis or grapevine calli increases the tolerance to cold stress through enhancing the expression of genes related to antioxidants (Zhang L. et al., 2019). Studies have shown that overexpression of WRKY transcription factors induces the accumulation of ABA under abiotic stress (Ma et al., 2019; Dong et al., 2020). Furthermore, the ABA-responsive genes are significantly up-regulated in plants overexpressing WRKYs under drought and salt stress, indicating that WRKY regulates drought and salt tolerance of plants through ABA regulatory pathway (Dong et al., 2020; Huang et al., 2020). Conversely, ABA also induces the expression of WRKYs to mediate stress tolerance. Four WRKY transcription factors in banana fruit, including WRKY31, WRKY33, WRKY60, and WRKY71, were induced by exogenous ABA treatment under cold storage (Luo et al., 2017). Similarly, we found that the expression levels of WRKY41 and WRKY46 were significantly up-regulated under cold stress, which was accompanied by the increase of ABA content (Figures 7A,B and Supplementary Figure 4). Furthermore, Agrobacterium-mediated transient expression assays in tobacco leaves and qPCR analysis showed that exogenous ABA triggered the expression of WRKY41 and WRKY46, but their expression was dramatically inhibited when cucumber leaves were treated with an ABA biosynthesis inhibitor (Figure 6). These results indicated that the transcription of WRKY41 and WRKY46 responded to ABA. Interestingly, overexpression of cucumber WRKY46 in Arabidopsis increases cold stress tolerance as indicated by higher survival rates and proline content, less level of REL and MDA content, in comparison to WT plants (Zhang Y. et al., 2016). In addition, cucumber WRKY46 overexpression plants enhance the sensitivity to ABA during seed germination and the expression of ABI5 under cold stress (Zhang Y. et al., 2016). Therefore, ABA might induce the expression of WRKY46, which further strengthened ABA-dependent signal pathway to mediate the cold stress response.

Studies have shown that transcription factors can regulate the transcription of miRNA genes (Li and Yu, 2021; Li et al., 2022). In Arabidopsis, transcription factor ELONGATED HYPOCOTYL5 (HY5) binds to the promoter of MIR775A to inhibit its expression, resulting in negatively regulating the cell wall pectin level and cell wall elastic modulus to regulate organ size (Zhang H. et al., 2021). SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) 9 can bind to the promoter of MIR528 to activate the transcription of MIR528 and plays an important role in rice antiviral response (Yao et al., 2019). In this study, it was found that cucumber WRKY41 and WRKY46 directly bound to MIR396b-5p promoter, and further transient transformation in tobacco proved that the transcription of MIR396b-5p was positively regulated by WRKY41 and WRKY46 (Figures 5B–F). Additionally, the expression levels of WRKY41, WRKY46, and MIR396b-5p were up-regulated when cucumber plants were exposed to cold stress (Figure 2A and Supplementary Figure 4). Thus, cold stress induced the expression of WRKY41 and WRKY46, which bound to the promoter of MIR396b-5p to activate its transcription to form a mature miR396b-5p. miRNA-mediated regulation of target genes is a critical mechanism of plants response to cold stress. Overexpression of miR319 increases cold tolerance in rice (Oryza sativa L.) and sugarcane (Saccharum officenarum L.) through targeting TCP transcription factors (Thiebaut et al., 2012; Yang et al., 2013). miR393 mediates cold stress tolerance in switchgrass (Panicum virgatum L.) via down-regulating the expression of auxin receptor gene (Liu et al., 2017). Overexpression of rice miR1320 enhances cold tolerance by targeting an ERF transcription factor, ERF096, to activate the JA-mediated cold signal pathway (Sun et al., 2022). miR396, a conserved miRNA family in plants, has been confirmed to be involved in regulation of plant growth and development as well as abiotic stress responses (Liebsch and Palatnik, 2020; Liu Y. et al., 2021; Pegler et al., 2021). The miR396-GRFs module regulates the brassinosteroid-mediated prevention of photo-oxidative damage of etiolated seedlings exposed to light in Arabidopsis (Wang L. et al., 2020). Overexpression of rice miR396c in creeping bentgrass (Agrostis stolonifera) inhibits growth, but increases salt tolerance as observed by higher chlorophyll content, cell membrane integrity, and a decrease in the accumulation of Na+ (Yuan et al., 2019). Ectopic overexpression of tomato miR396a-5p in tobacco significantly increases cold stress tolerance via decrease the production of ROS (Chen et al., 2015). miR396b of trifoliate orange (Poncirus trifoliate) positively enhances cold tolerance by cleavage of ACO, inhibiting ethylene synthesis and promoting polyamine synthesis, resulting in increasing the activity of ROS scavenging (Zhang X. et al., 2016). Here, we found that cucumber miR396b-5p improved cold tolerance through targeting TPR (Figures 2, 3), indicating the conserved role of miR396 in the response to plant stress.

Cucumber TPR was a tetratricopeptide repeat-like (TPL/TPR) superfamily protein. TPL/TPR family proteins are widely present in plants and participate in the regulation of plant growth and development, stress response, signaling pathway regulation, and other physiological and biochemical activities (Sharma and Pandey, 2016). TPL/TPR can stably interact with specific transcriptional inhibitors to inhibit the expression of target genes (Gallavotti et al., 2010). Studies have shown that TPL/TPR protein plays critical roles in hormone signaling pathways (Lin et al., 2009; Fukazawa et al., 2021). ETO1, a repressor in the ethylene signal pathway, contains the TPR motifs in the C-terminus to interact with ACS5 to promote its degradation via 26S proteasome in Arabidopsis (Wang et al., 2004; Yoshida et al., 2005). SRFR1 encodes a TPR protein and acts as a suppressor in effector-triggered immunity (Kwon et al., 2009). In this study, we found that TPR was predominantly expressed in cucumber leaves, and its expression was blocked under cold stress (Figure 3B and Supplementary Figure 2). Moreover, TPR overexpression plants were more sensitive to cold stress compared with WT plants (Figure 4). These results indicated that cucumber TPR was a negative regulator during cold stress, but its specific function mechanism was still unknown.

In conclusion, we have provided a molecular regulatory pathway of figleaf gourd grafting-induced cold stress tolerance (Figure 8). When figleaf gourd grafted cucumber seedlings were exposed to cold stress, ABA accumulated both in roots and leaves. Then, ABA induced the expression of WRKY41 and WRKY46, which further bound to the promoter of MIR396b-5p to promote its transcription. miR396b-5p negatively regulated the expression of TPR, thereby enhancing the cold tolerance of grafted seedlings. These findings reveal the downward signal pathway of ABA-mediated grafting cold tolerance. However, how ABA induces the expression of WRKY41 and WRKY46 under cold stress needs further investigation.


[image: image]

FIGURE 8
A proposed model for the molecular regulatory pathway of cucumber seedling grafted onto figleaf gourd rootstocks. When grafted cucumber seedling exposed to cold stress, ABA accumulated in roots and leaves, which induced the expression of WRKY41 and WRKY46. Then, WRKY41 and WRKY46 bound to the promoter of MIR396b-5p to activate its transcription to form mature miR396b-5p. miR396b-5p negatively regulated the target gene TPR via direct cleavage, resulting in improving the cold tolerance of grafted seedlings.
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The decrease in the postharvest quality of sweet peppers in terms of the physiological disorders resulting from cold storage (<7–10°C) results in the significant economic losses. The ability of pre-harvest foliar spraying of Salicylic acid (SA) (1.5 and 3 mM) and the postharvest caraway (Carum carvi) oil coating (0.3% and 0.6%) on chilling injury (CI) and the quality of stored sweet pepper at 4 ± 2°C for 60 d followed by an additional 2 d at 20°C were investigated. The antifungal activity of caraway oil (0.15%, 0.3%, and 0.6%) on Botrytis cinerea mycelia in in vitro showed that the maximum percentage of inhibition was equal to 95% in the medium with 0.6% of this oil. The CI of sweet pepper was significantly reduced by increasing SA, and caraway oil concentrations compared to the control, especially the lowest CI (14.36%), were obtained at 3 mM SA and 0.6% caraway oil treatment. The results showed a significant delay in the changes of weight loss (79.43%), firmness (30%), pH (6%), total soluble solids (TSS) (17%), titratable acidity (TA) (32%), and color surface characteristics and capsaicin content (5%) compared to control fruits at 3 mM SA and 0.6% caraway oil concentrations. Results indicated that the decrease in CI was related to a decrease in electrolyte leakage, malondialdehyde (MDA) content, total phenolic production, decay incidence, and an increase in the activity of antioxidant enzymes, including catalase (CAT), superoxide dismutase (SOD), and peroxidase (POD). Thus, the incorporation of SA (3 mM) and caraway oil (0.6%) to reduce the CI of stored sweet pepper at low temperature can be considered a practical solution to improve the quality and marketability of this product.
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Introduction

Sweet pepper is an important fruit crop in tropical and subtropical regions of the world and the greenhouse industry. Sweet pepper fruit is considered a suitable source of antioxidants, vitamins, carotenoids, flavonoids, phenolic acids, and other phytochemicals (Marín et al., 2004). Thus, the pepper fruits are currently introduced to prevent the certain types of cancer, cardiovascular disease, atherosclerosis, and suspension of the aging process (Simonne et al., 1997). The major factors for postharvest loss and quality deterioration of sweet pepper include water loss, chilling injury (CI), and pathological deterioration caused by Botrytis cinerea (Cheema et al., 2018).

Low-temperature storage is a prevalent method to extend fruits and vegetables' storage life and postharvest quality (Li et al., 2016). The sweet pepper fruits, however, are very susceptible to CI. CI occurs at a temperature below 7–10°C depending on the cultivar, maturity stage, and the duration of storage at low temperatures (Wang et al., 2016). Most studies on the alleviation of CI have focused on applying the modified atmosphere (Singh et al., 2014), UV-C (Vicente et al., 2005), hot water treatment (González-Aguilar et al., 2000), and the chemical materials like diphenylamine (Purvis, 2002), 5-aminolevulinic acid (Korkmaz et al., 2010), salicylate, jasmonates (Fung et al., 2004), and glycine betaine (Wang et al., 2016) during the postharvest storage. Recently, the effect of hot water combined with methyl salicylate (Rehman et al., 2021) and glutation (Yao et al., 2021) on CI reduction in sweet pepper has been studied. Furthermore, Wang et al. (2022) reported that the cold shock and oxalic acid are effective in CI reduction by increasing antioxidant enzyme activity and regulating proline metabolism (Wang et al., 2022).

As an endogenous signal molecule, Salicylic acid is essential for the plant's defense mechanism against oxidative stress because it promotes the production of antioxidant enzymes (Luo et al., 2011). SA induced the activity of β-1, 3-glucanase, phenylalanine ammonia-lyase (PAL), and POD during the short storage period in SA-treated cherries (Yao and Tian, 2005). It regulates some processes in the plants and interacts with the biosynthesis or action of ethylene, abscisic acid (ABA), and cytokinins (Srivastava and Dwivedi, 2000). Applying the postharvest SA and CaCl2 treatments delayed the ripening process of sweet pepper fruit and extended the shelf life of stored fruit at 10°C (Rao et al., 2011). An increase in the alternative oxidase (AOX) transcript using SA and MeSA before cold treatment resulted in a reduced incidence of CI in green bell peppers (Fung et al., 2004).

Furthermore, the postharvest semipermeable coating treatments were surveyed to maintain the quality of fruit and vegetables (Ojagh et al., 2010). Their barrier properties against solute, vapor, and gases reduce the moisture loss and respiration rate by slowing oxygen uptake. The chitosan coating enriched with cinnamon showed the higher activity of scavenger antioxidant enzymes including SOD, POD, and CAT in treated peppers during the 35 d of storage at 8°C (Xing et al., 2011).

Caraway (Carum carvi) is an endemic Iranian medicinal and aromatic plant (called “zireh siyah”) in the Apiaceae family, which possesses actively biochemical components such as carvone and limonene. It has the potential to substitute the conventional preservatives in food, cosmetic, and pharmaceutical industries (Trifan et al., 2016). Caraway oil was studied for its antifungal activities against Penicillium digitatum on orange fruits, and the results demonstrated positive effects of this oil on storage life, reducing decay. The longest storage life was obtained using 800 μLL−1 of caraway oil (Aminifard and Bayat, 2018).

Thus, the evaluation of caraway oil's anti-pathogenic and antioxidant properties to maintain the quality of fruit and vegetable crops during the storage period is necessary. The present study aimed to evaluate the ability of two inexpensive natural substances, SA and caraway oil, to alleviate the postharvest CI in sweet pepper fruit. Hence, the pre-harvest foliar spraying of SA incorporated with postharvest caraway oil coating on CI, fruit quality, and antioxidant enzymes including SOD, POD, CAT, and capsaicin content in sweet pepper fruit was studied. In vitro antimicrobial assay of caraway oil on B. cinerea and decay incidence during storage period were also evaluated.



Materials and methods


Preparation of caraway oil

Seeds of Iranian caraway were purchased from a local market in Shahrood (36.4062° N, 55.0163° E). The caraway seeds were soaked in distilled water (2 h), and its oil was extracted using a Clevenger-type apparatus for steam distillation. Caraway powdered seed (500 g) and 2 L of water were placed into a 3-L round-bottom flask. The generated steam by heating the flask was condensed in a heat exchanger. Essential oil and aqueous phases were separated in the Clevenger head. Caraway oil was extracted for 4 h. Finally, it was dewatered, dried over anhydrous sodium sulfate, and stored at −20°C. To prepare caraway oil emulsion, 1.5, 0.3, and 0.6% (v/v) of caraway oil and Tween 80 as an emulsifier (10% of the volume of the caraway oil) were dissolved into distilled water (Rojas-Graü et al., 2007).



Effect of caraway oil on the mycelium growth of fungus

The effect of caraway oil inhibition on radial mycelia growth was evaluated using the agar dilution method. Different aliquots of caraway oil were poured into 20 ml of autoclaved PDA culture medium (121°C for 15 min) to achieve the following concentrations: 0.15%, 0.3%, and 0.6%. The fungi disks (10 mm of 6-d-old culture) were placed at the center of Petri dishes. They incubated at 27°C for 7 d. The caraway oil-free medium was considered as control. The antifungal activity of caraway oil was determined as the inhibition of radial growth relative to the control at 7th d, based on the following formula: inhibition percentage = (RC – RT)/RC × 100, where RC and RT represent the average growth radius of the colonies from the control plate and the average growth radius of the colonies from the treatment plates, respectively (Achimón et al., 2021).



Pepper fruit and experimental treatments

Sweet pepper seeds (Capsicum annum L. cv. Toronto) were planted in a commercial greenhouse in Fariman (35.7014° N, 59.8466° E), Razavi Khorasan, Iran. The nutrient and irrigation schedules were set up in accordance with a standard commercial greenhouse operation. Two concentrations of SA (1.5 and 3 mM) were sprayed twice at a 10-d interval before the harvesting stage, whereas the control plants received just distilled water as a spray. Sweet pepper fruit was harvested at commercial maturity stage (TSS = 6, L = 46.89, a = −5, b = 22). The harvested uniform-sized fruits were immediately transported to the horticultural laboratory and washed with 0.05% of sodium hypochlorite solution for 5 min. They were dried at room temperature and submerged in different concentrations of caraway oil (0.3 and 0.6%) and distilled water (control) for 5 min. Caraway oil (0.3 and 0.6%) (v/v) was mixed with Tween 80 (10% of the volume of the essential oil) to aid in distribution and complete incorporation. The distilled water was used to reach the final volume. Coated and control fruits were dried and stored for 60 d at 4 ± 2°C with 85–90% RH. Following 10, 20, 40, or 60 d of cold storage, fruits were moved to a controlled environment chamber and maintained at 20°C for 2 d (shelf life). In each treatment, four fruits (about 400 g) were used, and all experiments were repeated thrice. The physicochemical and biochemical experiments were performed at a 20-d interval. The composition of samples and their codes were: control (S0C0), S1C0 (1.5 mM SA foliar sprayed fruit), S2C0 (3 mM SA foliar sprayed fruit), S0C1 (0.3% caraway oil-coated fruit), S0C2 (0.6% caraway oil-coated fruit), S1C1 (1.5 mM SA foliar sprayed fruit + 0.3% caraway oil-coated fruit), S1C2 (1.5 mM SA foliar sprayed fruit + 0.6% caraway oil-coated fruit), S2C1 (3 mM SA foliar sprayed fruit + 0.3% caraway oil-coated fruit), and S2C2 (3 mM SA foliar sprayed fruit + 0.6% caraway oil-coated fruit).



Chilling injury evaluation

CI incidence was evaluated according to the method described by Bar-Yosef et al. (2009). CI symptoms were investigated based on sunken pitting that it was more than 2 mm on the skin or calyx of sweet pepper fruits. CI was expressed as a percentage of damaged fruit from the total initial fruit number.



Weight loss

Sweet pepper fruits were initially weighed at 0 and the end of each storage interval. The difference between the initial and final weight of fruit was considered weight loss based on following formula and was expressed as a percentage: Weight loss (%) = (w1-w2)/w1 × 100, where w1 is the initial weight, and w2 is the weight at the end of each storage interval.



Firmness

Firmness was measured as puncture force in pepper fruit using a digital fruit hardness tester (model 41050, Germany) with a cylinder diameter of 2 mm. Firmness was measured at 3 points in the middle around the pepper fruit and stated as N.



pH, total soluble solids (TSS), and titratable acidity (TA)

A homogeneous sample was prepared by blending the fruit in a blender. After mixing the sample, few drops were used to determine the pH and TSS. pH of the samples was measured by a pH meter (WTW model, Germany) according to AOAC (Chemists and Horwitz, 1975), and the TSS content of the fruit was determined using a handheld refractometer (ATAGO master 5 EM, Japan) and shown in Brix degree. TA was calculated according to the method of Mazumdar and Majumder (Mazumdar and Majumder, 2003) (with some modification) by titrating 2.5 ml of the fruit juice with 0.1 N NaOH and expressed as citric acid percentage.



Color

Surface color changes of sweet pepper fruit were reported in L* (higher positive values indicate more lightness, while lower values indicate darkness), a*, and b* mode. It was measured at two opposite sides on the middle around of the fruit using Chroma Meter CR-400 (Konica Minolta Sensing, Japan). These values were then used to calculate chroma (C*= [a*2 + b*2]1/2), indicating the intensity or color saturation and the total color difference (ΔE*) = [ΔL2 + Δa2+ Δb2]1/2.



MDA content and electrolyte leakage

MDA content of pepper fruit was measured according to Luo et al. (2012). Tissue samples (2 g) were frozen in liquid nitrogen, ground quickly, and extracted in 5 ml 10% (w/v) trichloroacetic acid (TCA). The homogenized sample was centrifuged at 10,000 × g for 15 min. In total, 2 ml of clear supernatant was mixed with 2 ml 10% (w/v) TCA containing 0.6% (w/v) thiobarbituric acid (TBA). The heating of the mixture was done at 100°C for 20 min. It was quickly cooled and centrifuged at 10,000 × g for 10 min. The absorbance of the supernatant at 450, 532, and 600 nm was measured by a Unico spectrophotometry (model 2150, China). The MDA content was calculated according to the formula: 6.25 × (OD532-OD600)-0.56 × OD450.

Electrolyte leakage was determined using a method described by Huang et al. (2012) with some modifications. Disks were taken with a cork borer (10 mm in diameter) from four fruits. A total of 12 disks were incubated in 15 ml of distilled water at 25°C (EC1) and shaken for 30 min. Another 12 disks were incubated in distilled water at 100°C for 25 min (EC2). The electrolyte leakage was determined with a conductivity meter (EC-400L). The relative electrolyte leakage was calculated according to the formula: Electrolyte leakage (%) = (EC2)/(EC1) × 100.



Total phenolic content

To evaluate the total phenolic content, 4 g of frozen tissue samples were homogenized with 35 ml of cold methanol (70%). The homogenized sample was centrifuged at 13,000 × g at 4°C for 15 min. Supernatant (500 μL) was added to 1.5 ml of distilled water and 1 ml of Folin–Ciocalteu reagent at half strength; 1 ml of 10% (w/v) Na2CO3 was subsequently added and incubated at 25°C in darkness for 1.5 h. The absorbance was measured at 760 nm by a Unico spectrophotometry (model 2150, China). The standard curve of gallic acid was used to determine the total phenolic content, and the results were represented as mg gallic acid 100 g−1 FW, using a few modifications from the technique reported by Cong et al. (2017).



Antioxidant enzyme activities

Frozen pulp weighting 2 g was homogenized in 10 ml of ice-cold extraction buffer containing 2 g of PVPP and ground at 4°C. The extraction buffer was 100 mM sodium phosphate (pH 7.8) for SOD and POD. For CAT, the extraction buffer was 100 mM sodium phosphate (pH 7.0). The homogenization was centrifuged at 15,000 × g for 30 min at 4°C, and the supernatant was used for the enzyme assay.

Catalase activity was assayed according to the method of Wang et al. (2005) with some modifications. In total, 1 ml of sodium phosphate buffer (50 mM, pH 7.0), 1 ml of 40 mM H2O2, and 1ml enzyme extract were used. A change of 0.01 per min in OD240 was considered one unit of CAT activity, and the results were expressed as U g−1 FW.

SOD activity was determined by the inhibition ability of SOD in the photochemical reduction of nitrotetrazolium blue chloride (NBT) in OD560 nm, according to the method proposed by Wang et al. (2005). The reaction mixture contained 75 μM NBT, 1-methionine 13 mM, EDTA. Na2 10 μM, and 2 μM riboflavin in sodium buffer phosphate (0.05 M, pH 7.8). The reaction was started after adding riboflavin. The tubes containing the reaction mixture were placed under 60 μMm−2s−1 for 10 min, and the absorbance was recorded at 560 nm. The activity of SOD was expressed as U g −1 FW.

For POD activity assay, 0.5 ml of enzyme extract was added into 2 ml sodium buffer phosphate 100 mM (pH 6.4) and 8 mM guaiacol for 30 min at 30°C. Then, 1 ml of H2O2 (24 mM) was added, and the increasing absorbance was recorded at 460 nm for 120 s (Wang et al., 2005). POD activity was expressed as U g −1 FW.



Decay incidence

Using the approach outlined by Zheng and Zhang (2002), the decay incidence was calculated. Based on a visual examination of the fruit's exterior, the incidence of decay was quantified. The following formula was used to calculate the decay incidence of sweet pepper fruits:
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Capsaicin content

The capsaicin content of pepper fruit was performed according to the method of Sadasivam and Manickam (1996) with some modifications. Fruit pulp (3 g) was incubated in 150 ml ethyl acetate for 24 h. One ml of the extract was diluted to the volume of 5 ml using ethyl acetate. Then, 0.5 ml of vanadium oxychloride solution (vanadium oxychloride 0.5% in ethyl acetate) was added into the prepared mixture immediately before recording the absorbance of the samples. Pure capsaicin (0.01%) was prepared by adding 10 mg capsaicin in 100 ml of ethyl acetate and considered as standard. At 720 nm, the absorbance of the blank, standard, and sample was measured. The values were obtained before the vanadium oxychloride caused the color of the extract to change from green to yellow.



Statistical analysis

The experiment was conducted as a completely randomized design (CRD) in a bi-factorial model (storage time × treatments) with triplicate, and standard deviation (SD) was calculated. The data were subjected to analysis of variance (ANOVA) within SAS statistical software (SAS 8.2 Institute Inc., Cary, NC, USA). Duncan's multiple range test (p < 0.05) was used to determine the difference.




Results and discussion


Effect of caraway essential oil on the mycelium growth of fungus

The inhibitory effect of caraway oil on B. cinerea is shown in Figure 1. The obtained results showed that the growth zone of B. cinerea mycelia on PDA medium supplemented with caraway oil was significantly inhibited by increasing the caraway oil concentration compared to the caraway oil-free medium (Figure 1A). The highest inhibition percentage of mycelium growth was observed in the medium with 0.6% of caraway oil, while the inhibition percentage mycelium growth in the medium with 0.3 and 0.15% of caraway oil was obtained as 54.43 and 13.9%, respectively (Figure 1B). The principal components of caraway oil, such as carvone, limonene, β-selinene, belemene, and caryophyllene oxide, belong to terpenes. The antifungal activity of these components has been previously reported (Gniewosz et al., 2013; Seidler-Łozykowska et al., 2013). Their antifungal activity is related to lipophilic property that gives them the ability to penetrate cell walls. Then, their reaction with the cytoplasm in the hyphae results in the death of the mycelium (Sharma and Tripathi, 2006). Therefore, the ability of caraway oil as an edible coating at 0.3 and 0.6% concentrations on postharvest storage of sweet pepper fruits was investigated.


[image: Figure 1]
FIGURE 1
 The effect of different concentrations of caraway oil on B. cinerea in in vitro after 7 d at 27°C. Colony morphology [(A) i, ii, iii, and iv]: (A) i, control; (A) ii, 0.15% of caraway oil; (A) iii, 0.3% of caraway oil; and (A) iv, 0.6% of caraway oil. The inhibition percentage of caraway oil on B. cinerea (B). Values represent mean ± SD of three replications. Different letters indicate significant differences at the 5% level according to the Duncan test.




Chilling injury (CI)

The first CI symptoms were observed as the sunken lesions and pitting on the fruit surface of control and C1 treatments after 20th d, but these symptoms were observed in smaller sizes after 40 d in rest treatments. The CI index of the control and C1 treatments advanced quickly over the course of 60 d, as illustrated in Figure 2. By increasing SA and caraway oil treatment concentrations both alone and when combined, CI symptoms were reduced. The treatment of C2S2 dramatically reduced the increased CI index, having a value of about 14.36% compared with control (93.33%) at the end of cold storage (Figure 3).


[image: Figure 2]
FIGURE 2
 Sweet pepper fruit after 60 d of storage period at 4 ± 2°C plus shelf life (2 d, 20°C).



[image: Figure 3]
FIGURE 3
 Effect of foliar spraying of SA and caraway oil coating on chilling injury percentage during 60 d of storage at 4 ± 2°C plus shelf life (2 d, 20°C). S0C0: control, S0C1: 0.3% caraway oil, S0C2: 0.6% caraway oil, S1C0: 1.5 mM Salicylic acid, S1C1: 1.5 mM Salicylic acid + 0.3% caraway oil, S1C2: 1.5 mM Salicylic acid + 0.6% caraway oil, S2C0: 3 mM Salicylic acid, S2C1: 3 mM Salicylic acid + 0.3% caraway oil, S2C2: 3 mM Salicylic acid + 0.6% caraway oil. Values represent mean ± S.D of three replications. Different letters indicate significant differences at the 5% level according to the Duncan test.


Inconsistent with the previous findings in SA application on peach (Yang et al., 2012), cucumber (Cao et al., 2009), sponge ground (Cong et al., 2017), and cinnamon oil on shitake mushroom (Jiang et al., 2015), incorporation of SA and caraway oil significantly alleviated CI in sweet pepper fruit during the extend of the experiment until 60 d. One of the main causes of CI is the overproduction of active oxygen species (Lurie et al., 1987; Stanley and Parkin, 1991). SA, a critical signaling molecule, is crucial to the defensive mechanisms used by plants to combat freezing stress. In a research, Buchanan et al. (2015) showed the favorable impact of SA on the inhibition of postharvest oxidative stress, which is consistent with our findings. They stated that SA alleviates CI via an increase in ROS avoidance genes, including alternative oxidase (AOX) and ROS scavenging genes. Moreover, the increase in AOX transcript levels and the reduction of CI symptoms using SA and MeSA were reported in green bell peppers (Fung et al., 2004). A previous study has reported that essential oil of clove, cinnamaldehyde, and thyme can reduce the increase of H2O2 content and O2- production rate during storage (Jiang et al., 2015).



Weight loss

The weight loss increased by passing the storage period in the control, and all treated fruit and it was significantly affected by SA and caraway oil treatments (Figure 4A). The maximum physiological weight loss was recorded in control fruits so that they lost 4.6% of their initial weight by the end of the storage period. Throughout the storage period, 3 mM of SA foliar spraying incorporated with 6% of caraway oil coating (S2C2) (0.95%) resulted in the least weight loss. The treated fruit with 3 mM of SA (S2C0) maintained lower weight loss than the treated fruit with caraway oil alone. Weight loss is one of the principal physiological factors which negatively affects pepper quality during storage period and subsequent marketing (Smith et al., 2006). Gradual increase in weight loss throughout the cold storage, regardless of treatment, could be related to water loss resulting from transpiration and respiration processes in the fruit (Abbasi et al., 2011). To increase the amount of time peppers may be stored, appropriate techniques must be used to reduce the rate of water loss. SA as an electron donor creates free radicals that can interfere with normal respiration. It can diminish respiration rate and transpiration velocity by shutting off stomata (Shafiee et al., 2010). Reduced water loss in caraway oil-coated sweet pepper could be due to the antimicrobial properties of caraway oil against spoilage pathogens and preventing cell wall degradation, which leads to the preservation of the cell water content, the reduction of respiration intensity, and rate of metabolic reaction.
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FIGURE 4
 Effect of foliar spraying of SA and caraway oil coating on weight loss (A) and firmness (B) during 60 d of storage at 4 ± 2°C plus shelf life (2 d, 20°C). S0C0: control, S0C1: 0.3% caraway oil, S0C2: 0.6% caraway oil, S1C0: 1.5 mM Salicylic acid, S1C1: 1.5 mM Salicylic acid + 0.3% caraway oil, S1C2: 1.5 mM Salicylic acid + 0.6% caraway oil, S2C0: 3 mM Salicylic acid, S2C1: 3 mM Salicylic acid + 0.3% caraway oil, S2C2: 3 mM Salicylic acid + 0.6% caraway oil. Values represent mean ± S.D of three replications. Different letters indicate significant differences at the 5% level according to the Duncan test.


Besides, reduced weight loss in caraway oil-coated fruit could be in terms of the blockage of stomata and guard cells that ultimately slowed down the active metabolic processes and respiration. Reduced weight loss in caraway oil-treated fruit could be attributed to the semipermeable effect of caraway oil coatings during moisture loss, respiration, and movements of solutes across the membrane. A similar reduction in fruit weight loss has been reported in bell pepper when coated with different concentrations of cinnamon oil (Ullah et al., 2017).



Firmness

The control fruit's firmness dramatically decreased over the course of 60 d of storage, but the addition of either SA foliar spraying or caraway oil coating, alone or in combination, greatly improved fruit firmness throughout the course of the whole storage period (Figure 4B). Moreover, foliar sprayed peppers with 3 mM SA showed a higher firmness than caraway oil-coated pepper in both concentrations (S0C1 and S0C2). The most increased firmness was noticed as 2.76, 2.71, and 2.68 N in S2C1, S2C0, and S2C2 treatments, respectively.

A gradual decrease in fruit firmness during the storage period reflects the water content and metabolic changes. Enhanced firmness, a critical indicator of delayed ripening, was obvious in SA foliar spraying, caraway oil coating individually, and their incorporation compared to control fruits during the storage period. The retention of fruit firmness as the result of SA treatment was shown that SA decreases ethylene production and inhibits cell wall and membrane degradation by slowing down the activity of degrading enzymes such as polygalacturonase (PG), lipoxygenase (LOX), cellulose, and pectin methylesterase (PME) leading to decreasing the fruit softening rate (Srivastava and Dwivedi, 2000; Zhang et al., 2003). In the previous study, cell walls were altered by the activation of softening enzymes, including polygalacturonase and pectinesterase, and resulted to softening in nectarine fruits (Manganaris et al., 2005). According to Shehata et al., citrus essential oil coatings hindered the pectin enzyme by delaying the metabolic processes and keeping strawberry fruit firmness (Shehata et al., 2020). Our findings are similar to those reported in previous studies from kiwifruit subjected to postharvest SA (Zhang et al., 2003) and in bell pepper fruit coated with cinnamon oil (Ullah et al., 2017). The mentioned treatments reduced the softness of kiwifruit and bell pepper fruits and were suggested to delay ripening and senescence during their storage.



Total soluble solids (TSS), titratable acidity (TA), and pH

A gradual increase in TSS was observed in control and all treated fruit during the 60 d of storage period. A lower TSS was exhibited in S2C1 and S2C2 treatments until 60th d (p< 0.05) compared with control (8.50 and 9.66, respectively), whereas TSS of S1C0, S2C0, S0C2, S1C1, and S1C2 treatments ranged between 8.76 and 8.9. S0C1 treatment and control showed no significant difference (Table 1).


TABLE 1 Effect of pre-harvest foliar spray of SA and caraway oil-coating on pH, titrable acidity (TA) and total soluble solids (TSS) of pepper fruits during cold storage period.

[image: Table 1]

A similar effect was reported by Ullah et al. (2017) in bell pepper coated with cinnamon oil and Rao et al. (2011) in sweet pepper postharvest treated with SA, respectively.

Considering TA, increased concentrations of SA and caraway oil were effective in retaining the TA content of pepper fruit during storage. The findings demonstrated that TA reduced with increasing storage time for both treated and untreated fruit. Using SA and caraway oil resulted in higher TA than control. Among all treatments, S2C1 and S2C2 showed a lower decrease in TA content while a higher reduction in TA was observed in control (Table 1).

The pH of sweet pepper fruit was increased during the storage period. The gradual increase in pH with the passage of the storage period was observed (Table 1). Foliar spraying of SA incorporated with caraway oil and their individual applications at higher concentration significantly affected pH changes of sweet pepper fruit during storage. At the 60th d of storage, a lower pH was observed in S2C1 and S2C2 (6.39 and 6.47, respectively), followed by S1C2 (6.50) treatments. The higher pH value was observed in S0C1 treatment and control (6.77 and 6.88, respectively).

Our results showed that SA treatment lowers the TSS value, which represented that SA delays the fruit softening process. Similar results were reported by Rao et al. (2011) in sweet pepper fruit treated with SA at the postharvest stage. They stated that the slowing down of respiration rate and metabolic activity, which results in a slowdown in the ripening process, may be the cause of the maintenance of TSS in treated fruit. The caraway oil coating results are in accordance with previous findings (Ullah et al., 2017). The authors reported a lower increase in TSS of coated bell pepper fruit with cinnamon oil because using these oils as a protecting barrier can delay the ripening process in treated fruit. The preservation of TA content was directly proportional to SA and caraway oil concentrations. The retention of acidity in treated fruit was probably in terms of decreasing the metabolic changes of organic acid into carbon dioxide and water. A lower decrease in TA of mandarin and bell pepper when these fruits were treated with SA and cinnamon oil during the postharvest period was reported, previously (Ullah et al., 2017; Haider et al., 2020).

A tendency to increase the pH values (p < 0.05) was observed in control and all treated fruit with the passage of time. The pH of the sweet pepper fruit was preserved during cold storage as a result of the use of SA and caraway oil treatments. This tendency could relate to reducing the organic acid content of the stored fruits (Benítez, 2013). Similarly, Rao et al. (2011) and Treviño-Garza et al. (2017) have reported the positive effect of SA and edible coating to maintain pH in sweet pepper and fresh-cut pineapple, respectively.



Color

Evaluation changes in the color of skin by monitoring lightness (L*), chroma, and total color change (ΔE*) are represented in Figure 5. The results showed that the lightness (L*) of sweet pepper fruit decreased (Figure 5A) chroma, and ΔE* increased with the progression of the storage period in control and all treated fruit (Figures 5B,C). The lightness of external color of fruit decreased gradually by 20th d after that intensively decreased by 60th d, while a reverse trend was observed for chroma and ΔE* in control and all treated fruit. The lightness of external color of treated fruit with higher concentration of SA foliar spraying incorporated with caraway oil coating (S2C2) indicated a 1.49-fold higher than the control fruit. The maximum value of chroma and ΔE* was equal to 85.64 and 78.42 in the control, while the minimum of these values was observed as 49.84 and 37.48 and in S2C2 treatment (Figure 5C).
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FIGURE 5
 Effect of foliar spraying of SA and caraway oil coating on L*(A), chroma (B), and ΔE (C) during 60 d of storage at 4 ± 2°C plus shelf life (2 d, 20°C). S0C0: control, S0C1: 0.3% caraway oil, S0C2: 0.6% caraway oil, S1C0: 1.5 mM Salicylic acid, S1C1: 1.5 mM Salicylic acid + 0.3% caraway oil, S1C2: 1.5 mM Salicylic acid + 0.6% caraway oil, S2C0: 3 mM Salicylic acid, S2C1: 3 mM Salicylic acid + 0.3% caraway oil, S2C2: 3 mM Salicylic acid + 0.6% caraway oil. Values represent mean ± S.D of three replications. Different letters indicate significant differences at the 5% level according to the Duncan test.


The values of chroma and ΔE* were significantly lower in S2C2 treatment (1.7- and 2.09-fold less) as compared to the control fruit. The skin color of the fruit is considered a critical parameter in determining sweet pepper quality during postharvest storage. It appears that the preservation of color parameters in sweet pepper fruits was positively impacted by SA foliar spraying, caraway oil coating, and their combination. The color change of green pepper is related to the exchange of chloroplast to chromoplast where conversion in pigment content of sweet pepper increases as senescence advances (Gong and Mattheis, 2003). Moreover, the effect of SA on a delay color change in sweet pepper fruit is associated with delay in chlorophyll degradation and carotenoid production. An increase of chroma and ΔE* could be in terms of the increase in a* and/or b* value showing the loss of green color and synthesis of lycopene and β-carotene along with senescence progression. An ability of caraway oil coating to delay color change in sweet pepper fruit may be related to respiration reduction and the aging process, as Gao et al. (2014) and Ullah et al. (2017) have reported.



MDA content and electrolyte leakage

As shown in Figure 6A, electrolyte leakage and MDA showed a similar trend (Figure 6B), so these increased in control and all treated fruit during the storage period. The highest level of electrolyte leakage was observed in the control fruit (37.3%) and S0C1 treatment (36.06%) (Figure 6A). At the end of storage, electrolyte leakage in S2C2 (17.66%), S2C1 (20.03%), and S2C0 (21.2%) treatments was lower than in other treatments (Figure 6A).
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FIGURE 6
 Effect of foliar spraying of SA and caraway oil coating on electrolyte leakage (A) and MDA (B) during 60 d of storage at 4 ± 2°C plus shelf life (2 d, 20°C). S0C0: control, S0C1: 0.3% caraway oil, S0C2: 0.6% caraway oil, S1C0: 1.5 mM Salicylic acid, S1C1: 1.5 mM Salicylic acid + 0.3% caraway oil, S1C2: 1.5 mM Salicylic acid + 0.6% caraway oil, S2C0: 3 mM Salicylic acid, S2C1: 3 mM Salicylic acid + 0.3% caraway oil, S2C2: 3 mM Salicylic acid + 0.6% caraway oil. Values represent mean ± SD of three replications. Different letters indicate significant differences at the 5% level according to the Duncan test.


MDA content continuously increased in control and all treated fruit during storage at 4 ± 2°C. MDA content of sweet pepper fruit was treated with higher concentration of SA foliar spraying (3 mM) and was diminished more than the treatments of caraway oil alone. The incorporation of SA foliar spraying with caraway oil coating showed a significant effect on the inhibition of the membrane injury; hence, the lowest MDA content was observed in S2C1 (0.58 μmol g−1) and S2C2 (0.56 0.58 μmol g−1) treatments compared to control fruit (0.85 μmol g−1). Results showed that membrane integrity maintained better in the treated fruit due to inhibited accumulation of MDA content and electrolyte leakage reduction (Figure 6B).

The main effect of CI is to alter the fatty acid phospholipid composition at the cell membrane, which is followed by a series of secondary reactions that disturb the structure of the cell (Lurie et al., 1987; Stanley and Parkin, 1991). The suitable indications for evaluating the effects of oxidative stress damage are MDA and electrolyte leakage (Luo et al., 2015). Membrane damage and deterioration rate are commonly related to increasing electrolyte leakage (Kwon et al., 2002; Yabuta et al., 2002; Xu et al., 2019) A lipid peroxidation resulting from ROS accumulation leads to membrane damage and increases electrolyte leakage and MDA content (Repetto et al., 2012). Low accumulation of MDA content and stability of the membrane in the plant tissue represent the integrity of bio-membranes subjected to low temperature (Endo et al., 2019). The results of the present study approved that the incorporation of SA foliar spraying and caraway oil coating significantly inhibited the increasing MDA content and electrolyte leakage in sweet pepper fruit stored at low temperature. Therefore, maintenance of membrane integrity is important in the resistance to chilling stress during cold storage. Similar results were achieved to inhibit MDA accumulation and electrolyte leakage in immersed sponge ground in SA solution (Cong et al., 2017) and sweet pepper coated with cinnamon oil (Xing et al., 2011).



Total phenolic content

As shown in Figure 7, total phenolic content increased with the passage of the storage period in control and all treated fruit. SA foliar spraying incorporated with caraway oil coating significantly restrained the increase of total phenolic content in sweet pepper fruit. Thus, total phenolic content in SA (S2C0) and SA incorporated with caraway oil treatments (S2C2) were 9% and 13% lower than control fruit, respectively (p< 0.05) (Figure 7).
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FIGURE 7
 Effect of foliar spraying of SA and caraway oil coating on total phenolic during 60 d of storage at 4 ± 2°C plus shelf life (2 d, 20°C). S0C0: control, S0C1: 0.3% caraway oil, S0C2: 0.6% caraway oil, S1C0: 1.5 mM Salicylic acid, S1C1: 1.5 mM Salicylic acid + 0.3% caraway oil, S1C2: 1.5 mM Salicylic acid + 0.6% caraway oil, S2C0: 3 mM Salicylic acid, S2C1: 3 mM Salicylic acid + 0.3% caraway oil, S2C2: 3 mM Salicylic acid + 0.6% caraway oil. Values represent mean ± SD of three replications. Different letters indicate significant differences at the 5% level according to the Duncan test.


Our observation indicated that the increase of total phenolic content resulting from CI could be alleviated by SA and caraway oil treatments. This result was in agreement with the previous study of the bamboo shoot (Luo et al., 2012) and sponge ground (Cong et al., 2017) that the alleviation of CI by SA was associated with decreased total phenolic content and PAL and PPO activity. One of the typical reactions of plants to biotic and abiotic stresses is the accumulation of secondary metabolites like phenolic (Dong et al., 2012). The essential oil would function as a signaling substance that triggers a signal resembling moderate stress. In response to this stress, additional phenolic compounds are produced in the fruit (Sharma and Tripathi, 2006).



Antioxidant enzymes

Our observation revealed that the CAT activity increased in control and treated fruit up to 20th d and 40th d, respectively, and then reduced. At the end of the storage period, the highest CAT activity was obtained in S1C2 (0.73 U g−1 protein), S2C1 (0.87 U g−1 protein), and S2C2 (0.92 U g−1 protein) treatments during storage period, but the minimum was obtained in control (Figure 8A).
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FIGURE 8
 Effect of foliar spraying of SA and caraway oil coating on CAT (A), POD (B), and SOD (C) during 60 d of storage at 4 ± 2°C plus shelf life (2 d, 20°C). S0C0: control, S0C1: 0.3% caraway oil, S0C2: 0.6% caraway oil, S1C0: 1.5 mM Salicylic acid, S1C1: 1.5 mM Salicylic acid + 0.3% caraway oil, S1C2: 1.5 mM Salicylic acid + 0.6% caraway oil, S2C0: 3 mM Salicylic acid, S2C1: 3 mM Salicylic acid + 0.3% caraway oil, S2C2: 3 mM Salicylic acid + 0.6% caraway oil. Values represent mean ± SD of three replications. Different letters indicate significant differences at the 5% level according to the Duncan test.


As can be observed in Figure 8B, a decrease in POD activity was observed during 20 d of the storage period in control fruit, S0C1, S0C2, and S1C0 treatments, after that increased until the end of the storage period, while a steady increase for POD activity was found in S2C0 and SA foliar spraying incorporated with caraway oil coating (S1C1, S1C2, S2C1, and S2C2) up to 60th d of the storage period; hence, the highest POD activity was observed as 0.92 U g−1 protein in S2C2 treatment, while the lowest enzyme activity was obtained as 0.35 U g−1 protein in control fruit.

By the progression of the storage period, a decrease in SOD activity was initially observed in control and all treated fruit. Up to the 40th d, this enzyme activity grew and then it declined until the conclusion of the storage period (Figure 8C). After the storage time, it was discovered that SA foliar spraying combined with caraway oil had a greater activity than control fruit and separate applications of SA and caraway oil treatments. However, the decrease in antioxidant activity after a specific time of storage could be resulted from their sensitivity to the low temperature (Haider et al., 2020). The maximum and minimum SOD activity were observed as 67.8 U g−1 protein and 43.3 U g−1 protein in S2C2 treatment and the control fruit, respectively (Figure 8C).

CI is considered to be associated with the defensive system, including CAT, SOD, and POD antioxidant enzymes (Xu et al., 2009; Cong et al., 2017). SOD, as a major O2- scavenging enzyme, catalyzes O2- radicals into H2O2 and O2, while the degradation of H2O2 to H2O and O2 can be done by CAT and POD enzymes. The mechanism of SA in alleviating CI could be attributed to enhance the membrane integrity and antioxidant system activity (Aghdam and Bodbodak, 2013). Based on the previous studies on cucumber (Cao et al., 2009), peach (Yang et al., 2012), and mandarin (Haider et al., 2020), postharvest SA treatment maintained higher activities of CAT, POD, and SOD in treated fruit compared with control fruit. It was found that SA, as one of the most important phenolic compounds, can induce the expression of ROS genes, including alternative oxidase (AOX) (Asghari and Aghdam, 2010), and fortify the fruit defense system by stimulating the synthesis of antioxidant enzymes (Huang et al., 2008). In the pre-harvest SA treatments in sweet cherry and peach, there was an increase in the antioxidant capacity compared with the control (Giménez et al., 2014; Erogul and Özsoydan, 2020). Our findings showed that incorporation of SA foliar spraying and caraway oil coating resulted in the highest antioxidant enzyme activity and the lowest CI in treated pepper fruit. The activity of antioxidant enzymes including CAT, POD, and SOD is a part of the defense system in plants against various abiotic and biotic stresses, and they help to scavenge free radicals which damage the vital cell membrane under stress conditions (Sels et al., 2008).



Decay incidence

Figure 9 depicts the impact of SA foliar spraying and caraway oil coating as natural bio-preservatives on the degradation incidence. With the passing of the storage term for the control and all treated fruit, the incidence of deterioration on sweet pepper fruit rose. The lowest decay incidence of pepper fruit was below 20% in S2C2 treatment, followed by S0C2 treatment (25%); in contrast, the control pepper fruit showed the highest decay incidence (90%) at the end of the storage period (Figure 9).
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FIGURE 9
 Effect of foliar spraying of SA and caraway oil coating on decay incidence during 60 d of storage at 4 ± 2°C plus shelf life (2 d, 20°C). S0C0: control, S0C1: 0.3% caraway oil, S0C2: 0.6% caraway oil, S1C0: 1.5 mM Salicylic acid, S1C1: 1.5 mM Salicylic acid + 0.3% caraway oil, S1C2: 1.5 mM Salicylic acid + 0.6% caraway oil, S2C0: 3 mM Salicylic acid, S2C1: 3 mM Salicylic acid + 0.3% caraway oil, S2C2: 3 mM Salicylic acid + 0.6% caraway oil. Values represent mean ± SD of three replications. Different letters indicate significant differences at the 5% level according to the Duncan test.


According to the results obtained from antimicrobial characteristics of caraway oil (Seidler-Łozykowska et al., 2013), treated fruits might be protected against pathogen attack, and the decay incidence of these fruits reduced. Our results are in line with the findings of Xing et al. (2011) and Ullah et al. (2017) who reported a diminished decay incidence in cinnamon oil-coated sweet pepper for 35 d and bell pepper for 24 d at 8°C, respectively. In general, essential oils can inhibit the fungal infection through the disruption of the fungal membrane integrity and, thereby, inhibit respiration and ion transport processes (Knobloch et al., 1989). The ability of exogenous application of SA in postharvest decay control on numerous horticultural crops was reported by Asghari and Aghdam (2010). SA is a major component in the signal transduction pathway of plants playing an important role in disease resistance (Asghari and Aghdam, 2010). Our results showed that SA foliar spraying incorporated with caraway oil coating significantly increased longevity of sweet pepper fruit under 4 ± 2°C by 60 d, and decay incidence diminished at S2C2 treatment by 5-fold compared to the control fruit.



Capsaicin content

The condensation of vanillyl amine with short-chain branched fatty acids leads to capsaicinoids accumulation in pepper fruit. The capsicum content in pepper fruit is connected to capsicum's strong taste. In the current investigation, the capsaicin level of untreated and treated fruit decreased as storage time passed (Figure 10). SA foliar spraying incorporated with caraway oil coating in high concentration significantly preserved capsaicin content to a better extent than other treatments. However, its lowest content was observed in the control fruit. Previous studies confirmed that capsaicinoids can be affected by fruit size, age, nutrition, and storage development (Estrada et al., 2002). The degradation of capsaicin into secondary products could possibly be due to the accumulation of reactive oxygen species during the storage period in fruit (Patel et al., 2019). A higher induction of antioxidant enzyme activity following SA caraway oil application led to the radical scavenging potential in treated pepper fruit. Our results are in accordance with the earlier observations, which showed a significant retention of capsaicin in the spermidine- and putrescine-treated capsicum fruits (Patel et al., 2019).
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FIGURE 10
 Effect of foliar spraying of SA and caraway oil coating on capsaicin content (%) during 60 d of storage at 4 ± 2°C plus shelf life (2 d, 20°C). S0C0: control, S0C1: 0.3% caraway oil, S0C2: 0.6% caraway oil, S1C0: 1.5 mM Salicylic acid, S1C1: 1.5 mM Salicylic acid + 0.3% caraway oil, S1C2: 1.5 mM Salicylic acid + 0.6% caraway oil, S2C0: 3 mM Salicylic acid, S2C1: 3 mM Salicylic acid + 0.3% caraway oil, S2C2: 3 mM Salicylic acid + 0.6% caraway oil. Values represent mean ± SD of three replications. Different letters indicate significant differences at the 5% level according to the Duncan test.




Correlation study

Correlation analysis (Table 2) reflected significant positive Pearson correlations between CI and weight loss, TSS, pH, chroma, ΔE, MDA content, membrane leakage, total phenol, SOD, and decay incidence during storage at low temperatures, while a significant negative Pearson correlation was observed between CI and firmness, TA and capsaicin content. Decay incidence showed positive and significant correlation with weight loss, TSS, MDA content, and membrane leakage, but has a significant negative correlation with firmness and TA. Capsaicin content showed a significant negative correlation with weight loss, TSS, MDA content, and membrane leakage, while it showed a significant positive correlation with firmness and TA. Our correlation analysis indicated that the reduction of chilling injury in treated fruits can be related to the decrease in the changes in physicochemical properties, and SA foliar spraying incorporated with caraway oil coating has a key role to minimize the decay percentage and maintain the highest level of the bioactive component. In a similar context, SA increased the antioxidant enzymes activity of mandarin fruit under cold storage and reduced the decay percentage (Haider et al., 2020).


TABLE 2 Pearson correlation matrix for chilling injury and physiological properties (weight loss, firmness, and color), biochemical properties (TSS, TA, pH, MDA content, membrane leakage, total phenol, and capsaicin content), decay incidence, and antioxidant enzymes activity (CAT, POD, and SOD) in Sweet pepper fruit treated with foliar spraying of SA and caraway oil-coating after 60 d of storage period at 4 ± 2°C.
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Conclusion

CI of sweet pepper fruit during storage at low temperatures decreases this product's postharvest quality, marketability, and economic losses. The effect of practical use of healthy and natural materials on alleviating the CI and microbial spoilage of sweet pepper fruit during 60 d of cold storage showed that using Salicylic acid as foliar spraying close to harvest stage incorporated with postharvest caraway oil coating alleviated CI and reduced weight loss. We propose utilizing SA (3 mM) and caraway oil essential (0.6%) to preserve the quality of sweet pepper fruit for 60 d of cold storage. In addition, their application resulted in a substantial retention of firmness and biochemical features, high level of antioxidant enzyme activity, and a low incidence of decay in the treated fruits to the end of the experiment. According to the results, we recommend using SA (3 mM) and caraway oil essential (0.6%) to maintain the quality of sweet pepper fruit during 60 d at cold storage. Therefore, these treatments can be considered an industrial method to increase longevity, maintain the quality, and marketability of sweet pepper.
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Endophytic bacteria improve the growth, physiology, and metabolite profile of plants. They are known as potential biocontrol agents of soil-borne diseases. This study evaluated the effects of endophytic bacterial strains on growth, vase life, biochemical attributes, and antioxidant and nematicidal activities of French marigold (Tagetes patula). French marigold seeds were sole and consortium inoculated with three promising endophytic bacterial strains, Burkholderia phytofirmans (PsJN), Enterobacter sp. (MN17), and Bacillus sp. (MN54). The vase life of French marigold was promoted by 66.6% in the individual application of PsJN and 100% in plants treated with consortium compared to the uninoculated control. The shoot and root fresh weights were also increased by 65.9 and 68.7%, with the combined application of all three strains. The total phenolics, flavonoid, and protein contents were higher in consortium treatment with an increase of up to 38.0, 55.9, and 65.9%, respectively, compared to the uninoculated control. Furthermore, combined application of endophytic bacterial strains promoted DPPH radical scavenging, mortality of plant-parasitic nematodes, and ferric reducing antioxidant power activities with increase of up to 278.0, 103.8, and 178.0%, respectively, compared to uninoculated control. An increase in antioxidant activities of ascorbate peroxidase (APX), catalase (CAT), glutathione peroxidase (GPX), and superoxide dismutase (SOD) were observed up to 77.3, 86.0, 91.6, and 102.9%, respectively by combined application of endophytic bacterial strains. So, given the economic importance of floriculture crops, endophytic bacterial isolates studied here have shown a great potential for improving the productivity of cultivated ornamental French marigold.

KEYWORDS
allelopathic effect, antioxidant activity, endophytic bacteria, metabolites, plant-parasitic nematodes, Tagetes patula, vase life


Introduction

Floriculture contributes excellent value to the agricultural economy of Pakistan. Significant growth has been observed in this sector resulting in massive production of ornamental plants (Sudhagar, 2013; Khan et al., 2016). French marigold (Tagetes patula) is a commercial ornamental flower used in medicinal products for decoration and landscaping purposes (Bosma et al., 2003). It is also a repellent plant against various Lepidoptera, Coleoptera, Hemiptera, and plant-parasitic nematodes (PPNs; Fabrick et al., 2020). French marigold is a widely studied plant due to its allelopathic potential against PPNs (Hooks et al., 2010). Literature indicated that marigolds could be involved in the biocontrol of 14 genera of PPNs, including ectoparasitic, endoparasitic, and semi-endoparasitic nematodes (Suatmadji, 1969; Siddiqui and Alam, 1987). Marigold affects PPNs by acting as a poor host, producing allelopathic compounds, creating an antagonistic nematode environment, and behaving as a trap crop (Wang et al., 2001; Pudasaini et al., 2008). The expansion of environmentally safe techniques to inhibit PPNs growth seems attractive due to the environmental hazards of nematicides and chemical fumigants (Schneider et al., 2003).

The commercial production of ornamental plants is significant globally, including in Pakistan. Essential plant nutrients are vital in the quality production of seeds and flowers (Kashif, 2001). Over the past decades, extensive use of chemical fertilizers has negatively impacted the environment. In this regard, the application of bioinoculants has been gaining interest in the scientific communities (Zahir et al., 2004; Khan et al., 2019; Nazli et al., 2020). Several plant growth-promoting rhizobacteria (PGPR) have shown their potential to improve plant growth, crop yield, and quality (Ali et al., 2017; Mustafa et al., 2019; Umar et al., 2020). Such bioinoculants have direct effects on plant growth as these species facilitate nutrient uptake, fix atmospheric nitrogen (N), solubilize nutrients including phosphorus (P), potassium (K), and zinc (Zn), produce siderophores which solubilize and sequester iron, synthesize growth hormones (e.g., auxins, cytokinins, and gibberellins), and synthesize the enzymes that modulate plant growth and development (Gray and Smith, 2005; Khan and Bano, 2019; Saeed et al., 2019). These microbes enhance plant growth indirectly by reducing or eliminating the adverse effects of pathogenic microorganisms using numerous mechanisms that include the induction of host resistance to the pathogen (Van Loon, 2007; Khan, 2020; Khan et al., 2020; Nazli et al., 2020). Multiple studies have demonstrated the improvement in plant growth and development following seed or root inoculation with microbial strains capable of producing plant growth regulators (Zahir et al., 2004; Naseem et al., 2018; Ahmad et al., 2019b).

Certain aspects of PGPR interactions have been studied well, e.g., growth effects, nutrient availability, biocontrol of plant pathogens, tolerance of water stress, and other adverse environmental conditions. The microbiota within plant roots may significantly differ from that within the rhizosphere, indicating that the plants influence the microbial colonies inside their roots (Ali et al., 2017). Some endophytes can promote plant growth, and the mechanisms adopted by bacterial endophytes are similar to those used by rhizospheric bacteria (Santoyo et al., 2016). Within their plant host, the microbes named endophytes remain in the intercellular or intracellular region of healthy plant tissue throughout their complete life cycle, causing no harmful impact on the plant. By secreting phytohormones, endophytic bacteria promote the growth of their host. Endophytic bacteria can also promote the growth and yield of a plant by acting as biocontrol agents (Mustafa et al., 2019).

Flower senescence is the leading cause of short vase life and loss in quality which primarily determines its economic and ornamental value to establish a capital-incentive business (Van Doorn, 2002). Ethylene is a crucial stress regulatory phytohormone produced at low levels under normal circumstances and conferring beneficial effects on plant growth and development (Ahmad et al., 2020). However, in response to various stresses, there is often a significant increase in endogenous ethylene production that leaves adverse impacts on plant growth and is thought to be responsible for flower senescence (Van Doorn, 2001). Endophytic microbes having ACC-deaminase activity may naturally enhance plant growth under stress conditions by lowering ethylene production (Nascimento et al., 2012; Nazli et al., 2020). Flower senescence can be delayed by a reduction in ACC content, causing the synthesis of ethylene to a smaller extent (Moon and Ali, 2022). Previously, several studies have reported positive effects of PGPR and endophytic inoculation on plant growth promotion of different crops. However, the impact of microbial consortium inoculation remained neglected in the past, especially in horticultural crops. Moreover, there is a need to explore the effects of microbial inoculation on pharmacological and nematicidal activities of crops such as French marigold, which in the present study constitutes the further novelty of this work. Thus, we hypothesized that the endophytic bacterial inoculation in consortia might improve the growth and extends the vase life of French marigold; however, their effects on pharmacological and nematicidal activities may vary depending on the microbial sp. in question. The specific objectives of the present study were to evaluate the impact of different endophytic bacterial species on growth, flowering, and delay in flower senescence in French marigolds and the effects of bacterial endophytes on pharmacological and nematicidal activities of essential flower extract of French marigolds.



Results


Plant growth parameters

The present study shows the effects of endophytic bacteria strain Burkholderia phytofirmans PsJN, Enterobacter sp. MN17, and Bacillus sp. MN54 inoculation on French marigold growth and senescence. Almost all the growth parameters evaluated were significantly (p < 0.05) modified by four inoculating treatments.

Inoculation with endophytic bacteria caused a significant increase in plant height, shoot mass, root mass, and root length (Figure 1). All the five treatments statistically differed from each other. The increase in plant height up to 15.98 cm was recorded in the consortia, followed by MN17 showed an increase in plant height (14.33 cm) which was significantly different from control. The minimum plant height of 10.67 cm was found in control. The difference in plant height in PsJN, MN17, MN54, and consortia was quite evident compared to control. Data regarding shoot fresh weight revealed that application of endophytic bacterial strains significantly improved the shoot fresh weight plant–1. The maximum increase in shoot fresh weight up to 26 g plant–1 was recorded in the consortia application, followed by MN54, MN17, and PsJN showed an increase in shoot fresh weight up to 24.33, 22.00, and 19.68 g plant–1, respectively, compared to control (15.67 g plant–1; Figure 1).
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FIGURE 1
Effect of endophytic bacterial inoculation on (A) plant height, (B) shoot weight, (C) root length, (D) root weight, (E) number of flowers plant–1, and (F) SPAD value of French marigold. Error bars represent the standard error (SE). Bars with different letters are significantly different (P < 0.05) according to the LSD test.


Inoculation with MN54 significantly affects root length (10.60 cm) and root fresh weight (4.05 g plant–1), which was further increased in consortia application (10.90 cm and 4.69 g plant–1, respectively) as compared to control (8.2 cm and 2.78 g plant–1, respectively; Figure 1). Individual inoculation of PsJN and consortia significantly increased the number of flowers plant–1 up to 7.33 and 8.33, respectively, over control which reported 5.30 number of flowers plant–1.



Endophytic bacteria extend the vase life

The vase life of French marigold inoculated with a consortium of all three endophytic bacterial strains was 12 days compared to 6 days of control (Figure 2). Corresponding treatments of PsJN prolonged vase life by 10 days. Similarly, reduction in petal senescence was also significantly increased up to 8 days by MN17 and MN54. The inoculation with PsJN and consortia reported an increase in flower diameter up to 42.31 and 45.33 mm, respectively, compared to control (25.67 mm; Figure 2).
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FIGURE 2
Effect of endophytic bacterial inoculation on (A,B) vase life and (C) maximum flower diameter of French marigold. Error bars represent the standard error (SE). Bars with different letters are significantly different (P < 0.05) according to the LSD test.




Photosynthetic parameters and SPAD index

The chlorophyll contents in terms of SPAD value were higher in endophytic bacterial strains treated plants compared to the uninoculated control (Figure 1). A maximum SPAD value of 42.33 was observed in consortium treated plants, followed by strain MN17 (41.30) over the uninoculated control (24.30). The consortium application gave a maximum increase of up to 36.84% in photosynthetic rate compared to the control (Figure 3). Strain PsJN inoculation also reported a better increase in the photosynthetic rate of up to 23.21% compared to the uninoculated control. A maximum increase in transpiration rate of up to 26.82% was observed due to consortium application. The application of PsJN also showed a better transpiration rate with an increase of up to 19.51% over uninoculated control (Figure 3). The consortium application showed a significant increase of up to 54.54 and 23.41% in stomatal and sub-stomatal conductance, respectively, compared to the untreated control.
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FIGURE 3
Effect of endophytic bacterial inoculation on (A) transpiration rate, (B) stomatal conductance, (C) photosynthetic rate, and (D) substomatal conductance of French marigold. Error bars represent the standard error (SE). Bars with different letters are significantly different (P < 0.05) according to the LSD test.




Biochemical and antioxidant parameters

The increase in total phenolic and flavonoid contents was observed due to inoculation with endophytic bacterial strains (Figure 4). The consortium application reported maximum phenolic contents of 602.67 mg g–1 followed by strain PsJN (596.0 mg g–1) than the uninoculated control (435.67 mg g–1; Figure 4). A maximum increase in total flavonoid contents of 304.30 mg g–1 was recorded in strain PsJN treated plants compared to the untreated control (157.32 mg g–1). The maximum protein contents of 6.27 μg ml–1 were observed in consortium treated plants, followed by PsJN inoculated plants which reported 5.67 μg ml–1 of total protein contents compared to the control having 3.78 μg ml–1 of total proteins contents (Figure 4).


[image: image]

FIGURE 4
Effect of endophytic bacterial inoculation on (A) phenolic contents, (B) flavonoid contents, (C) protein contents, (D) ferric reducing power, (E) mortality of PPNs, and (F) DPPH radical scavenging activity of French marigold. Error bars represent the standard error (SE). Bars with different letters are significantly different (P < 0.05) according to the LSD test.


The positive effect of tested endophytic strains and their consortium application on ferric reducing power of French marigold flower extract had been demonstrated in Figure 4. Strain PsJN treated plants reported a higher ferric reducing ability of 150%, which was further extended up to 167% in consortium treated plants compared to the uninoculated control having a ferric reducing power of 60% (Figure 3). Strains MN17 and MN54 also showed a better ferric reducing ability of 129 and 77%, respectively, compared to the uninoculated control. Inoculation with endophytic bacterial strains reported increased DPPH scavenging activity of French marigold flower extract compared to the uninoculated control (Figure 4). The consortium application reported higher DPPH scavenging activity of 58% than the uninoculated control of 15% DPPH scavenging activity.

The increase in antioxidant activities was observed due to endophytic bacterial strain over control treatment (Figure 5). Strain PsJN, MN17, and MN54 increased the ascorbate peroxidase (APX) to 31.9, 48.6, and 24.6%, respectively. However, consortium application increased the APX up to 77.3% over treatment set as control. Similarly, strain MN17 increased the catalase (CAT), glutathione peroxidase (GPX), and superoxide dismutase (SOD) up to 48.6, 60.2, and 65.8%, respectively. However, combined application of endophytic bacterial strains increased the CAT, GPX, and SOD activity to 86.0, 91.6, and 102.9%%, respectively, over control treatment.
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FIGURE 5
Effect of endophytic bacterial inoculation on (A) ascorbate peroxidase (APX), (B) catalase (CAT), (C) glutathione peroxidase (GPX), and (D) superoxide dismutase (SOD) activity of French marigold. Error bars represent the standard error (SE). Bars with different letters are significantly different (P < 0.05) according to the LSD test.




Nematicidal and hemolytic activities

French marigold flower extract from endophytic bacterial strains treated plants reported nematicidal activity against Meloidogyne incognita (Figure 4). The maximum nematicidal activity of up to 70.7% was recorded in consortium treatment, followed by strain MN17 which reported 50.7% higher nematicidal activity than uninoculated control. French flower extract of endophytic bacterial strains treated plants causes a reduction in hemolytic activity compared to the uninoculated control (Figure 6). A maximum decrease of 1.33, 1.30, and 1.30% in hemolytic activity of French flower extract was reported by strains PsJN, MN17, and MN54, respectively, over the uninoculated control of 2.6% hemolytic activity.
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FIGURE 6
Effect of endophytic bacterial inoculation on (A) hemolytic activity, (B) plant N (%), (C) plant P (%), and (D) plant K (%) in French marigold. Error bars represent the standard error (SE). Bars with different letters are significantly different (P < 0.05) according to the LSD test.




Plant mineral contents

The N, P, and K contents in a shoot of French marigold were significantly promoted by inoculation with endophytic bacterial strains compared to the uninoculated control (Figure 6). The maximum increase of up to 43.9% in shoot N contents was observed in consortium treated plants followed by strain PsJN, which reported 37% higher shoot N contents compared to the uninoculated control. The maximum increase of up to 105.9 and 45.9% in shoot P and K contents, respectively, were obtained due to consortium application compared to the uninoculated control (Figure 6). Strain PsJN also reported a better increase of up to 60 and 33.3% in shoot P and K contents, respectively, over the uninoculated control.



Enumeration of endophytic bacteria in the rhizosphere, root, shoot, and flowers

Effective colonization of the applied strains was observed in the rhizosphere, root/shoot/leaves/flowers interior of French marigold (Figure 7). However, when used as a consortium, the persistence of selected strains was more enhanced relative to individual inoculation in the rhizosphere and tissue interior of French marigold plants. Inoculation with PsJN showed 4.49 × 105 CFU g–1 rhizosphere, 3.36 × 105 CFU g–1 root interior, 8.64 × 104 CFU g–1 shoot interior, and 8.04 × 104 CFU g–1 flowers bacterial population. However, the highest CFU g–1 dry weight of the inoculant strains was recovered from the rhizosphere (5.83 × 105), root (4.53 × 105), shoot (1.21 × 105), and flowers (9.80 × 104) in the consortium treatment.
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FIGURE 7
Persistence of selected endophytic strains in the rhizosphere, root, shoot, leaves, and flowers of French marigold. Error bars represent the standard error (SE). Bars with different letters are significantly different (P < 0.05) according to the LSD test.




Pearson correlation and principal component analysis

A significant positive correlation was observed in growth attributes, vase life, biochemical parameters, physiological parameters, biological activities, and plant mineral contents (Figure 8).
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FIGURE 8
Represents correlation among measured parameters, where abbreviations of the correlation matrix are plant height (PH), shoot weight (SW), root weight (RW), flower diameter (FD), total flavonoids contents (FV), phenolic contents (PN), protein contents (PR), DPHH scavenging activity (DPHH), hemolytic activity (HA), vase life (VL), reducing power (RP), mortality of PPNs (PPNs), transpiration rate (TR), photosynthetic rate (PHR), stomatal conductance (ST), sub stomatal conductance (SUBST), plant N (N), plant P (P), and plant K (K).


Principal component analysis (PCA) revealed interrelationships between different variables. The score and loading plots of PCA on some crucial traits of French marigold are shown in Figures 9A,B. Among all the components, the first two components viz. PC1 (Dim1) and PC2 (Dim2) exhibited maximum contribution and accounted for 91.5% of the total dataset. Of which PC1 contributed 85.7% while PC2 contributed 5.8%, respectively. All applied treatments were successfully separated by the first two principal components (Figure 9A). The distribution of the treatments gave a clear indication that endophytic bacterial strains sole or their consortium application had significant effects on studied attributes of French marigold compared to control. The sole application of endophytic bacterial strains was displaced more from control, and the consortium treatment was more displaced from control, indicating that it has a more pronounced effect. The first group of variables with which PC 1 is positively correlated includes plant height (PH), shoot weight (SW), root weight (RW), flower diameter (FD), total flavonoids contents (FV), phenolic contents (PN), protein contents (PR), DPHH scavenging activity (DPHH), hemolytic activity (HA), vase life (VL), reducing power (RP), mortality of PPNs (PPNs) transpiration rate (TR), photosynthetic rate (PHR), stomatal conductance (ST), sub stomatal conductance (SUBST), plant N (N), plant P (P), and plant K (K).
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FIGURE 9
Score plots (A) and loading plots (B) of PCA on different attributes of French marigold by application of Endophytic bacteria alone and in combination. Score plots (A) represent the separation of treatments as (1) Control, (2) PsJN inoculation, (3) MN 17, (4) MN 54, and (5) Consortia. The abbreviations of loading plots (B) are plant height (PH), shoot weight (SW), root weight (RW), flower diameter (FD), total flavonoids contents (FV), phenolic contents (PN), protein contents (PR), DPHH scavenging activity (DPHH), hemolytic activity (HA), vase life (VL), reducing power (RP), mortality of PPNs (PPNs), transpiration rate (TR), photosynthetic rate (PHR), stomatal conductance (ST), sub stomatal conductance (SUBST), plant N (N), plant P (P), and plant K (K).





Discussion

Chemical inhibitors such as silver thiosulphate (Veen and van de Geijn, 1978; Hyde et al., 2020), cyclic olefin norbornadiene (Reid and Wu, 1992; Depaepe and Van Der Straeten, 2020), and L-a-(aminoethoxyvinyl)-glycine (Nayani et al., 1998; Yu et al., 2022) are applied to inhibit plant ethylene production and to promote vase life of ethylene-sensitive flowers. However, the use of different chemicals has a variety of drawbacks associated with their application rate and method and high costs. Applying bio-effectors containing beneficial microorganisms instead of synthetic chemicals improves plant growth by supplying plant nutrients and may sustain environmental health and soil productivity. In the present study, three promising bioinoculants, including B. phytofirmans strain PsJN, Enterobacter sp. strain MN17, and Bacillus sp. strain MN54, were applied to French marigold seeds in the forms of sole inoculation and their consortium treatments. The treated plants were grown in a pot trial to investigate the effects of endophytic bacterial strains on plant attributes in terms of vase life, physiological, biochemical, antioxidant, and biological activities. By adopting the current biotechnological approach, we hypothesized that bioinoculants could competently dwell in the French marigold rhizosphere and improve the quality of their flowers in terms of their growth, vase life, chemical constituents, physiological, and biological activities (Dal Cortivo et al., 2020).


Endophytes improve the growth attributes of French marigold plants

To sustain ornamental crop production under limited available resources, the greenhouse growers need to reduce the cost of production in terms of chemical fertilizers without losing crop quality. PGPR can improve plant growth in a resource-poor environment by improving plant nutrient availability. In the current study, the application of endophytic bacterial strains in sole inoculation and/or consortium treatment enhances the plant growth of French marigold in terms of plant height, root length, shoot weight, and root weight (Figure 1). The French marigold plants treated with a consortium of strains B. phytofirmans (PsJN), Enterobacter sp. (MN17), and Bacillus sp. (MN54) showed maximum increase in plant growth attributes compared to sole inoculation that may be due to accumulative and synergistic effect of endophytic bacterial strains that boosted the plant growth through involving their direct and indirect impact (Doty et al., 2009; Suherman and Anggoro, 2011; El-Deeb et al., 2012; Mustafa et al., 2019; Aziz et al., 2020; Nordstedt and Jones, 2020; South et al., 2021). These strains showed their potential in vitro plant growth-promoting (PGP) attributes, including production of indole-3-acetic acid and siderophore, solubilization of nutrients, and nitrogen fixation, which our research group previously reported (Samreen et al., 2019; Naveed et al., 2020a; Sabir et al., 2020). Similarly, Puri et al. (2020) said that Caballeronia sordidicola isolated from spruce seedlings in low-fertility soil possess PGP attributes and promoted plant growth attributes of spruce and pine tree seedlings. In this study, the increase in plant growth of French marigold due to the application of a consortium of endophytic bacterial strains might also be due to the production of phytohormones, including auxins, gibberellins, ethylene, cytokinin, and abscisic acid that can stimulate plant growth as chemical messengers. These hormones are essential in regulating plant growth and development in plants by regulating the process of organogenesis, cell division, expansion, and differentiation (Ryu and Patten, 2008).



Endophytes improve physiological attributes of French marigold plants

In this study, the application of endophytic bacterial strains promoted plant physiological attributes, including chlorophyll contents, transpiration rate, photosynthetic rate, and stomatal and sub-stomatal conductance compared to the uninoculated control (Figures 1, 3). The beneficial influence of endophytic bacterial strains was more dominant in consortium treatment than in sole inoculation of strains. These beneficial effects of plant-bacteria interaction were previously reported by various researchers under numerous environmental stresses, including drought (Naveed et al., 2014), salinity (Ahmad et al., 2014), heavy metals (Naveed et al., 2020a,b), and hydrocarbon toxicity (Ali et al., 2020). Increased physiological attributes due to bacterial inoculation improved plant growth and biomass production of French marigolds. The increase in chlorophyll content due to a consortium of endophytic strains could be related to the established factor of higher enzymatic activities such as catalase and peroxidase (Singh, 1988; Kavino et al., 2010). The plant-associated bacteria logically boosted enzymatic activity due to their abundant biomass, higher metabolic activity, and extracellular enzyme production. They are also involved in plant defense by eliciting multiple antioxidant enzymes and counteracting oxidative stress by reactive oxygen species (Prasanna et al., 2013, 2017; Ibiang et al., 2017). The consortium of endophytic strains could be involved in regulating the transpiration of water and penetration of CO2 into the leaf by maintaining optimum moisture content. Such physiological phenomena could be helpful in rainfed cultivation by closing stoma and reducing water loss by preventing transpiration.

The application of PGPR showed their great prospect for improving nutrient availability and reducing the excessive application of chemical fertilizer. In the current study, inoculation with endophytic bacterial strains improves N, P, and K concentration in a shoot of marigold flower plants (Figure 5). The increase in nutrient concentration was more prominent in consortium treatment as compared to the sole application of endophytic bacterial strains. This increase in nutrient concentration could be due to the ability of endophytic bacterial strains to increase the bioavailability of nutrients in the soil and to improve its uptake and accumulation. Previously, we have reported the tested strains viz. B. phytofirmans (PsJN), Enterobacter sp. (MN17), and Bacillus sp. (MN54) in vitro ability to solubilize nutrients, especially P might improve its bioavailability in soil and enhance uptake and accumulation in plants shoot (Samreen et al., 2019; Naveed et al., 2020a; Sabir et al., 2020). Such nutrient solubilizing bacterial strains might also have the ability to solubilize other nutrients, including K and zinc, which can be possible in the current study as we have observed the increase in K concentration in plants of the marigold flower. Our results are similar to the findings of Khanghahi et al. (2018), Mumtaz et al. (2018, 2020), and Ahmad et al. (2019a). Such nutrients solubilizing bacteria adopted a variety of mechanisms, including acidolysis, reduction in pH, enzymolysis, and complexation through extracellular polysaccharides (Welch et al., 1999; Parmar and Sindhu, 2013). The mechanisms of association of plant and endophytic bacterial strains are not precise for mineral solubilization that might result from the secretion of organic acids of ligands specific to elements (Duangpaeng et al., 2012). Such ligands can alter substrate pH and enhance insoluble compounds’ chelation (Forchetti et al., 2010; Khan et al., 2020). The free-living rhizosphere and endophytic bacteria also demonstrated N-fixation in roots of nonleguminous crops (Nag et al., 2020) which might be valid for the current endophytic bacteria strains that showed an increase in N concentration in marigold flower plants. The precise mechanism of association of free-living endophytic bacteria with plant species is not well-known. It may be due to the presence of plant-specific root exudates that recruits plant-available bacteria and carry the microbiota from one generation to another (Toju et al., 2018; Van Deynze et al., 2018; Eyre et al., 2019).



Endophytes improve the vase life of French marigold flowers

Bacteria associated with plants improve the quality of their flowers. In the present study, the uninoculated control revealed the lowest flower quality in terms of their numbers, diameters, and vase life (Figures 1, 2) which might be due to higher ethylene production during the flower ripening process. Higher ethylene production at ripening time causes several stress changes, including rapid loss of chlorophyll, proteolysis, loss of catalase activity, and increased membrane permeability (Ranwala and Miller, 2005). However, the increase in these flower’s quality attributes of marigold was observed due to the sole and/or consortium inoculation with endophytic bacterial strains, which might be due to the ability of these bacteria to produce ACC-deaminase that reduces the ethylene level in plants and delay flower ripening (Moon and Ali, 2022). This ethylene reduction in plants by ACC-deaminase-producing bacteria is a critical property that enables interference with the physiological processes of the host plant (Eun et al., 2019; Ali et al., 2022). Various commercially available chemicals such as potassium permanganate, ultraviolet lamps, activated charcoal, and catalytic oxidizers inhibit the ethylene concentration in fruits and flowers to improve vase life (Ebrahimi et al., 2021). However, improving the vase life of flowers through applying rhizosphere and endophytic bacteria is a novel biotechnological approach that is quite efficient in increasing flower quality and composition.



Endophytes improve biochemical and antioxidant attributes of flowers extract

We reported the increase in the total content of phenolics, flavonoids, and protein in French marigold flower extract due to inoculation with endophytic bacterial strain (Figure 4). The consortium of endophytes mediated responses in French marigold flower extract promoted these metabolites in flower extract that played a cumulative, synergistic role in the enhancement of plant growth and flower quality. Previously, various researchers showed evidence of total proteins, phenolics, and flavonoid contents in plant-microbe interaction (Weir et al., 2004; Brencic and Winans, 2005; Bhattacharya et al., 2010). The flavonoid and phenolic contents in the extract of French marigolds could quench free radicals and act as antioxidants involved in anti-inflammatory and anti-carcinogenic responses (Biglari et al., 2008). We observed higher flavonoid and phenolic contents in marigold flower extract due to the consortium application of endophytic bacterial strains that could manifest higher antioxidant capacities. Further, consortium application also reported a higher increase in antioxidant activities in terms of DPPH radical scavenging, APX, CAT, GPX, and SOD activity and ferric reducing power of extract from French marigold flowers (Figure 4). Li et al. (2007) analyzed the 11 Chinese cultivars of marigold flowers extracted with ethanol, ethyl acetate, and n-hexane through high-performance liquid chromatography-mass spectrometry. They reported marked variation in total phenols, flavonoids, antioxidants, and radical-scavenging activities in the tested marigold cultivars.

Similarly, Duan et al. (2007) and Liu et al. (2009) reported polyphenols extracted from lychee-fruit pericarp to possess the scavenging activity against DPPH free radical, superoxide anions, and hydroxyl radicals. Additionally, a reduction in hemolytic activity was observed in the current study due to inoculation with sole and demonstrating the ability of endophytic bacterial strains to reduce the hemolytic activity of French marigold flower extract. The reduction in hemolytic activity was more in sole inoculation than in a consortium which might be due to the application of a single organism in sole inoculation with endophytic bacteria. The reduction in hemolytic activity due to inoculation can be due to the increased production of antioxidants because of bacterial application in French marigold plants.



Endophytes improve the nematicidal activity of French marigold flowers extract

Some marigold varieties are resistant to PPNs due to their allelopathic potential (Wang et al., 2007; Hooks et al., 2010). A blue-fluorescing compound called α-terthienyl in marigold plants was recognized for its allelopathic potential against nematodes, insects, fungi, and viruses and cytotoxic activities (Zechmeister and Sease, 1947; Wang et al., 2007). In this study, endophytic bacterial strains promoted the nematicidal activity of extract from French marigold flowers compared to the uninoculated control (Figure 5). This increase in nematicidal activity could be due to the role of endophytic bacterial strains in enhancing the production of nematicidal phytocompounds specially α-terthienyl. Various rhizospheric and endophytic bacterial strains are also well-known for their potential role in the biocontrol of phytopathogen and are involved in indirect plant growth promotion (Mhatre et al., 2019; Gamalero and Glick, 2020), which might be true for current endophytic bacterial strains. Sturz and Kimpinski (2004) isolated several bacterial endophytes from African and French marigolds that showed their nematicidal activities against Pratylenchus penetrans in soils. Such plant bacterization could be a potential candidate for non-residual and environment-friendly pesticides that will boost the plant’s defense metabolites to reduce the pathogens population in the root zone (Nivsarkar et al., 2001).




Materials and methods


Preparation of endophytic bacterial inoculum

Three pre-isolated endophytic PGP bacterial strains, viz. B. phytofirmans PsJN (Naveed et al., 2020a), Enterobacter sp. MN17 (Sabir et al., 2020), and Bacillus sp. MN54 (Samreen et al., 2019) were collected from Environmental Science Laboratory, Institute of Soil and Environmental Sciences (ISES), University of Agriculture Faisalabad (UAF), Pakistan. These strains were grown separately in Luria-Bertani (LB) broth containing tryptone (10 g L–1), yeast extract (5 g L–1), and NaCl (10 g L–1) at 28 ± 1°C and 100 rpm for 48 h in an orbital shaking incubator (Firstek Scientific, Japan). The optical density (OD) at 600 nm of each broth was adjusted to 0.5 using a spectrophotometer (Gene Quant Pro, Gemini BV, Netherlands) to obtain a uniform population of bacteria [108–109 colony forming units (CFU) ml–1].



Seed bacterization

The peat as a carrier material was sterilized at a pressure of 138 kPa and temperature of 121°C for 30 min and inoculated with bacterial broth culture. The peat-based inoculum was incubated at 28 ± 2°C by adding a 10% sugar solution to increase the microbial populations. For inoculation, the desired suspension of inoculum (108–109 CFU ml–1; 250 ml kg–1 peat) was mixed with sterilized peat and incubated for 24 h at 28 ± 2°C before use for seed coating (seed to peat ratio 1.25:1 w/w). Marigold seed dressing was prepared with the inoculated peat mixed with 10% sterilized sugar (sucrose) solution in a 10:1 ratio (Saeed et al., 2019). In the case of un-inoculated control, seeds were coated with the sterilized peat treated with broth, and 10 % fixed sugar solution.



Pot experiment and treatment plan

A pot experiment was conducted in the net-house, ISES, UAF, Pakistan, to evaluate the potential of endophytic bacteria to improve flowering, pharmacological activities, and delay of flower senescence of French marigold. The soil used for the experiment was collected from the field, air dried, thoroughly mixed, passed through a 2-mm sieve, and analyzed for various physical and chemical characteristics. The soil was sandy clay loam, having pH, 7.88; EC, 1.38 dS m–1; organic matter, 0.78%; total nitrogen, 0.034%; available phosphorus, 7.80 mg kg–1 and extractable potassium, 117 mg kg–1. French marigold seeds were surface sterilized by dipping in 70% ethanol for 2 min and treated with 1.5% NaClO for 5 min, followed by washing three times with sterile distilled water (1 min each time). The efficacy of surface sterilization was checked by culturing seeds and aliquots of the final rinse in LB agar plates where no growth was observed. The experiment contained the following treatments: (1) Control, (2) PsJN inoculation, (3) MN-17 inoculation, (4) MN-54 inoculation, and (5) Consortia of PsJN, MN-17, and MN-54. Surface-disinfected marigold seeds were coated with different endophytic bacterial treated slurry. In the control treatment, slurry for seed coating was prepared using sterilized LB broth. Pots were arranged in the net-house using a completely randomized design with three replications of each treatment. The plants were harvested after 60 days during full bloom flowering and further processed immediately for growth, physiological, and pharmacological analysis.



Assessment of growth parameters and vase life

The end of vase life was determined as the time in which 50% of open flower petals had wilted. The vase life of French marigold flowers was recorded by the number of days from the day that cut flowers were put in distilled water and incubated at room temperature (24°C for 12 days) until they had no ornamental value (underwent a color change, wilt, or loose turgidity). The mean value of the vase life of all flowers in each was calculated as the average vase life for each treatment. Plant agronomic parameters such as plant height, shoot, root fresh weight, root length, number of flowers plant–1, and flower diameter were recorded after harvesting the French marigold plants.



Physiological parameters

Plant physiological parameters of both treated and untreated plants were recorded at mid-day (between 10:00 and 14:00). A portable infrared gas analyzer [IRGA (CI-340) Germany] was used (at 1,200–1,400 μmol m–2 s–1 photosynthetic photon flux density) to measure transpiration rate, photosynthetic rate, stomatal, and substomatal conductance. Relative chlorophyll contents SPAD index of the second leaf from apex were recorded through Chlorophyll meter at vegetative stage.



Estimation of total flavonoid, phenolic acid, and protein contents

To determine total flavonoid contents, 0.5 ml of French marigold flowers extract was mixed with 2 ml of distilled water and 0.15 ml of NaNO2 (5%) solution and incubated for 6 min. After that, 0.15 ml of 10%, AlCl3 solution was added and incubated for 6 min, followed by adding NaOH (4%) solution to the mixture. The volume of the reaction mixture was made up to 5 ml by adding methanol. The absorbance of the reaction mixture was taken at 510 nm after incubation for 15 min. Total flavonoid contents of the extracts were expressed as catechin equivalents from the linear regression curve of catechin (Park et al., 2008). The total phenolic compounds in French marigold flowers extract were determined by the Folin–Ciocalteu method (Bärloche and Graça, 2020). The calibration curve was prepared with different concentrations of gallic acid. To estimate total protein contents, 0.1 ml of French marigold flower extract and 0.1 ml of NaOH (2N) were mixed and hydrolyzed at 100°C. The freshly prepared complex-forming reagent (1 ml) consisting of Na2CO3 (2%), CuSO4.5H2O (1%), and KNAC4H4O6.4H2O (2%) was added to cooled hydrolysate (Lowry et al., 1951). After 10 min of incubation, 0.1 ml of Folin reagent was added through a vortex and incubated for 30 min. Total protein contents were estimated by taking absorbance at 750 nm (Lowry et al., 1951).



DPPH radical scavenging and antioxidant power assays

The antioxidant activity of French marigold extract was estimated through DPPH radical scavenging assay as performed by Yen and Chen (1995) with slight modifications. The freshly prepared 1 ml of DPPH solution was added to 3 ml of marigold flower extracts at different concentrations and kept for 30 min in the dark. After incubation, absorbance was noted at 517 nm. A low absorbance of the reaction mixture indicates a high radical scavenging activity. The antioxidant activity of butylated hydroxytoluene and ascorbic acid was analyzed as standards. The solution without marigold flower extract was used as a control. The inhibition of DPPH radical samples was calculated as follows.
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where, AC, absorbance of control; AS, absorbance of sample.

The ferric reducing power of French marigold flower extract that reflected their antioxidant activity was determined using Fe3+ and Fe2+ reduction assay (Benzie and Strains, 1996). The 1 ml of French marigold flowers extract in methanol was added to 2.5 ml of sodium phosphate buffer (0.2 M; PBS) and 2.5 ml of K3Fe(CN)6 (1%) solution. The solution was incubated at 50°C for 20 min on a vortex shaker, followed by adding 2.5 ml of trichloroacetic acid (10%). The final volume of 2.5 ml after centrifugation was diluted up to 5.0 ml with deionized water, and absorbance was read at 700 nm.

For antioxidant enzyme determination, frozen leaf material was homogenized in potassium phosphate buffer (0.2 M, pH 7) ice-cold solution with ethylene diamine tetra acetic acid (EDTA) (0.1 mM). The activity of APX was measured by a decline in spectrophotometer absorbance (290 nm wavelength) due to the reduction of ascorbate by H2O2 (Nakano and Asada, 1981). The activity of CAT enzymes was observed by a diminution in the spectrophotometer absorbance (240 nm wavelength) owing to H2O2 loss (Cakmak and Marschner, 1992). The activity of GPX was observed by spectrophotometric absorbance (340 nm wavelength) due to the reaction of a sodium azide, glutathione, and GPX solution into a β-NADPH (nicotinamide adenine dinucleotide phosphate) (Aebi, 1983). The activity of SOD enzyme was estimated by spectrophotometric absorbance (420 nm wavelength) due to reaction of enzyme extract with sodium phosphate, EDTA and pyrogallol (Roth and Gilbert, 1984).



Hemolytic and nematicidal activities

Hemolytic activity of French marigold extracts was assayed through the method of Powell et al. (2000). The human blood cells (3 ml) were gently poured into a sterile falcon tube and washed three times with chilled PBS (5 ml) by centrifuging the tubes for 5 min. The red blood cells (180 μl) were gently mixed with French marigold flower extract (20 μl) and centrifuged for 5 min. The supernatant (100 μl) was diluted with chilled sterile PBS (900 μl). Triton X-100 was run as a positive control, and PBS was taken as a negative control in triplicate. Absorbance was taken at 576 nm through ELISA plate reader.

The nematicidal activity of endophytic bacterial strain treated French marigold flowers extract was evaluated. A root-knot nematode M. incognita at juveniles J2 stage was obtained by incubating nematode egg masses in tap water at 27°C in the dark. They were collected every 2 days and concentrated in small volumes of sterilized water by filtering through 1 μm Whatman filters and collecting them after repeated washes (Molinari, 2009). The soil stages juveniles of nematodes were separately transferred to oil solutions from French marigold flower extract in Petri dishes. Each treatment had 100 nematodes in triplicate. Nematodes in distilled water and 0.05% Tween solutions were served as checks. The Petri dishes were kept at room temperature (28 ± 2°C). Numbers of un-hatched and M. incognita juveniles were daily recorded for 16 days, and immobile soil stages of nematode were counted after 24 and 72 h (Abd-Elgawad and Omer, 1995). Each time, the nematodes were transferred in aerated distilled water, and then the active nematodes were counted after a day.



Plant analysis

Post-harvest plant biomass (above and below ground) was obtained after drying whole plants at 65°C for 72 h, and samples were wet digested by following the method of Wolf (1982). The plant digested samples were analyzed for N, P, and K concentration by following the technique of Estefan et al. (2013). The N contents in plant digest were determined through the Kjeldahl method. The P concentration was estimated through a colorimetric method, while the K concentration was determined using a flame photometer.



Persistence of endophytic bacteria in the rhizosphere, root, shoot, and flowers

The rhizosphere and endophytic persistence of selected bacterial strains were determined by dilution and plate counting technique. For colonization assay, rhizospheric soil was collected, and soil slurry was prepared at a ratio of 1:5 (soil: NaCl 0.9%) following agitation for 30 min at room temperature. After sedimentation, serial dilutions up to 10–6 were plated onto a 10% tryptic soy agar medium. Colonies were counted after incubating the plates at 28 ± 1°C for 2-days, and the colonization value was determined following the equation.
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Similarly, 1 g of surface-sterilized samples of each plant tissue (root, shoot, leaves, and flowers) were homogenized in 5 ml 0.9% saline buffer using a sterile mortar and pestle. After settling the solid fraction, serial dilutions up to 10–5 were spread on a TSA medium. Twenty-five visible colonies were selected per treatment randomly, and their identity with that of inoculant strain was confirmed by restriction fragment length polymorphism (RFLP) analysis of the 16S–23S rRNA intergenic spacer (IGS) region (Naveed et al., 2014).



Statistical analysis

Data for different growth and yield attributes were collected and analyzed statistically using software “Statistix 8.1®” version. Means were compared by using least significant difference (LSD) test (Steel et al., 1997) at a 5% probability level. Origin Pro 9.1 software was used for graphs, and Pearson correlation, PCA was performed using R-software.




Conclusion

The current study concluded that French marigold plants inoculated with endophytic bacteria improve plant growth, physiology, nutrient uptake, and vase life compared to the uninoculated control. They also improve the metabolites, antioxidant enzyme activity, and nematicidal activities of extract from French marigold flowers. The application of endophytic bacteria is also involved in reducing the hemolytic activity of extract from French marigold flowers. The consortium application reported a significantly more significant improvement in French marigold attributes than sole inoculation. Consortium application of such compatible promising endophytic bacteria could benefit the horticulture industry by providing evidence that beneficial bacteria adopted as an effective tool to reduce fertilizers input and improve plant metabolites profile and pharmaceutical quality of ornamental plants.
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One of the most diverse protein families, ATP-binding cassette (ABC) transporters, play a role in disease resistance, heavy metal tolerance, and food absorption.Differentially expressed genes contribute in the investigation of plant defense mechanisms under varying stress conditions. To elucidate the molecular mechanisms involved in Mn metal stress, we performed a transcriptomic analysis to explore the differential gene expression in Schima superba with the comparison of control. A total of 79.84 G clean data was generated and 6558 DEGs were identified in response to Mn metal stress. Differentially expressed genes were found to be involved in defense, signaling pathways, oxidative burst, transcription factors and stress responses. Genes important in metal transport were more expressive in Mn stress than control plants. The investigation of cis-acting regions in the ABC family indicated that these genes might be targeted by a large variety of trans-acting elements to control a variety of stress circumstances. Moreover, genes involved in defense responses, the mitogen-activated protein kinase (MAPK) signaling and signal transduction in S. superba were highly induced in Mn stress. Twenty ABC transporters were variably expressed on 1st, 5th, and 10th day of Mn treatment, according to the qRT PCR data. Inclusively, our findings provide an indispensable foundation for an advanced understanding of the metal resistance mechanisms. Our study will enrich the sequence information of S. superba in a public database and would provide a new understanding of the molecular mechanisms of heavy metal tolerance and detoxification.
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1 Introduction

Manganese (Mn) is one of the most hazardous heavy metals to contaminate soil and decrease plant yield (Queiroz et al., 2021). Removal of heavy metals from soil is very difficult and it requires complicated efforts. Many physiochemical and biological approaches are being used to decontaminate soils. A low-cost and very effective way to remove metal from contaminated soil is through phytoremediation (Song et al., 2022). The ability of a plant to endure and accumulate heavy metal stress is mostly influenced by heavy metal concentration. species characteristics, the number of rhizosphere microbes, and the concentrations of related metabolites (Barra Caracciolo et al., 2021). Plant species known for Mn hyperaccumulation are typically woody and found in subtropical regions, and they belong to the families Apocynaceae, Celastraceae, Clusiaceae, Myrtaceae, and Proteaceae (Bidwell et al., 2002).

S. superba (Theaceae) had unusually high Mn levels in the leaves, according to research conducted on a Mn mine land (Yang et al., 2008). This tree is a potential Mn hyperaccumulator, according to Baker and Brooks, who defined metal hyperaccumulation. This tree grows quickly, has a large ecological amplitude, and a lot of biomass, so it has a lot of potential for on-site metal remediation (Liaquat et al., 2021). To acquire tolerance, heavy metal ions absorbed inside the plant were expelled from the cells, reducing heavy metal effectiveness and toxicity. When plants are exposed to heavy metal stress, reactive oxygen species (ROS) are produced, which further obstructs photosynthesis and respiration and seriously harms their membrane systems (Singh et al., 2016). Several proteins and genes that regulate Mn absorption, translocation, and the integration of specific Mn detoxification signal pathways have recently been identified (Tang et al., 2021).

ATP-binding cassette (ABC) transporters are a large protein superfamily found in all living organisms (Hyde, 1990). Most ABC transporters encode membrane-bound proteins that transport a diverse range of molecules across membranes (Dean et al., 2001). ABC transporters are a diverse group of proteins found in all organisms that act as ATP-dependent pumps, ion channels, and channel regulators to mediate cellular trafficking across biological membranes (Holland et al., 2003). ABC transporters exist in several isoforms and are involved in heavy metal detoxification. RNA-Seq data has helped plant scientists to understand the response of plants under different heavy metal stress conditions. However, very few studies have described or clarified the mechanisms of Mn hyper-accumulation (Ai et al., 2018). To understand hyper-accumulation of Mn, studies on uptake, movement and internal detoxification are still not understood very well. Till date, no complete genome of Mn hyper-accumulator is available and it restricts the study of its molecular mechanisms (Pasricha et al., 2021). With the advent of new sequencing technologies like RNA-seq, the availability of these kinds of information can be expected, soon. The aim of this study was to evaluate the differential responses of ABC transporter genes of S. superba in response to metal stress.



2 Materials and methods


2.1 Plant materials

In the glass greenhouse of Shanghai Jiao Tong University, 1-year-old S. superba seedlings were used in a pot experiment. Hoagland solution quarter strength was used to water these seedlings. 36 seedlings with similar growth performance (about 35 cm tall) were randomly assigned to two groups: control sample (CK) and the sample treated with 100 mM Mn (WT) for 1, 5 and 10 days. Every group was performed with three biological replicates (CK1, CK2, CK3, WT1, WT2, and WT3). Leaf samples from control and metal-treated plants were taken and rinsed in tap water before being rinsed with ddH2O and dried on sterile absorbent paper.



2.2 RNA extraction, library construction and sequencing

In this study, RNA samples were extracted from the control and plants treated with 100 mM Mn for 1, 5, and 10 days using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The samples that had an RNA Integrity Number (RIN) 7 were employed in the study that followed. The TruSeq Stranded mRNA LT Sample Prep Kit (Illumina, San Diego, CA, USA) was used to create the cDNA libraries in accordance with the manufacturer’s recommendations. 125bp/150bp paired end reads were produced from the sequenced libraries using the Illumina HiSeqTM 2500 sequencing technology.



2.3 Bioinformatics analysis


2.3.1 RNA Seq quality assessment and genome mapping

Raw data (raw reads) were processed and converted to clean reads using the Trimmomatic software. [251]. FASTQ (also known as fq) files were used to save the raw reads and results, which included sequencing. Trimmomatic was used to separate ploy-N, adopter sequence, and low-quality reads to generate clean reads. The quality of trimmed and untrimmed reads was assessed using FastQC.



2.3.2 Gene-level quantification

Cufflinks was used to calculate the expression level of protein coding gene fragments per kilobase of transcript per million mapped reads (FPKM) (Trapnell et al., 2012) htseq-count was used to calculate the read counts for each protein-coding gene (Pomaznoy et al., 2019).



2.3.3 GO and KEGG enrichment of differentially expressed genes

DESeq was used to assess gene expression differences (Wang et al., 2019). The level of gene expression was calculated using the base mean value. NB calculated the difference multiple and performed the significant difference test on the number of reads (negative binomial distribution test). A threshold of P value (less than 0.05) and fold change (greater than 2) was set for screening differential gene expression. For screening differential gene expression, a P value less than 0.05 and a fold change greater than 2 were used. The gene expression patterns were investigated using hierarchical cluster analysis. To define key biological functions and pathways, all DEGs were mapped to terms in the Kyoto Encyclopedia of Genes and Genomes (www.kegg.jp/kegg/kegg1.html). The hypergeometric distribution was used to perform Gene Ontology enrichment and KEGG pathway enrichment analysis on DEGs. The differential genes between samples were analyzed for MF and BP enrichment using the fisher algorithm, and a directed acyclic graph was created using top 20 GO for the enriched term (Sharma et al., 2019). PCA, hierarchical clustering, and correlation among all samples were carried out to examine the accuracy and consistency of biological copies as well as the variations between stressed and control.



2.3.4 Comparative Phylogenetic and multiple sequence alignment analysis

A comparative study of 30 highly expressed ABC transporters from S. superba and 128 proteins from Arabidopsis thaliana was carried out using ClustalX software. The Maximum Likelihood approach was used to determine the evolutionary relationship by using online IQ-tree software. All alignments were completed to generate a phylogenetic tree using itol. MEME software (http://meme-suite.org/tools) was used to identify the conserved ABC protein motif (Zhang et al., 2020).



2.3.5 Promoter analysis

Online webtools from the PlantCARE database were used to search for cis-acting elements in the promoter sequence. In brief, the promoter sequence was the 1500-bp sequence upstream of the ABC gene family’s ATG start codon. Cis-acting elements unrelated to heavy metal stress were removed, and the elements were drawn and visualized using TB tools (Huang et al., 2021).



2.3.6 Real time PCR analysis

The expression of several ABC transporter genes was assessed using q-PCR to validate the transcriptome results. Numerous plant ABC transporters have been found to be involved in the transport of hazardous metals, defending plants from the negative effects of toxic heavy metals (Song et al., 2022). The control gene used was actin. Sangon Biotech manufactured the primers after designing them with the Primer3 software program (Shanghai, China). For each sample, three technical replicates were used. Water devoid of RNase served as the adverse control. The 7500 Real-Time PCR System was used to conduct PCR analysis in three replicates on an optical 96-well plate (Applied Biosystems). The PCR mixture was made using the Huang et al., 2022 technique. Thermal cycling started with denaturation at 95°C for 1 minute, then 40 cycles of 95°C for 15 seconds, 57°C for 15 seconds, and 72°C for 15 seconds (45 s). The list of qPCR primers found in Table 1.


Table 1 | Primer sequences of selected genes for q-PCR.






2.4 Data analysis

The results were presented as mean standard deviation (SD) and analyzed using one-way ANOVA (ANOVA, P < 0.05).




3 Results


3.1 Illumina sequencing and quality control

To elucidate the molecular responses to Mn stress in S. superba, we prepared 6 libraries from Mn treated and control samples of the transcriptomic sequencing and 124.45G of clean data was obtained. The Q30 base distribution was 94.37~94.99%, and the average GC content was 46.48% (Table 2).


Table 2 | Sample sequencing data evaluation statistics table.





3.2 Alignment and In silico analysis

This project used non-redundant transcripts, measured in three generations as references for sequence alignment and subsequent analysis. STAR was performed to compare Clean Reads with transcripts to get position on the transcript (Table 3). The protein-coding gene expression profile of each sample is represented by the FPKM density distribution (Figure 1A). The FPKM distribution of genes in each sample was represented by an FPKM density map for all sample genes. Each sample expression value (FPKM) was separated into various intervals due to the variations in the samples’ gene expression values and number of expressed genes. Stacked histograms were made when the number of genes expressed in various expression interval samples was established (Figure 1B).


Table 3 | Comparison results between second-generation sequencing data and non-redundant transcripts measured in third-generation.






Figure 1 | (A) The FPKM density distribution reflects each sample’s protein-coding gene expression pattern. (B) FPKM box diagram for each sample.





3.3 Functional annotation and enrichment analysis of differentially expressed transcripts

The functional annotation of the database was performed on the differentially expressed transcripts. The statistics of the number of transcripts annotated in each differentially expressed transcript set shown in (Table 4).


Table 4 | Statistics of the number of annotated differentially expressed transcripts.





3.4 Statistics and profiling of differential gene expression

Based on the levels of protein-coding gene expression in various samples, differential screening was done. There were three distinct groups. The total number of DEGs was discovered using the FC>2 and P < 0.05 thresholds to be (CK1 vs T1) 47,292, (CK5 vs T5) 38658, and (CK10 vs T10) 43,705, respectively. During the (CK1 vs T1) comparison, 18,602 genes were upregulated while 20,056 were downregulated. In (CK5 vs T5), there were 20,270 upregulated genes and 20,056 downregulated genes. 22,456 genes were increased in CK10 compared to T10, whereas 24,836 genes were downregulated. (Table 5).


Table 5 | Statistics of the number of differentially expressed transcripts.



The three comparisons resulted in a total of 56,145 genes being differentially regulated, of which 37, 850, 42,757, and 46,179 DEGs were found in CK1d-Vs-T1d, CK5d-Vs-T5d and CK10d-Vs-T10d respectively is shown in the (Figure 2) below:




Figure 2 | Gene expression profile between the Mn treatment and control.





3.5 Gene ontology and KEGG analysis of DEGs

GO assignments were used to classify the functions of DEGs, and the result of significantly enriched GO terms (Padj-value < 0.01). We performed a GO enrichment analysis of the DEGs from three comparisons. The most abundant GO cellular process terms after Mn treatment were in the cell, call part, membrane or in the organelle. Analysis molecular function showed that these target genes were enriched in binding and responding to catalytic activity. In biological process metabolic, cellular, and single- organism process was enriched after Mn treatment. The number of DEGs in the three functional items increased significantly on days 1, 5, and 10, with a visual induction from day 1 to 10. The results of GO enrichment for DEGs at each time point indicated that these DEGs were actively expressed after Mn stress (Figure 3). The Kyoto Encyclopedia of Genes was classified based on a pairwise comparison of CK1 VS T1, CK5 VS T5, and CK10 VS T10. Based on these findings, DEGs involved in carbon metabolism, amino acid biosynthesis, and protein processing in the endoplasmic reticulum were found to be highly enriched (Figure 4).




Figure 3 | Gene Ontology (GO) classification of S. superba unigenes. (A) Cellular components; (B) Molecular function; (C) Biological process.






Figure 4 | Differentially expressed transcripts KEGG pathways enrichment scatter plot.





3.6 Evaluation of sample variation

PCA revealed discrete behavior in control and Mn-stressed plants. All three PC contributed 56 percent of the total variance. PC1 had a variance of 25.56 percent, while PC2 and PC3 had variances of 16.94 percent and 13.57 percent, respectively (Figure 5).




Figure 5 | PCA expressing DEG variance in all four data sets.





3.7 Classification of ABC genes in S. superba

From the transcriptome database of S. superba, 30 genes from the ABC family were found after incomplete or redundant sequences were removed. 129 members of the Arabidopsis ABC family and the S. superba ABC family were used to build a phylogenetic tree, which was then given the original IDs of these genes. (Figure 6). The findings show that ABC gene members are divided into five clusters.




Figure 6 | Heat map of the expression level correlation of genes involved in ABC transporters.



At the beginning of the first day, the expression pattern of Cluster 1 demonstrated an up-regulation trend, which was followed by stable expression in the stage after that. It’s interesting to see that cluster 6 showed an uptick in expression throughout the stage, peaking at day 10. After 1 day, 5 days, and 10 days, clusters 2, 3, and 4 displayed an upregulation tendency, followed by a minor decline. The results suggest that Mn stress can quickly trigger the genes in cluster 1, but clusters 2, 3, and 4 displayed a time-dependent trend in the process (Figure 7).




Figure 7 | Analysis of the DEGs’ expression trend patterns.



The base determines the value of ratios. Each cluster’s gene expression trend was analyzed using 2 logarithms. The ratio is determined for each gene by dividing the FPKM of the gene in the sample by the FPKM of the gene in the control.



3.8 Physiochemical properties of ABC genes

It was found that F01_transcript_167 was the largest identified protein with a range of 1534 amino acids, whereas the smallest one was F01_transcript_52963 with 58 amino acids. The relative molecular weight of these ABC genes varied according to protein size and ranged from 6,137.11 kDa to 170,475.56 kDa, with an average molecular weight around 77,239.44 kDa. It was estimated that the isoelectric point (pI) had a range from 5.39 to 10.37 and the average isoelectric point was 7.48 (Table 6).


Table 6 | Physiochemical properties of ABC transporters.





3.9 Hierarchical cluster analysis and expression pattern of transport-related genes

ABC transporters are essential for plant resistance to heavy metal stress. ABC transporters were found to be highly expressed in response to Mn treatment after 1, 5, and 10 days. ABC transporter genes may be involved in Mn detoxification and play important roles in transporting excess Mn from the root to the leaf in plants, which may be another feature of S. superba’s hyperaccumulation capacity. When compared to the control, transcripts-51102 and 71167 were significantly upregulated after 1, 5, and 10 days of Mn treatment, and the expression pattern was consistent. In our study, most uni-genes encoding S. superba ABC transporters were upregulated throughout the Mn treatment response stage (Figure 8). These findings were consistent with ATP binding and intracellular protein transport being enriched functions.




Figure 8 | Phylogenetic tree of S. superba and Arabidopsis genes.





3.10 Promoter Cis-acting analysis

TFs (transcriptional factors) use binding of cis-regulatory elements in the promoters of target genes to regulate them both regionally and functionally (Shibata et al., 2016). The binding specificity of the TFs is determined by the cis-regulatory element in the promoter region and plays a key role in transcription regulation. Cis-regulatory elements of ABC transporters in S. superba were identified to be involved in stress response. The CAAT-Box and TATA-box motifs were discovered in most ABC genes, and the number of them was higher in the promoters of transcript-52693, transcript-55652, transcript-82646 and trancript-84527 as compared to other ABC genes. This suggested that TATA-Box and CAAT-Box motifs perform a significant role in the stress response. These cis-elements had a role in ABA responsiveness as well as promoter and enhancer regions. Moreover. Light responsiveness cis-acting regulatory elements (Box 4) comprise only 1% of the total ABC members. Stress-responsive element was determined ARE (3%) which is associated to light stress (Figure S1). These findings suggested that members of ABC gene family could improve metal stress response.



3.11 Gene ontology annotation of ABC genes

GO enrichment analysis was used to predict subcellular localization, molecular function, and biological process (Figure S2). The predicted distribution scores of ABC transporter proteins in subcellular localization analysis were as follows: 22% in the plasma membrane, 2% in the cytoplasm, and 2% in the chloroplast. The collective scores of ABC transporters during biological process were transport and homeostatic process 8.36% and 7, 95% involved in the response of stress.

Gene ontology depicted the distribution of each ABC gene in the plant, with a brown column representing the cellular compartment. The biological process in which the ABC family participates is shown in red, and the molecular function and subcellular localization are shown in purple and blue.



3.12 qRT-PCR analysis of DEGs

To further investigate the funcion of ATP-binding cassette (ABC) transporters and which of the identified transporters could be potentially involved in the regulation of Mn in S. superba, 11 ABC genes transporter genes were selected for qRT PCR. It was observed that all selected genes showed various expression levels after 1, 5 and 10 day of Mn treatment, as compared to control. In general, SsABCc2, SsABCc3, SsABCc9, SsABCc11, SsABCd1 and SsABCf1 had the highest expression in the Mn treated group (WT) on day10, whereas SsABCc6, SsABCc13, SsABCg1, SsABCg2 and SsABCg5 had the highest expression on day 1 in the Mn treated group (WT) (Figures 9). The alteration patterns of these genes were consistent with that of transcriptome analysis, indicating that the DEGs identified by comparative transcriptome analysis were reliable.




Figure 9 | Relative expression of ABC genes in S. superba under 100 mM Mn treatment.






4 Discussion

Transcriptomic analysis helps to understand the behavior of any plant under stress conditions. To explore metal stress mechanism and tolerance level, S. superba was stressed and examined under different concentrations of Mn. Physiological, proteomics and functional genomics studies have been reported to study metal stress resistance of plants (Hossain and Komatsu, 2013). In this study, the differential expression of transporter genes in S. superba, in response to Mn stress has been studied for the first time. In this study, 124.45 G clean data were obtained by doing sequence analysis of S. superba under Mn stress. The sequence accuracy was determined through Q30 base distribution that showed 94.37~94.99%, with average GC content 46.48%. Our previous study, using PacBio sequencing revealed almost the same sequence pattern (Liaquat et al., 2021).

In this study, gene function and expression analysis was further performed to see their role in the process of Mn tolerance in S. superba. To compare gene expression differences between various samples, protein coding gene expression pattern was analyzed, using FPKM density distribution. Our results indicated that each sample expression value (FPKM) was distributed into different intervals which agrees with previous studies (Filloux et al., 2014). The Pearson Correlation Coefficient was used to evaluate linear relation among gene expression level of the sequencing samples (Koch et al., 2018). Our results suggested maximum difference of gene expression level between the considered samples. Previous studies also showed maximum differences among two samples (Arora et al., 2020). It also indicates that samples belong to same cluster possess similar biological functions (Bushel at al., 2018). Many transcriptomic studies revealed expression patterns of specific DEGs and various profiles of metal stress tolerance (Fan et al., 2021). These studies also indicated that selective induction and rapid activation of metal tolerance pathways might be the primary reason for metal resistance in specific plants. Similarly, our results revealed DEG expression where some genes were upregulated while others were down regulated (Tables 5). Differential gene expression may be a result of variations in genotype, interaction between genes under various pathways and environmental conditions (Barbey et al., 2020). We utilized assembled transcriptome for further applications of S. superba. Recent studies have reported some metal tolerance genes that encode transmembrane proteins by combining RNA seq, physiological data and SNP analysis (Zhou et al., 2022).

The three GO terms analyzed, such as biological process, molecular function, and subcellular components, provide an important basic classes (Shah et al., 2022). GO is a standardized functional classification analysis that present information of different genes properties and their products in any organism (Balakrishnan et al., 2013). The Go ontology provide basic function of genes based on their predicted function (Manzoor et al., 2021). The assimilation of GO and KEGG pathways presented a broad understanding of various responses to salt stress in various tissues of S. superba. Our GO enrichment analysis after 1, 5 and 10 days revealed almost same pattern for biological, cellular, and molecular functions. It indicates that different genes of S. superba cooperate with each other to fulfill their biological functions. Our GO analysis indicates that DEGs were involved in metabolic processes, macro and supra molecular complex, transporter activities, stimulus responses which suggest that DEG in this cellular complex would be involved in metal tolerance in plants (Raza et al., 2022). Furthermore, DNA binding transcription factor activity, extracellular region, detoxification process and biological regulation have been reported to exhibit metal tolerance in different plants (Li et al., 2022; Sabir et al., 2022). The DEGs involved in metal ion binding process are likely to promote metal tolerance of plants via regulation of downstream target gene’s expression. We also determined that uni-genes were mapped to Mn stress tolerance, based on KEGG pathway. Among them, maximum genes were associated with the biosynthesis of amino acids, carbon metabolism, and plant hormone signal transduction indicating that these pathways may facilitate plants to cope with severe environmental conditions such as drought tolerance, metal stress and saline stress (Dos Santos et al., 2022).

Across a variety of biological membranes, ABC proteins (C-subfamily) act as powerful transporters to enable chemical exchange. To better understand cellular processes, drug development, and tissue expression in humans, ABCC transporters have undergone significant research on substrate selection, tissue expression, and transport kinetics (Niu et al., 2021). ABCC transporters were first discovered in plants as GS conjugate vacuolar pumps, and they were thought to play a role in detoxification, PTE sequestration, chlorophyll catabolite transport, and ion channel modulation. SsABCc19, SsABCc15, and SsABCc17 are three well-studied transporter genes (Lee et al., 2005). ABCC transporters are significant detoxifiers that sequester metal-chelators into plant vacuoles. According to one research, ABCC proteins are involved in PTE hypertolerance and hyperaccumulation (Fasani et al., 2022). Understanding the involvement of ABCC proteins in S. superba is crucial for understanding hyperaccumulation of S. superba.

The composition and diversification of the ABCC subfamily in S. superba were determined using bioinformatics methods, and their expression profiles were assessed for potential role in Mn tolerance and accumulation. Variable expression of ABC transporters has been reported in other crops (Lopez-Ortiz et al., 2019). Plant ABC transporters are crucial membrane proteins that transport and distribute a variety of metabolites and xenobiotics, including heavy metals (e.g., Zn, Mn and Cd). They play a variety of roles in stress, growth, and plant development responses (Gill et al., 2021). They are important in seed germination, stomatal movement, lateral root formation, and other stress responses in plant (Xu et al., 2022). ABCC-type transporters have recently been discovered to be important apo-phytochelatin and phytochelatin-heavy metal (oid) complex transporters (Park et al., 2012). ABCCs have been linked to detoxification and the potential sequestration of harmful metals in plants. In contrast, the AtABCC3 gene encoded a PC-Cd complex transporter. AtABCC1 and AtABCC2 genes have been connected to the phytochelatin vascular sequestration (PC)-Hg (II) and PC-Cd (II), respectively (Nosek et al., 2020). A crucial component of glutathione-mediated detoxification is played by wheat ABCC protein (TaABCC13), while rice ABCC protein (OsABCC1) decreases the quantity of arsenic in grains by securing it in vacuoles (Feng et al., 2020). According to these findings, ABCC members play an important role in determining how hazardous metals are transported and detoxified (Li et al., 2022). Arabidopsis thaliana ABCG genes were found to be more resistant to very hazardous heavy metals (Wang et al., 2019).
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Temperature is one of the most important factors regarding fruit postharvest, however its effects in the strawberry fruits quality in postharvest remains to be evaluated. In this study, the effects of cold and heat storage temperature on fruit quality of ‘Benihoppe’ strawberry were performed. The results showed that different temperatures could affect the metabolism of hormone, anthocyanin, reactive oxygen species (ROS), and transcription level of responsive factors. The synthesis of terpenoids, amino acids, and phenylpropanoids in strawberries were also changed under different temperatures, which finally changed the quality characteristics of the fruit. We found HSF20 (YZ1)-overexpressed fruits were sensitive to cold and heat conditions but CBF/NF-Y (YZ9)-overexpressed fruits promoted coloring under cold treatment. This study clarified the effect of postharvest cooling and heat treatments on quality and transcriptional mechanism of strawberries fruits. Moreover, these results provided an experimental basis for further research on improving the quality of strawberry berries during postharvest periods.
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Introduction

Strawberry (Fragaria ananassa Duch.) as a fruit appreciated in the food and drug industry is noteworthy for its attractive color, unique flavor, and nutritional benefit (Zhang et al., 2019). Among different strawberry cultivars, ‘Benihoppe’ strawberry is very popular among consumers and it has become one of the most important varieties in China (Liu et al., 2016). ‘Benihoppe’ strawberry cultivar is considered for its perfect balance of sweetness and sourness that obtained by the hybridization of ‘Akihime’ (sweetness) and ‘Sachinoka’ (acidity) (Kim et al., 2015). It is a fruit with high nutritive value, which contains sugar, acid, and several proteins, as well as a good source of trace minerals (Pott et al., 2020).

Postharvest diseases decline the quality of harvested fruits and lead to short storage life in the market (Shin et al., 2007; Hashmi et al., 2013). Usually, strawberries can only be stored for 2-3 days under room temperature conditions, therefore, we need to consider the different strategies to protect fresh strawberries quality during storage. In order to maintain the commercial strawberry production during a postharvest time, there are the commonly used fresh-keeping technologies including low-temperature refrigeration and treatment with low-pressure, heat, UV-C, ozone, and calcium (Chen et al., 2011; Hashmi et al., 2013; Xu et al., 2019). Among them, low-temperature storage is the most common method of preservation and could effectively reduce their protein decomposition and the rate of decay, preserve the content of sugar and acidity, and inhibit the loss of water, which lead to the maintenance of the nutritional value and quality of strawberries (Ayala-Zavala et al., 2004; Cordenunsi et al., 2005). In addition, high ambient temperature hiked anthocyanin accumulation in postharvest strawberries through up-regulations of anthocyanin biosynthetic genes and transportation genes and also led to anthocyanin degradation by laccase genes expression at the same time, resulting in the fruits discoloration of postharvest strawberries (Peng et al., 2017; Zhang et al., 2019). Changes of physiological and molecular occurred in plant in response to low or high temperature have been extensively studied (Kaplan et al., 2004; Shin et al., 2007). Soluble sugars, amino acids, organic acids, hormones, and anthocyanins are important substances, which played crucial role in the resistance of plants to environmental changes (Zhang et al., 2011; Carmona et al., 2017; Jin et al., 2017). Heat shock proteins (HSPs) and AP2 family transcription factors CBFs are also important for plant to response to temperature stress (Chinnusamy et al., 2007; Zhu, 2016).

The metabolites for aroma and taste synthesis can be powerful tools for tracking the deterioration of strawberry under temperature changes during postharvest storage. The gene regulatory network in response to cold stress as well as multiple regulated metabolic networks have been studied in different species of plant (Cook et al., 2004; Kaplan et al., 2004; Lei et al., 2014; Maruyama et al., 2014; Bai et al., 2015; Zhang et al., 2019). Therefore, the association between the gene and metabolite networks is incredible and remains to be elucidated under temperature treatments through the identification of molecular mechanisms and biochemical pathways. Especially in strawberries, which the physical damage and pathogen attack could decrease the fruit quality in commercial storage conditions, has not been thoroughly studied. The increased ease and efficiency of RNA sequencing (RNA-Seq) tools will facilitate the study of the mechanisms underlying metabolite variation. On the basis of metabolite analysis, a stringent logical filter for high-throughput approaches could be set up and used to identify the relevant factors (Lou et al., 2014). The combined analysis of transcriptomic and metabolomics can provide a large amount of data on molecular and metabolic events under different storage conditions, which help to further analyze the metabolic process of harvested strawberry fruit (El-Sharkawy et al., 2015).

In this study, we investigated the transcriptomic and metabolic changes of ‘Benihoppe’ strawberry fruits during postharvest cooling and heat storage and clarify the response of strawberry endogenous metabolism to different temperatures. Our results provide experimental basis for further research to effectively preserve softening during postharvest storage and the quality of strawberry berries.



Materials and methods


Plant materials and treatments

The strawberry fruits ‘Benihoppe’ (Fragaria ananassa Duch.) were collected from the vineyard of Nanjing Agricultural University (31°36′N, 119°10′E) at April in Nanjing, Jiangsu Province, China. All selected fruits were mature with uniform fruit size and intact shape, grown in a greenhouse under standard cultivation conditions (20°C-25°C, relative humidity of 70%-85%, 14 h/10 h light/dark cycles) during spring seasons. The harvested strawberries (28 days after anthesis) were placed in a transparent airtight box and treated with different temperatures including room temperature (RT, 25°C), low temperature (cold, 4°C), and high temperature (heat, 37°C), with a relative humidity of 90% in a constant temperature incubator. There are three repetitions for each treatment, and twelve fruits for each repetition. The samples were randomly collected after 7 days, and separated into two groups including seeds (at room temperature storage (AS), high temperature storage (BS), and low temperature storage (CS)) and fruits (berries under room temperature storage (DF), high temperature storage (EF), and low temperature storage (FF)) (Figure 1A), and immediately frozen in liquid nitrogen. All samples were stored at –80°C for subsequent analysis.




Figure 1 | Differentially expressed genes (DEGs) in seeds and fruits of strawberries after 7 days under different storage temperature modes. (A) Strawberry fruits and seeds under different storage temperatures; (B) Principal component analysis (PCA) scatter plot of different samples based on the transcriptomic profiles; (C) Correlation coefficient graph of all samples; (D) DEGs in samples treated at cold, RT, and heat treatments. The 6-element Venn diagram was used to represent the number of genes with no difference in expression between different groups. The Upset diagram was used to more closely represented the intersection between different temperatures and samples. The green bar graph represents the size of each combination, while the black dot represents yes, the gray dot represents none, and the black bar graph represents the number of intersections. (E) Volcano map for the significance level of the DEGs. The horizontal axis represents the fold change of DEGs, and the vertical axis represents the significance level of the difference. Padj indicates the corrected p value after the multiple hypothesis test, the same as below. (F) Comparison of the transcription level of DEGs using heatmap analysis. Samples were divided into two groups including seeds (RT (AS), heat (BS), and cold storage (CS)) and fruits (RT (DF), heat (EF), and cold storage (FF)).





Transcriptomic analysis

Total RNAs were extracted using a CTAB method according to the method of Wang et al. (2014). The RNA purity and integrity were assessed based on the A260/A280 absorbance ratio and 1.0% agarose gel electrophoresis. Library preparation and transcriptome sequencing were completed by the Beijing Novogene Technology Corporation (Beijing, China). All treatments were performed with three biological replicates. Differentially expressed genes (DEGs) analysis was performed using the DESeq R package (1.18.0) (Benjamini and Hochberg, 1995). Genes with |log2foldchange|>0 an the adjusted p-value< 0.05 were considered as differentially expressed (Zhang et al., 2020; Zhang et al., 2021; Zhang et al., 2021). The GO enrichment analysis and the statistical enrichment of DEGs in the KEGG pathway of DEGs were performed with the GOseq R software package and KOBAS software, respectively (Zhang et al., 2020).



Transient expression levels of key genes

Using screening of transcriptome data, we selected six genes in response to temperature changes including: Hsp20/alpha crystallin family (XM_004307545, YZ1), Universal stress protein family (XM_004300412.2, YZ4), Senescence regulator (XM_004295368.2, YZ5), EF-hand domain pair (XM_004306435.2, YZ8), Histone-like transcription factor (CBF/NF-Y) and archaeal histone (XM_004291519.2, YZ9), and Protein phosphatase 2C (XM_004302777.2, YZ10) (Table S1). Full-length coding sequences of these genes were cloned from the cDNA of ‘Benihoppe’ strawberries. The cloned sequences were then transferred into the pCAMBIA1302 vector to produce the transformed plasmids including YZ1-GFP, YZ4-GFP, YZ5-GFP, YZ8-GFP, YZ9-GFP, and YZ10-GFP. According to Zheng et al. (2020), the plasmids were subsequently transfected with Agrobacterium (strain EHA105) and used for the infection of the strawberries during their large green fruit period. For control (CK), samples were infected with the pCAMBIA1302 vector alone. All treatments were performed with three biological replicates, and ten fruits for each repetition. The transformed strawberries were placed in incubators with 4°C, 25°C, 37°C. The samples were collected after 5 days, while the skin and seeds were removed, and the remaining fruit were used for subsequent analysis.



Determination of physiological and biochemical parameters

The anthocyanin content was determined using spectrophotometry according to the method described by Zheng et al. (2020). Total anthocyanin was extracted using a methanol–HCl method. Samples (0.1 g) were soaked and incubated overnight in 5 mL methanol containing 0.1% (v/v) HCl in the dark at room temperature. Anthocyanin contents in samples were measured using the PH differential method. The absorbance of sample extracts at 520 and 700 nm was measured using a UV-2550 spectrophotometer (Shimadzu). The sugar and organic acid contents were determined using high-performance liquid chromatography (HPLC) according to the method of Zheng et al. (2020). 0.5 g samples were ground in liquid nitrogen and mixed with 1.5ml 80% ethanol, 85°C for 30 min, and centrifuge at 12000 g for 10 minutes. Aspirate the supernatant and repeat the above step. Mix the supernatant together and freeze-dry. 15 ml ultrapure water was used to dissolve lyophilized precipitate and filtered the solution with 0.22 water-filter for the measurement of soluble sugars and organic acids. The contents of hemicellulose, pectin, and cellulose were determined using related kits (Solarbio Life Sciences, Beijing, China). The enzyme activities of superoxide dismutase (SOD) and peroxidase (POD) were determined using enzyme activity test kit (Solarbio Life Sciences, Beijing, China). All experiments were performed three replicates.

The aroma components were determined using gas chromatography-mass spectrometry (GC-MS) (Zheng et al., 2020; Zheng et al., 2021). Samples (2 g) were ground and transferred to a headspace bottle (15 mL). Three millilitres of saturated NaCl solution were added to the samples, and 32.84 ng 3-nonanone was added as an internal standard. GC–MS analysis was performed automatically using a TSQ™ 9000 Triple Quadrupole GC–MS/MS System (Thermo Scientific, Nanjing, China) with a 50/30 μm DVB/CAR/PDMS Fibre (Supelco, USA) that was maintained at 40°C for 30 min. The MS conditions were as follows: EI mode: voltage, 70 eV; ion source temperature, 230°C; scanning rate, 2.88 scan·s−1; mass spectrometry detection range, 29–540 m·z−1; carrier gas, helium; flow rate, 1.0 mL min−1. The column temperature was programmed as follows: the initial temperature was set at 50°C for 6 min and then increased to 250°C at 6°C min−1, which was held for 3 min. The chromatographic and spectral data were evaluated using the TraceFinder software (Thermo Scientific, USA).



qRT-PCR Analysis

The expression levels of genes involved in cell wall, anthocyanin and aroma accumulation were assayed in strawberries. cDNA was synthesized using a HifairII® 1st Strand cDNA Synthesis SuperMix for qPCR (Yeasen, Shanghai, China). The qRT-PCR reactions consisted of 5 μL SYBR Premix Ex Taq™ (Takara, Japan), 0.3 μL of each primer (10 μM), 2 μL cDNA, and 2.4 μL RNase-free water in a total volume of 10 μL. The reaction was performed using a LightCycler 1.5 instrument (Roche, Germany), with the preliminary step at 95°C for 30 s followed by 35 cycles at 95°C for 5 s and 58°C for 35 s. The relative gene expression was calculated using the 2–△Ct method (Zheng et al., 2021). For the verification of transcriptomic data, we also screened out 10 differentially expressed genes using qRT-PCR. Specific primers used for qRT-PCR are listed in Table S2.



Metabolomic profile detection and analysis

Tissues (100 mg) were individually grounded with liquid nitrogen and the homogenate was resuspended with prechilled 80% methanol and 0.1% formic acid by well vortexing. The samples were incubated on ice for 5 min and then were centrifuged at 15000 rpm, 4°C for 5 min. A some of supernatant was diluted to final concentration containing 60% methanol by LC-MS grade water. The samples were subsequently transferred to a fresh Eppendorf tube with 0.22 μm filter and then were centrifuged at 15000 g, 4°C for 10 min. Finally, the filtrate was injected into the LC-MS/MS system analysis.

LC-MS/MS analyses were performed using a Vanquish UHPLC system (Thermo Fisher) coupled with an Orbitrap Q Exactive HF-X mass spectrometer (Thermo Fisher). Samples were injected onto an Hyperil Gold column (100×2.1 mm, 1.9μm) using a 16-min linear gradient at a flow rate of 0.2 mL/min. The eluents for the positive polarity mode were eluent A (0.1% FA in Water) and eluent B (Methanol). The eluents for the negative polarity mode were eluent A (5 mM ammonium acetate, pH 9.0) and eluent B (Methanol). The solvent gradient was set as follows: 2% B, 1.5 min; 2-100% B, 12.0 min; 100% B, 14.0 min; 100-2% B, 14.1 min; 2% B, 16 min. Q Exactive HF-X mass spectrometer was operated in positive/negative polarity mode with spray voltage of 3.2 kV, capillary temperature of 320°C, sheath gas flow rate of 35 arb and aux gas flow rate of 10 arb (Zhang et al., 2020).

For data analysis, we used Compound Finder 3.0 (CD 3.0, Thermo Fisher) for the processing of the raw data files generated by UHPLC-MS/MS and performed peak alignment, peak selection, and quantification for each metabolite. The main parameters were set as follows: retention time tolerance, 0.2 minutes; actual mass tolerance, 5ppm; signal intensity tolerance, 30%; signal/noise ratio, 3; and minimum intensity,100000. After that, peak intensities were normalized to the total spectral intensity. The normalized data was used to predict the molecular formula based on additive ions, molecular ion peaks and fragment ions. And then peaks were matched with the mzCloud (https://www.mzcloud.org/) and ChemSpider (http://www.chemspider.com/) database to obtained the accurate qualitative results. The peak area was used for quantitative analysis. The quality control (QC) sample was set to evaluate the system stability during the experiment, and the blank sample was used to remove background ions. The statistical software R (R version R-3.4.3), Python (Python 2.7.6 version), and CentOS (CentOS release 6.6) were used for statistical analysis. The screening of the differentially accumulated metabolites between different samples mainly dependent on VIP (Variable Importance in the Projection), FC (Fold Change) and P-value. In this experiment, the threshold was set as VIP > 1.0, FC > 1.5 or FC< 0.667 and P value< 0.05 (Zhang et al., 2021).



Statistical analysis

Samples were analyzed using statistical analysis of variance (ANOVA) SPSS statistics 17.0 (SPSS Inc, Chicago, ILL, USA), TBtools v1.072 (Chen et al., 2020), and Origin Pro 9 (Origin Inc., Northampton, MA, USA). All experiments were performed at least three replicates. For the principal component analysis (PCA) and the heatmap analysis, we used the normalized transcriptome data after taking the logarithm (LogFPKM) and the metabolites content data. MapMan (version 3.6.0RC1, Berlin, Germany) was used to exhibit the differences in the expression of genes involved in various functional modules.




Results


Postharvest cooling and heat changed transcriptome profile in strawberries

To determine the molecular mechanism of temperature on strawberry, we performed RNA-Seq on seeds (S) and fruits (F) under three different temperatures (A and D for 25°C; B and E for 37°C; C and F for 4°C) (Figure 1A). Sequencing of the samples generated about 8.25 G data and 55,012,379 clean reads for each sample (Table S3). Compared with the strawberry genome database, the mapping rate of the samples was 91.17%, fully reflecting the changes in the transcription level of strawberries under different treatment conditions. Meanwhile, 2416 new genes were identified in this study (Table S4), which may be employed in further functional research.

According to the PCA analysis of transcriptome data, we observed a strong correlation between cold (4°C) and RT (25°C) treatments in seeds (AS/CS) and fruits (DF/FF) than heat (37°C) and RT treatments in both (Figures 1B, C). It can be seen from the scattered points distribution that the scores of fruits and seeds change regularly under different temperature modes. The distance between fruit and seed samples is very large, especially in the direction of PC1, indicating that PC1 is closely related to the type of samples including seeds and fruits. The distance between heat-treated strawberry and other samples is very long in the direction of the PC2 axis, indicating that PC2 is related to temperature differences. These results indicated that strawberries have a greater difference in response to heat and cold treatments. The changes in the transcriptome level caused by cold stress are greater than heat, and this phenomenon is more obvious in seeds than fruits.

To verify the reliability of the RNA-seq results, we randomly selected 10 DEGs for qRT-PCR. Results showed that the majority of genes were in a similar expression pattern with those of the sequencing results (Figure S1). Temperature treatments induced a difference in the number of DEGs (Figures 1D, E). In seeds and fruits, heat treatment brought more DEGs than postharvest cooling. The DEGs in fruits were ranged from 56.6 - 96.9% that was higher than that in seeds under the same temperature condition. The number of up and down DEGs were almost the same, ranged from 45% to 55%. We observed the largest number of DEGs in EFvsFF class, while ASvsCS was the smallest. Meanwhile, the transcription levels of DEGs between different groups were presented in the cluster heat map (Figure 1F). The groups under cold and RT conditions were divided into one category, suggesting that the responses of the strawberry to different temperatures have both common characteristics and specific properties.



GO enrichment and KEGG pathway analysis of DEGs

Postharvest heat treatment of fruits led to the 18,682 and 17,365 up- and down-regulated genes, respectively compared to RT (EFvsDF). These genes were significantly enriched in biological processes (BP), cellular components (CC), and molecular functions (MF). The three most abundant of BP are included protein localization, establishment of protein localization, and cellular catabolic process. Among the 30 GOs that were significantly enriched, the number of genes enriched in each GO in DF was more than that in EF except for phosphorelay sensor kinase activity. Compared to RT-treated fruits, the cold-treated fruits (FFvsDF) had 10,025 and 10,136 up- and down-regulated genes, respectively. These genes were significantly enriched in the BP and MF, which means cold does not bring significant changes in CC. The BP with the largest number of enriched genes was the single-organism carbohydrate metabolic process, and the MF is oxidoreductase activity, acting on CH-OH group of donors. Similarly, the number of enriched genes in each GO belonged to DF was more than that in FF (Figures 1E, S2).

Compared to RT treatment, heat-treated seeds (BSvsAS) had 8,517 and 9,789 up- and down-regulated genes, respectively. These genes were significantly enriched in BP, CC, and MF. Single-organism carbohydrate metabolic process and nucleobase-containing small molecule metabolic process were the two most significant GOs related to BP, while active transmembrane transporter activity and GTPase activity were the two most significant GOs related to MF. GOs related to BP and CC showed a higher expression level in heat than that in RT. Only few CC-related genes, such as proton-transporting ATP synthase complex, had higher expression levels in heat-treated seeds than that in RT. While the cold-treated seeds (CSvsAS) had 5,410 and 6,632 up- and down-regulated genes, showing a completely different pattern from heat-treated seeds. The GOs related to CC were only enriched in chromatin, nucleosome, lipid particle, monolayer-surrounded lipid storage body, protein-DNA complex, and DNA packaging complex, and were up-regulated under cold conditions. BP and MF were mainly enriched in the cellular carbohydrate metabolic process, cellular carbohydrate metabolic process, and oxidoreductase activity, acting on CH-OH group of donors (Figures 1E, S2).

Using KEGG pathway analysis, we counted the number of paths for DEGs for ASvsBS, ASvsCS, BSvsCS, DFvsEF, DFvsFF, and EFvsFF, which were 13, 14, 13, 10, 20, 8 pathways (p-value< 0.05), respectively (Figure 2A). In treated-seeds with different temperatures, alpha-linolenic acid metabolism, fatty acid degradation, and circadian rhythm were highlighted, while protein processing in endoplasmic reticulum indicated a significant difference in berries. This means seeds and fruits possess the different mechanisms in response to different temperatures (Figure 2B). According to the analysis of protein processing in endoplasmic reticulum pathway of fruits, there were 58 up-regulated and 58 down-regulated DEGs related to shifting of RT to heat, 37 and 36 up- and down-regulated DEGs, respectively for shifting from RT to cold, 58 and 66 up- and down-regulated DEGs, respectively for shifting from cold to heat treatment (Figure 2C), showing that the berry will mobilize a large number of genes to deal with heat temperature.




Figure 2 | The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways analysis with significant enrichment of DEGs in seeds and fruits of strawberry. (A) KEGG pathways were enriched with up-regulated DEGs between different groups. GeneRatio represents the ratio of the number of differential genes annotated to the KEGG pathway to the total number of DEGs. Count represents the number of DEGs annotated to the KEGG pathway. padj represents the p-value corrected by multiple hypothesis testing. (B) Analysis of significant KEGG pathway enriched between different groups (ASvsBS, ASvsCS, BSvsCS, DFvsEF, DFvsFF, and EFvsFF). The red arrow represents the simultaneous enrichment in ASvsBS, ASvsCS, and BSvsCS, the gray arrow represents the simultaneous enrichment in RT vs Heat and Heat vs Cold (ASvsBS and BSvsCS; DFvsEF and EFvsFF), the purple arrow represents the simultaneous enrichment in RT vs Heat and RT vs Cold (ASvsBS and ASvsCS; DFvsEF and DFvsFF), the pink arrow represents the simultaneous enrichment in RT vs Heat (ASvsBS and DFvsEF), and the cyan arrow represents the simultaneous enrichment in DFvsEF, DFvsFF, and EFvsFF. (C) Analysis of the protein processing in endoplasmic reticulum pathway of fruits under different temperature treatments.



Seeds and fruits behave differently between cold and heat treatments compared to RT. The seeds mainly involved flavonoid biosynthesis and phenylpropanoid biosynthesis, and the fruits are mainly reflected in fatty acid biosynthesis, pyrimidine metabolism and glycine, serine and threonine metabolism. Seeds and berries also have a common pathway in response to heat treatment including; alanine, aspartate and glutamate metabolism.



Multiple stress pathways responding to heat and cold treatments

In response to high- and low-temperature treatments, profile of DEGs in berries changed more obviously in transcriptome level than seeds (Figure S3). Compared to RT, the transcription level of most genes in heat treatment was up-regulated, which belonged to biotic and heat stresses, but suppressed in cold treatment (Figures S3A, C). This also suggests the interaction between heat and biotic stresses that makes strawberries more susceptible to pathogens under postharvest heat, however, the genes involved in drought, salt, touch, wounding, and light pathways were less affected. The cold-response genes were only partially upregulated while other abiotic stresses did not change more under storage temperature (4°C), which is commonly used in daily life (Figures S3B, D). In redox reactions, genes belonged to Ascorbate-Glutathione pathway severely affected under temperature changes. Meanwhile, postharvest heat treatment altered the expression of genes involved in cell division and cell cycle more than cold treatment. On the whole, heat and cold treatments affected DEGs less in seeds than fruits, except for genes involved in biotic- and heat-responsive mechanisms. In addition, both heat and cold treatments have greatly affected the transcription of most genes in the hormone biosynthesis pathway. Heat treatment also up-regulated the most genes involved in the biosynthesis pathway of benzyl adenine (BA), cytokinin (Cyt), salicylic acid (SA), gibberellin (GA), and some genes in the pathway of IAA and ethylene (Eth). Meanwhile, cold treatment caused the down-regulation of some genes in the biosynthesis pathways of Eth and jasmonate (JA).

After postharvest cooling and heat treatments, the expression levels of various transcription factor family members were differentially changed in berries and seeds (Figure S4). In strawberry fruit, heat treatment affected the transcription level of genes belonged to almost all transcription factor family, especially AP2-EREBP, bHLH, bZIP, C2H2, HB, HSF, MYB, NAC, WRKY, AS2, AuxIAA, Histone, GRAS, and SET-domain, although histone family members were down-regulated under heat conditions (Figures S4A, C). Under low-temperature conditions, transcription factors show different changes (Figures S4B, D). Many transcription factor families were not affected by cold treatment, such as HSF, histone, and SET-domain but were severely affected by heat treatment. Similar to heat treatment, bHLH, MYB, WRKY, and AS2 were also transcription factor families that significantly affected by cold treatment, indicating that these genes may play an important role in signal transduction after heat and cold treatments. In seeds, transcription factors showed a relatively consistent pattern but not significant trend in expression, especially up-regulated genes.

Temperature changes also had a very significant effect on the specialized metabolism pathways of fruits and seeds. Heat and cold treatments changed the transcription level of genes involved in the biosynthesis of terpenoids, phenlypropanoids, simple phenols, lignin, and lignans (Figures 3A-D). At the same time, heat temperature down-regulated most of the genes in the MVA pathway, and also has a significant effect on the color-related flavonoids and carotenoid pathway genes (Figures 3A, C). In addition, genes related to biosynthetic pathway of flavonoids were also clearly regulated in heat and cold treatments (Figures 3E-H). Among the responsive genes, phenylalanine ammonia-lyase (PAL), cinnamate-4-hydroxylase (C4H), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), and anthocyanidin synthase (ANS) were the most highly downregulated, especially under heat condition. In seeds, the number of downregulated C4H and 4-coumarate: CoA ligase (4CL) genes was more than berries under heat treatment, which may be related to the increase of brown color in seed. Compared to heat treatment, postharvest cooling led to lower expression of chalcone synthase (CHS), flavonol synthase (FLS), leucoanthocyanidin reductase (LAR), flavonol 3-o-glucosyltransferase (F3oGT), and flavonoid 3′-hydroxylase (F3’H) family genes, resulting in the color difference of strawberry fruits and seeds under RT, heat, and cold conditions. In summary, heat and cold treatments affected the transcription level of transcription factor, and the genes involved in the biosynthesis of hormone, terpenoids, phenlypropanoids, flavonoids and carotenoid, resulting in the color and resistance difference of strawberry fruits and seeds under RT, heat, and cold conditions.




Figure 3 | Effect of heat and cold treatment on the genes involved in general phenylpropanoid pathway and specialized metabolism in seeds and fruits of strawberry. The relative transcription levels of different genes in treated samples with heat and cold treatment compared to control were displayed in the heatmap. (A–D) represent the specialized metabolism in the comparison group of ASvsBS, ASvsCS, DFvsEF, and DFvsFF, respectively. The overview mainly consists of terpenoids, tocopherol, phenlypropanoids, simple phenols, lignin and lignans, flavonoids, MVA pathway, alkaloids, carotenoids, glucosinolates, and sulfur containing. Blue color represents upregulation, while red color represents downregulation. (E–H) represent the phenylpropanoid pathway in the comparison group of ASvsBS, ASvsCS, DFvsEF, and DFvsFF, respectively. Blue represents downregulation, while red represents upregulation. PAL, C4H, 4CL, CCoAR, CAD, CHS, FLS, DFR, ANS, F3oGT, F3H, F3’H, and F3’5’H represent phenylalanine ammonialyase, cinnamate-4-hydroxylase, 4-coumaroyl-coA synthase, cinnamoyl-CoA reductase, cinnamyl alcohol dehydrogenase, chalcone synthase, flavonol synthase, dihydroflavonol reductase, anthocyanidin synthase, flavonol-3-O-glucosyl transferase, flavanone 3-hydroxylase, flavonoid 3’-hydroxylase, and flaconoid-3’,5’-hydroxylase, respectively. Samples were divided into two groups including seeds (RT (AS), heat (BS), and cold storage (CS)) and fruits (RT (DF), heat (EF), and cold storage (FF)).





Metabolic profiling of strawberry under different storage temperature modes

Through database comparison, we conducted qualitative and quantitative analysis of metabolites. A total of 552 components were identified in positive ion mode and 679 in negative ion mode (Table S5). Principal component analysis (PCA) was used to evaluate the overall metabolic differences between samples in each group and the degree of variability between samples within the group (Figures 4A, B). The results showed that the repeatability of the same treatment met the requirements, and there were significant differences between different treatments. It can be seen from the scattered point distribution that the scores of seeds and fruits change regularly under different temperature modes (Figure 4A). The longer distance between seed and fruit in the PC1 axis (61.9%) represents the difference in the response of different organs to temperature changes while the PC2 axis is closely related to temperature changes that was 9.92% (Figure 4B). From RT to cold treatment, seeds and fruits all move to the negative semi-axis of PC2, and from RT to heat treatment, move to the positive semi-axis. These results represent the similarity of how seeds and fruits respond to different temperature treatments.




Figure 4 | PCA for the metabolites in extracted fractions analyzed by LC-ESI-ion trap MS/MS. (A) PCA analysis in negative and positive ion modes. Quality Control (QC) was an equivalent standard, which is used to evaluate the stability and signal response strength of the instrument during metabolite detection. (B) PCA scatter plot of samples dehydrated under different temperature based on their metabolic data. The samples in the same dehydration stage were wrapped by gray solid circles. Samples were divided into two groups including seeds (RT (AS), heat (BS), and cold storage (CS)) and fruits (RT (DF), heat (EF), and cold storage (FF)).



The detected metabolites in the positive and negative modes were analyzed by a clustered heat map. The heat and cold treatments cause significantly differences in metabolite levels (Figures 5A, B). The abundance of metabolites decreased in strawberry fruits were more than increased under cold and heat conditions than RT. Especially in the positive mode, there were 51 metabolites with decreased abundance under heat condition (Table S5). Under cold condition, the abundance of key metabolites in fruit were decreased, including aroma-related metabolites such as 4-coumaric acid, 3-coumaric acid, coumarin, coumarone, mevalonic acid, DL-malic acid, and pogostone, and amino acid-related metabolites such as arginine and L-5-hydroxytryptophan, while the malic acid metabolite 2-isopropylmalic acid was down-regulated. L-glutathione oxidized was increased under cold treatment and decreased under heat condition in seeds. DL-arginine showed decreased abundance under both heat and cold treatments in seed and fruits. Temperature changes also altered the hormone content in strawberry. Under heat condition, the content of abscisic acid (ABA), methyl jasmonate (MeJA), and gibberellin (GA) increased in seed and fruits. In the seed, cold treatment increased ABA, while heat treatment decreased ABA and hiked MeJA content. Under heat condition, the content of ABA, MeJA, and GA increased.




Figure 5 | Overview of metabolic profiles in strawberries at different temperature in negative (A) and positive (B) ion modes. Venn diagram of the number of downregulated and upregulated components in different comparison group. Volcano map for the significance level of the DEGs. The horizontal axis represents the fold change of DEGs, and the vertical axis represents the significance level of the difference. Padj indicates the corrected p value after the multiple hypothesis test, Cluster heat map of metabolic profiles of different samples. The normalized metabolites content data after taking the logarithm was prepared for making the heatmap. KEGG enrichment pathways of differential metabolites in different comparison groups. The size of the dot represents the number of differential metabolites enriched in different pathways, and their color represents the significance level of the difference. Ratio represents the ratio of the number of differential metabolites annotated to the KEGG pathway to the total number of differential metabolites.



The metabolic pathways in fruits under heat to RT storage condition (EFvsDF) and cold to RT storage condition (FFvsDF) were enriched to 12 and 13 paths in negative ion modes and 7 and 14 paths in positive ion modes, respectively (Table S6). Pathways were mainly included purine and pyrimidine metabolism, glutathione metabolism, terpenoids metabolism (sesquiterpenoid, diterpenoid and triterpenoid biosynthesis, ubiquinone and other terpenoid-quinone biosynthesis), linoleic acid metabolism, alpha-linolenic acid metabolism, zeatin biosynthesis, phenylalanine metabolism, and biosynthesis of specialized metabolites (Figure 5). The response of seeds to temperature changes was more sensitive than that of fruits, and the number of abundance-increased metabolites was greater than decreased compounds (Figure S5; Table S5). The metabolic pathways in BSvsAS and CSvsAS were enriched to 14 and 28 pathways in negative ion modes and 9 and 13 pathways in positive ion modes, respectively (Table S6). In addition to the enrichment pathways of fruit under cold and heat storage temperature, the different metabolites were specifically enriched in flavonoid, flavone, and flavonol biosynthesis in seeds. Therefore, the heat and cold treatments affected lots of metabolic pathways, causing significantly differences in metabolite levels and the hormone content.



Correlation analysis between transcriptome and metabolome

To evaluate the relationship between transcriptome and metabolome, we integrated the KEGG pathway enrichment results for DEGs and metabolome (Figure S6). In the positive ion mode, FFvsDF, EFvsDF, CSvsAS, and BSvsAS were enriched to 11, 6, 10, and 7 pathways, respectively, while in the negative ion mode enriched to 11, 11, 23, and 13, respectively (Table S7). Among significant pathways, the pathways related to metabolic activity like specialized metabolites and terpenoid biosynthesis were more enriched. Under cold condition, the difference in metabolites of fruits was mainly reflected in terpenoid backbone biosynthesis, amino acid biosynthesis and metabolism (valine, leucine, tyrosine, phenylalanine, tyrosine, tryptophan and isoleucine), and pyruvate metabolism. Meanwhile, heat condition was mainly reflected in phenylalanine metabolism, phenylpropanoid biosynthesis, glutathione metabolism, and terpenoid biosynthesis (diterpenoid, sesquiterpenoid and triterpenoid). The metabolites of the seeds were more abundant than those in fruits, including biosynthesis of amino acids (alanine, cysteine, methionine, phenylalanine, tyrosine, tryptophan, histidine, lysine, glycine, serine, threonine, and arginine), phenylpropanoid (flavonoid and phenylpropanoid biosynthesis), and terpenoid biosynthesis (sesquiterpenoid and triterpenoid, alkaloid, chlorophyll, and ubiquinone). The combined analysis of the transcriptome and metabolome confirmed that the synthesis and metabolism of amino acids and terpenoids, as well as the phenylpropane pathway, play an important role in response to temperature changes.



Response of related genes to defense system under heat and cold treatments

Cell wall modification is one of the important factors in quality control of fruit and seed. On the whole, the up-regulation of cell wall metabolism-related genes under heat condition was higher than cold (Figures 6A-D). Four enzymes involved in cell wall metabolism including cellulase (Cx), xyloglucan endo-transglycosylase (XET), pectate lyases (PL), andα-L-Arabinofuranosidase (α-L-Af) were investigated (Table S8). In the seed, heat increased the number of up-regulated genes, while cold treatment down-regulated 14 of 18 genes belonged to XET genes and 4 of 7 genes belonged to Cx genes. In the fruits, the four enzyme genes were inhibited with different degrees. Both heat and cold treatments affected the content of reactive oxygen species (ROS) and scavenging system. In AS vs BS, the activity of respiratory burst NADPH oxidase (Rboh) increased while copper amine oxidase (AOC) activity was inhibited (Table S8) but both were down-regulated in AS vs CS. Superoxide dismutases (SODs) as a group of defensive enzymes were up-regulated in AS vs BS, AS vs CS, DF vs FF, and DF vs EF, which convert disproportionate   into oxygen and H2O2. Furthermore, CAT and POD enzymes act as ROS scavenging and expressed in DF vs FF while were down-regulated in DF vs EF.




Figure 6 | DEGs assigned to abiotic stress based on Mapman software. This map consisted of the genes that participated in abiotic stress, redox, signaling, transcription factors, heat shock proteins, pathogenesis protein, hormone relative genes, as well as the genes implicated in cell wall and proteolysis. Blue represents upregulation, while red represents downregulation. (A–D) represent the comparison group of ASvsBS, ASvsCS, DFvsEF, and DFvsFF, respectively.



Among responsive genes, most HSPs were up-regulated under heat treatment, although HSP20, HSP70, and HSP90 were identified as differentially expressed genes (Table S8). Under cold condition, the number of down-regulated genes was more than up-regulated genes (Figure 6). In AS vs BS, 42 of 66 HSPs with high molecular weight (HSP70 and HSP90) and 32 of 47 HSP20 were up-regulated. In AS vs CS, 49 of 69 HSPs (18 HSP20, 19 HSP70, 12 HSP90) were down-regulated. Most of the PR-protein genes were also up-regulated under heat condition, while the number of up-regulated and down-regulated genes was basically the same under cold treatment (Figures 6B, D). In AS vs BS, there were 32 PR-10 genes (all up-regulated) and 13 chitinase (10 of 13 up-regulated), while 14 PR-10 genes and 3 chitinase genes increased in AS vs CS (Table S8).

The above results showed that defensive mechanisms could be different in seeds and fruits of strawberry when were treated with different storage temperatures like cold and heat treatments. In total, according to transcriptome data, heat treatment had a greater impact on the entire defense system of strawberries than cold treatment.



Metabolic response of YZs-overexpressing fruits under different storage temperatures

We screened and selected six genes according to FPKM parameter (Fragments Per Kilobase Million), which calculates the gene expression levels by the number of fragments per kilo base of transcript sequence per million base pairs sequenced (Table S1). This parameter significantly changed under temperature treatments for six genes, especially heat treatment that may play an important role in seeds and fruits of strawberry under different storage temperatures. Therefore, we used the transient transformation system to express them in strawberries at the big green fruit stage. The results showed that both heat and cold treatments inhibited the color change of strawberries during the big green fruit period (Figure 7A). Transformed fruits with YZ4, YZ5, YZ9, and YZ10 promoted coloring of fruits at RT but inhibited it under cold and heat treatments. Meanwhile, transformation of fruits with YZ8 led to the promotion of strawberry fruit coloring at cold treatment but inhibited it under RT and heat conditions. In fruit transformed with YZ1, we observed the inhibition of anthocyanin content under RT, cold, and heat conditions (Figure 7B). The glucose and fructose content of strawberry fruits also increased under cold condition slightly and the sucrose content was completely degraded in transformed fruits with YZs. The sugar components decreased severely in transformed fruits with YZs under heat condition but slightly decreased under RT, except for the transformed fruits with YZ5 that accumulated more (Figure 7B). In addition, heat treatment reduced the content of citric acid and malic acid in strawberries. The content of citric acid and malic acid in transformed fruits with YZ9 increased under cold condition but decreased under heat condition. The content of both organic acids in transformed fruits with YZ5 dropped sharply under cold and heat conditions (Figure 7B). The activities of POD and SOD were tested after YZs expressed in strawberries. There is not much change in SOD activity under cold conditions, but POD activity is greatly increased. The activity of SOD increased to a certain extent under heat condition. The activities of SOD and POD in strawberry fruits after YZ1 and YZ10 expressed increased under any condition (Figure 7C). The content of cellulose, hemicellulose, and pectin in the cell wall was the same in YZs expressed fruits, and both cold and heat treatments increased the content of hemicellulose. Under RT condition, the content of pectin and cellulose increased in transformed fruits with YZ9, and the content of three substances reached at the highest level at fruit transformed with YZ10 in strawberry fruits (Figure 7D).




Figure 7 | Physiological and biochemical changes in the fruits of YZs-overexpressing strawberry. (A) YZs were overexpressed in strawberry fruits treated with different storage temperatures like cold (4°C), heat (37°C), and room temperature (25°C). YZ1: Hsp20/alpha crystallin family; YZ4: Universal stress protein family; YZ5: Senescence regulator; YZ8: EF-hand domain pair; YZ9: Histone-like transcription factor (CBF/NF-Y) and archaeal histone; YZ10: Protein phosphatase 2C; (B) The changes of the content of anthocyanin, sugars (glucose, fructose, and sucrose), and acids including malic and citric acid; (C) The changes of the activity of SOD and POD; (D) Heat map analysis of the changes of the content of cellulose, hemicellulose, and pectin; (E) Heat map of the berry aroma.



The type and content of aroma determine the flavor and individualism of the strawberry fruit. In this study, we detected the changes of the aroma components in the fruits of YZs-overexpressing strawberry. In total, most aroma components were detected after heat treatment (Table S9). The aroma components in transformed fruits with YZ5 increased than non-transforming fruits (CK) but under RT condition, aroma components were more in the transformed fruits with YZ1, YZ4, YZ5, YZ8, and YZ9 than non-transforming fruits. Meanwhile, the aroma components in transformed fruits with YZ1, YZ4, YZ9, and YZ10 were significantly reduced under heat condition than non-transforming fruits (Figure 7E). Heat and cold reduced the content of linalool, which is the characteristic aroma component of strawberry. Under RT condition, overexpression of YZ1, YZ4, YZ9, and YZ10 in fruit strawberry increased linalool content into 0.05%, 0.07%, 0.15%, and 0.07%, respectively. Meanwhile, heat treatment increased the content of 1-octanol in overexpressed fruits with YZ1, YZ5, and YZ8 (Figure S7).

We also investigated the expression levels of genes related to aroma, cell wall, and anthocyanin synthesis the fruits of YZs-overexpressing strawberry. Most of these genes were highly expressed under RT condition than heat and cold treatments, and lowest under heat condition (Figure 8A). The expression levels of coloring-related genes including FaPAL, FaUFGT, FaCHS, FaF3H, FaCHI1, FaCHI2, FaDFR2, FaANS, and FaGST in transformed fruits with YZ1 and YZ8 were significantly higher than the transformed fruit with other genes under cold condition. The expression level of most coloring-related genes was relatively high in YZ1- and YZ9-overexpressed strawberry fruits under RT condition and the transformed fruits with YZ8 and YZ9 under heat condition. The expression of genes related to aroma increased under RT conditions than that cold and heat treatments. Meanwhile, the expression of aroma-related genes in strawberry fruits was the highest in YZ8-overexpressed fruits under cold condition. The expression patterns of genes related to cell wall metabolism under different temperature conditions were significantly different. The expression level of FaGAL1 under heat treatment was significantly higher than that of cold exposure and RT, while FaCEL and FaEXP2 were highly expressed in all YZs-overexpressed fruits under RT condition, which was also reflected in the principal component analysis (Figure 8B). Strawberry fruits had a relatively high expression level in most of related genes in YZ1-overexpressed fruits under cold condition, YZ9-overexpressed fruits under RT, and YZ8-overexpressed fruits under heat treatment. In terms of color and cell wall metabolism, YA1-overexpressed strawberry fruits were more sensitive to cold and heat conditions. In summary, the most noteworthy is that YZ1-overexpressed fruits indicated to be very sensitive to both cold and heat treatments, inhibited the color change, and increased the aroma components of strawberry. Cold treatment promoted coloring in YZ9-overexpressed fruits.




Figure 8 | The expression level of key genes related to aroma, cell wall, and anthocyanin synthesis in the fruits of YZs-overexpressing strawberry and PCA analysis. (A) The expression levels of genes related to anthocyanin synthesis (phenylalanine ammonia-lyase (FaPAL), chalcone synthase (FaCHS), chalcone isomerase (FaCHI1, FaCHI2), flavanone 3-hydroxylase (FaF3H), dihydroflavonol 4-reductase (FaDFR1, FaDFR2), anthocyanidin synthase (FaANS), UDP glucose: flavonoid 3-o-glycosyl transferase (FaUFGT), glutathione s-transferase (FaGST)), aroma formation (alcohol acyltransferases (FaAAT), o-methyltransferase (FaOMT), quinone oxidoreductase (FaQR), nerolidol synthase (FaNES1)), and cell wall metabolism (polygalacturonase (FaPG), pectinmethylesterase (FaPE), endo-β-1,4-glucanases (FaCEL), pectate lyase (FaPL), β-D-galaetosidase (FaGAL1, FaGAL4), expansin (FaEXP2, FaEXP5)) under different storage temperatures; (B) PCA analysis of the expression level of 21 related genes, as well as other quality traits, including malic acid, citric acid, glucose, fructose, sucrose, POD, SOD, hemicellulose, pectin, cellulose, anthocyanin.






Discussion


Postharvest response of strawberry is dependent on the temperature fluctuation

Temperature changes are classified into four major groups including freezing (below 0°C), chilling (0-15°C), room temperature (25-27°C), and heat (10-15°C above ambient) (Wahid et al., 2007; Zhu et al., 2007), which have the adverse effects on metabolic and transcriptomic profiles of fruits. Strawberry flavor is formed by a mixture of numerous volatile and organoleptic compounds in ripening stage and characterize the texture and taste (Zhang et al., 2011). Temperature fluctuation also affects the content of volatile terpenes in strawberries. Postharvest cooling for 9 days significantly preserved the terpene content of ‘Akihime’ than room temperature, while degraded them in ‘Sweet Charlie’ from 15°C to 25°C (Fu et al., 2017). In total, the organoleptic and nutritional characteristics of fruits depend on the two main families of specialized metabolites including polyphenol and terpenoid compounds (Pott et al., 2019). In addition, there are a special attention in different cultivars of strawberry to determine and preserve the volatile compounds during postharvest storage. For example, the most aromatic components in ‘Benihoppe’ were linalool, nerolidol, 1-octanol, butanoic acid methyl ester, ethyl ester, hexanoic acid methyl ester, and ethyl ester (Yan et al., 2018). Furthermore, linalool and (E)-nerolidol were found to be the two major terpenoid constituents in strawberry (Ayala-Zavala et al., 2004; Liu et al., 2016). Temperature fluctuations could also alter the fluidity of cell membranes, affect the activities of enzymes, and lead to a considerable impact on cell physiology (Zhu, 2016; Gong et al., 2020). As shown in Figure 9, we summarized the signal transduction, substance synthesis, and the changes in the transcription and metabolic levels of strawberries in response to heat and cold treatments through the combining of transcriptome, metabolome, and transient expression. Our results indicated that heat and cold treatment regulate the central and specialized metabolic pathways such as amino acid biosynthesis, terpenoid biosynthesis, and phenylpropanoids metabolism during postharvest periods through the mechanisms involved in biotic and abiotic stresses, and hormone signal transduction processes. In this study, heat treatment increased the aroma components during postharvest storage in strawberry fruits, however heat and cold treatments reduced the proportion of linalool.




Figure 9 | A summary of the presence of key genes, hormones, central and specialized metabolites in strawberry fruit during postharvest cooling and heat storage. Red and green represents the upregulated and down-regulated transcripts or compounds. Orange represents changes under heat stress, blue represents changes under cold stress. The up arrow represents increasing of compounds, and the down arrow represents decreasing of compounds.



Anthocyanins are the main polyphenols that produce fruit pigmentation. The antioxidant activity of strawberries is positively correlated with the content of anthocyanin (Wang and Lin, 2000; Gu et al., 2003). Furthermore, anthocyanin as a kind of flavonoid pigment is involved in plant tolerance to abiotic stress and accumulates in the ripening stage of grapes, cherries, and strawberries (Shin et al., 2007; Carmona et al., 2017; Martinez-Romero et al., 2017). The synthesis and accumulation of postharvest anthocyanins can improve the appearance of immature strawberries. The continuous accumulation of anthocyanins after harvest causes strawberries to appear dark red, and high temperature environments could aggravate this discoloration (Steyn et al., 2009; Hu et al., 2015; Peng et al., 2017). However, it has also been reported that high-temperature cultivation could inhibit the accumulation of anthocyanins, resulting in poor coloration of strawberries, which was similar in grapes and apples (Matsushita and T, 2016; de Rosas et al., 2017). In this study, heat inhibited the accumulation of strawberry anthocyanins during the big green fruit period and deepened the coloring of strawberries after harvest, which means the effect of heat treatment on strawberry anthocyanins is dependent on the development period (Figures 1, 7) (Zhang et al., 2019). also demonstrated that heat treatment did not change the concentration of anthocyanins in semi-ripe fruits. Therefore, the synthesis and degradation of anthocyanins coexist in a high temperature environment, and the content of anthocyanins depends on the balance between synthesis and degradation (Niu et al., 2017).

The nutritional value of strawberry fruits is associated with the content of specialized metabolites, organic acids, soluble sugars, and amino acids (Zhang et al., 2011). In addition, cold treatment leads to many changes in plant metabolism, such as the increase of sugars, organic acids, and amino acids (Kaplan et al., 2004; Zuther et al., 2012; Chai et al., 2019). In this study, heat treatment reduced the content of sucrose, glucose, and fructose, as well as citric and malic acid but postharvest cooling increased the content of glucose and fructose. During strawberry fruit ripening and storage, cell wall polymers composition and structure were modified and contributed to textural changes. Our results indicated that heat treatment increased the content of cell wall cellulose, hemicellulose, and pectin (Figure 7). Furthermore, the expression level of cell wall metabolism-related genes enhanced during postharvest heat storage (Figure 8) that was consistent with the results of Langer et al. (2018), which demonstrated the modification of strawberry cell wall metabolism under heat treatment, the improvement of cellulose content and semi-fiber, and monitoring strawberry firmness. We also found that the amino acid synthesis and metabolism in fruits and seeds of strawberry play the important role in the processes of strawberry coping with temperature fluctuation (Figure 5). Zhang et al. (2011) also confirmed the involvement of amino acid metabolism during strawberry fruit development.



Temperature sensing pathways monitor postharvest quality in strawberry

Cold stress could quickly trigger the expression of many transcription factors, including AP2 family transcription factors CBFs, thereby activating the expression of a large number of downstream cold response (COR) genes. The expression of CBF gene is controlled by upstream transcription factors including bHLH transcription factor ICE1 (Chinnusamy et al., 2007; Shi et al., 2012; Jin et al., 2017). CBF genes were rapidly and dramatically induced by cold shock and orchestrate cold tolerance in plants (Liu et al., 1998; Ye et al., 2019). In this study, the transcription factor AP2 was not significantly affected, however, bHLH, MYB, WRKY, and AS2 transcription factors responded to postharvest cooling storage (Figure S4). We found that histone-like transcription factor (CBF/NF-Y) and archaeal histone (YZ9) promoted the coloring of strawberry fruit, increased the content of pectin and cellulose, and hiked the aroma ratio of linalool (Figure 9). Furthermore, the content of citric and malic acid increased in postharvest cooling storage but reduced under heat treatment in the transformed fruits with YZ9 (Figure 7). This confirmed the role of YZ9 in the preservation of fruit quality under cold treatment.

The effect of low temperature on plant metabolism comes from the direct inhibition of metabolic enzymes or the reorganization of gene expression (Zhu, 2016). In the transformed fruits with the overexpression of Hsp20/alpha crystallin family (YZ1), Histone-like transcription factor (CBF/NF-Y) and archaeal histone (YZ9), and Protein phosphatase 2C (YZ10), we observed the improvement of the aroma ratio of linalool in room temperature, which demonstrate the involvement of regulatory genes in aroma components (Figure S7). Previous studies showed that the expression of FaQR significantly decreased under cold treatment, while FaQR and FaOMT were up-regulated and FaAAT, FaNES, and FaPAL1 down-regulated with increasing of temperature (Li et al., 2015; Fu et al., 2017). Similarly, in our study, the expression of aroma biosynthesis genes like FaAAT and FaNES was much higher at cold treatment than heat, meanwhile FaQR and FaOMT also showed the same pattern (Figure 8), which may be related to the difference in variety of strawberry.

Hormones are signaling molecules that regulate gene expression under cold stress (Jin et al., 2017; Zhang et al., 2019). Plant hormone signaling pathways could interact with the CBF pathway to regulate cold sensing (Shi et al., 2015). For example, CBFs could reduce bioactive gibberellin levels and activate by Brassinazole-resistant 1 (BZR1)/BRI1-EMS suppressor 1 (BES1), which enhanced freezing tolerance (Achard et al., 2008; Eremina et al., 2016). CBF gene expression is also repressed by Ethylene insensitive 3 (EIN3), a transcription factor that positively regulates ethylene-dependent gene expression (Shi et al., 2012). Jasmonate zim-domain protein 1/4 (JAZ1/4) proteins as repressors of the jasmonic acid (JA) signaling pathway interact with ICE1/2 to regulate CBF expression (Hu et al., 2013). Our results also confirmed that cold treatment down-regulated most of the genes involved in the ethylene and JA signaling pathways and changed the expression of BZR transcription factors (Figures S3, S4).

A sudden increase in temperature initiates the activation of heat shock response (HSR) mechanisms and induce the expression of molecular chaperones to combat the negative effects on proteins caused by stressors (Kotak et al., 2007; Gong et al., 2020). As part of the heat response, heat shock transcription factors (HSF) could act as molecular chaperones to prevent protein denaturation and rapidly induce the expression of HSPs (Zhu, 2016). Under heat stress, HSFs are released from the HSP70/HSF and HSP90/HSF complexes, bound to misfolded proteins caused by heat stress, and activate downstream signaling pathways encoding transcription factors, enzymes, and chaperone proteins (Scharf et al., 2012; Liao et al., 2016; Ohama et al., 2017). In Arabidopsis, HSP100, HSP90, HSP70, HSP60, and small HSPs (sHSPs) function in thermotolerance (Kotak et al., 2007). Our results indicated that HSP20, HSP70, and HSP90 play an important role in the treated strawberry with heat and cold (Figure 6, Table S8). Among them, the overexpressed strawberries with Hsp20/alpha crystallin family (YZ1) inhibited the color change of strawberries, decreased sugar and acid content, and significantly increased SOD and POD activities (Figure 7). Since ROS are produced soon after the onset of heat stress and function as early messengers in stress signaling pathways (Volkov et al., 2006; Banti et al., 2010), therefore, ROS homeostasis is necessary for thermotolerance by activating the ROS scavenging system. High temperature increases the accumulation of strawberry ROS (Peng et al., 2017; Zhang et al., 2019). The accumulation of ROS and the destruction of membrane structure affect postharvest browning (Lin et al., 2014). Ascorbate peroxidases (APXs) and catalases (CATs) are two types of ROS-scavenging enzymes that detoxify the ROS (Baxter et al., 2014). In this study, we confirmed the important role of antioxidant enzymes including SOD, POD, and CAT under temperature changes, indicating that temperature stress balance the ROS accumulation after strawberry harvest.




Conclusion

We found the effect of postharvest heat storage on the color of strawberry fruits was developmental stage-dependent. In the big green fruit period, high temperature inhibits the accumulation of anthocyanin but deepens the color of strawberries after harvest. In our study, heat treatment increased the metabolic levels the content of ABA, MeJA, up-regulated HSF, SET-domain, GRAS transcription factors, and down-regulated Histone transcription factor. Cold treatment increased the content of MeJA and decreased the content of ABA and genes expression involved in biotic and heat stress. Three major metabolism pathways including terpenoid biosynthesis, amino acid biosynthesis and metabolism, and pyruvate metabolism responded to cold treatment, while phenylalanine metabolism, phenylpropanoid biosynthesis, glutathione metabolism, and terpenoid biosynthesis were activated in postharvest heat storage of fruits. HSF20 (YZ1)-overexpressed fruits indicated to be very sensitive to both cold and heat treatments, inhibited the color change, and increased the aroma components of strawberry. Cold treatment promoted coloring in Histone-like transcription factor (CBF/NF-Y) and archaeal histone (YZ9)-overexpressed fruits. Therefore, we concluded that the temperature fluctuation affects postharvest responses of strawberries and links with color, flavor, and the nutritional value of fruit.
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Proteins of the Nitrate Transporter 1/Peptide Transporter (NPF) family transport a diverse variety of substrates, such as nitrate, peptides, hormones and chloride. In this study, a systematic analysis of the tobacco (Nicotiana tabacum) NPF family was performed in the cultivated ‘K326’. In total, 143 NtNPF genes were identified and phylogenetically classified into eight subfamilies, NPF1 to NPF8, based on the classification of NPF families in other plant species. The chromosomal locations and structures of the NtNPF genes were analyzed. The expression profiles of NtNPF genes under NaCl stress were analyzed to screen the possible NPF genes involving in chloride regulation in tobacco. Most NtNPF6 genes responded to salt stress in the roots and leaves. The expression of NtNPF6.13 was significantly down-regulated after salt stress for 12h. The chloride content was reduced in the roots of ntnpf6.13 mutant. These findings support the participation of NtNPF6.13 in chloride uptake. Several other NtNPF genes that play potential roles in chloride metabolism of tobacco require further study.




Keywords: Nicotiana tabacum, nitrate transporter 1/peptide transporter family, NPF, salt stress, gene expression, chloride



Introduction

As an important macronutrient, nitrogen (N) plays an essential role in plant growth and development (Crawford, 1995; Xu et al., 2012). Among the different forms of nitrogen, nitrate ( ) is predominant in plant roots. The four most reported nitrate transport protein families are the Nitrate Transporter 1/Peptide Transporter family (NPF), the Nitrate Transporter 2 family (NRT2), the Chloride Channel family (CLC), and the slow anion channel-associated homologues family (SLAC/SLAH) (Krapp et al., 2014).The NPF family typically comprises a large number of members within a species, for example, 53 NPFs in Arabidopsis and 93 NPFs in rice are known and have been well studied (Leran et al., 2014; Wang et al., 2018b). The NPF proteins can be classified into eight subfamilies and named by a standard rule. In Arabidopsis, 20 AtNPF genes are involved in nitrate uptake or efflux from the soil. AtNPF6.3, also named NRT1.1 or CHL1, was the first nitrate transporter to be cloned and has dual-affinity nitrate transport activity (Tsay et al., 1993). Regardless of their participation in nitrate uptake, root-to-shoot transport, or leaf nitrate allocation, AtNPF genes all have important functions. In other species, NPF genes have been reported to contribute to nitrate transportation, for example, NPF2.2 in rice (Li et al., 2015), NPF6 in maize (Wen et al., 2017), and NPF6.5 in grape (He et al., 2020).

In addition to nitrate transport, NPF proteins perform diverse functions (Anfang and Shani, 2021; Prabhala et al., 2021).An increasing number of other substrates of NPF proteins have been reported (Corratge-Faillie and Lacombe, 2017; Payne et al., 2017; Wulff et al., 2019), of which one is chloride. It is well known that CLC and SLAC/SLAH genes encode chloride transporters or channels that participate in chloride transport (Barbier-Brygoo et al., 2011; Zhang et al., 2018).The micronutrient Cl- shows strongly dynamic interaction with   (Wege et al., 2017). Given the similar physical properties in solution, the selectivity of proteins for these two monovalent anions is often ambiguous. In Arabidopsis, two NPF members are involved in chloride transport, namely AtNPF2.4 (Li et al., 2016a), and AtNPF2.5 (Li et al., 2016b). AtNPF2.4is highly expressed in the root stele and facilitates the transfer of chloride from root to the shoot. Accumulation of Cl- increases with overexpression of AtNPF2.4and is reduced with knockdown of AtNPF2.4. AtNPF2.5, which is the closest homolog to AtNPF2.4, is expressed predominantly in the root and modulates chloride efflux from the root. Both AtNPF2.4 and AtNPF2.5may modulate Cl- transportation without affecting   accumulation in the shoot. In maize, ZmNPF6.4 and ZmNPF6.6 transport both chloride and nitrate (Wen et al., 2017). With regard to chloride transport, ZmNPF6.4 shows high-affinity chloride transport activity, whereas ZmNPF6.6 shows low-affinity chloride transport activity. In contrast, with respect to nitrate transport, ZmNPF6.4 exhibits low-affinity nitrate transport activity, whereas ZmNPF6.6 shows high-affinity nitrate transport activity. Recently, it has been reported that MtNPF6.5 and MtNPF6.7 mediate chloride uptake and nitrate preference in Medicago roots (Xiao et al., 2021). Apart from these reported NPF genes, little information is available on the participation of NPF genes in chloride transport in other species.

To date, the NPF gene family has been identified and characterized in many plant species, including Arabidopsis (Chiba et al., 2015), wheat (Wang et al., 2020), rice (Drechsler et al., 2018), apple (Wang et al., 2018a), rapeseed (Zhang et al., 2020), spinach (Wang et al., 2021), potato (Zhang et al., 2021) and poplar (Zhao et al., 2021). No previous study has investigated the NPF gene family in Nicotiana genus. In the current study, we identified the NPF family members of tobacco (Nicotiana tabacum) and analyzed the phylogenetic relationships, gene structure and chromosomal location. To screen NtNPF genes involved in chloride transportation, the expression profiles of NtNPF genes were evaluated using an RNA sequencing (RNA-seq) data from plants exposed to salt stress. The results revealed that 80% of NtNPF6genes were responsive to salt stress either in the roots or the leaves. Using the CRISPR/Cas9 gene-editing system to knockout NtNPF6.13, one of most responsive NtNPF6 members in roots under salt stress, the chloride content of roots was significantly decreased in the mutants compared to the wild type. The findings indicate that NtNPF6.13 might play an important role in chloride uptake.



Materials and methods


Identification of NPF genes in tobacco

Genome sequences of ‘K326’ (a commonly cultivated tobacco cultivar) were downloaded from the Sol Genomics Network (https://solgenomics.net/). Fifty-three AtNPF seqences were obtained from The Arabidopsis Information Resource database (https://www.arabidopsis.org/). The AtNPF protein sequences were used to perform a BLASTP search in the K326 database with E-value<1e-5. The PFAM domain (PF00854.18: PTR2) was used to identify NtNPFs. The online ExPASy tool (https://www.expasy.org/) was used to predict the molecular weights and isoelectric points of each NtNPF protein.



Phylogenetic analysis of NtNPF proteins

Protein sequence alignments for Arabidopsis (53 AtNPFs) and tobacco (143 NtNPFs) NPF family members were generated using ClustalW (https://www.genome.jp/tools-bin/clustalw). A phylogenetic tree was constructed with RAxML (version 8.2.10) under the PROTGAMMAGTR model with 100 bootstrap replications. The phylogenetic tree was edited and visualized in Evolview V3 (https://www.evolgenius.info/evolview/) (Subramanian et al., 2019).



Chromosomal localization and syntenic analysis of NtNPF genes

The chromosomal location of the NtNPF genes was determined from the Sol Genomics Network database. Syntenic blocks were identified using MCScanX (Wang et al., 2012). The results were visualized with Circos software (Krzywinski et al., 2009), with syntenic blocks involving NtNPF gene pairs connected by lines.



Gene structure and conserved motifs analysis of NtNPF gene family

The genomic DNA and CDS information for the NtNPF genes were downloaded from Sol Genomics Network database. To explore the structure of NtNPF genes, the Gene Structure Display Server 2.0online tool (GSDS, http://gsds.gao-lab.org/index.php; Hu et al., 2015) was used to display the genomic length and organization of introns/exons. The conserved motifs of NtNPFs were analyzed using the MEME online tool (version 5.3.0, http://meme-suite.org/tools/meme; Bailey et al., 2015). The maximum number of motifs was set 10.



Cis-regulatory element analysis of NtNPFs

To predict the function of NtNPFs, putative cis-reguatory elements were analyzed. The 2-kb upstream sequence from the translation start site of all 143 NtNPF genes was obtained and set as the promoter. The sequences were analyzed using the plantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/; Lescot et al., 2002).



Plant materials and salt treatment

Seedlings of tobacco’K326’ were cultivated in plastic pots under a 16-h photoperiod at 28 and 23 °C (day/night). For salt treatment, plants at the six-leaf stage were transferred to a nutrient solution for 1 week, and then NaCl (final concentration 300 mM) was added to the solution to initiate salt treatment. After treatment for 12 h, 3d or 7 d, leaves and roots were sampled and used for RNA extraction and RNA-seq. Three biological replicates were used and the nutrient solution without NaCl was used as control (CK). All samples were immediately frozen in liquid nitrogen and stored at -80 °C, except that the roots were washed with water before freezing. The nutrient solution contains 5mM potassium nitrate (KNO3), 1 mM magnesium sulfate heptahydrate (MgSO4·7H2O), 1 mM monopotassium phosphate (KH2PO4), 4 mM calcium nitrate tetrahydrate (Ca(NO3)2·4H2O), 1mM ammonium nitrate (NH4NO3), 0.1 mM ferric sodium EDTA (Fe-Na-EDTA), 0.1mM boric acid (H3BO3), 30 µM zinc sulfate (ZnSO4·7H2O), 100 µM manganese monosulfate (MnSO4·H2O), 0.1 µM copper sulfate pentahydrate (CuSO4·5H2O), 0.1 µM cobalt chloride hexahydrate (CoCl2·6H2O) and 1 µM sodium molybdate dihydrate (Na2MoO4·2H2O) per liter, with about 0.2 μM of background chloride concentration.



RNA isolation and qPCR analysis

Total RNA was isolated using the RNAprep Pure Plant Kit (Tiangen, Beijing, China) in accordance with the manufacturer’s protocol. The RNA quality and concentration were determined using a Nano Drop 2000 spectrophotometer. The cDNA was synthesized using the Transcriptor First Strand cDNA Synthesis Kit (Roche). Quantitative real-time PCR (qPCR) analysis was performed as described previously (Zhang et al., 2018). All specific primers used are listed in Supplementary Table S1.



RNA-sequencing and transcriptomic analysis

For RNA-Seq, total RNA was extracted from the K326 root and leaf samples (CK and treated with 300mM NaCl for 12h, 3d or 7d) with the RNAprep Pure Plant Kit. Each sample, comprising three seedlings, was analyzed in triplicate under the same conditions. A total of 24 samples were used for RNA-seq by the Novogene Company (Beijing, China) on an Illumina HiSeq4000 platform. After filtering for quality control, the clean reads were mapped to the K326 genome (ftp://ftp.solgenomics.net/genomes/Nicotiana_tabacum/edwards_et_al_2017/assembly/) with Hisat2 (Kim et al., 2019). Gene abundances were estimated using StringTie (Pertea et al., 2015). The expression levels of NtNPF genes were then analyzed.



Subcellular localization of NtNPF6.13

The subcellular localization of NtNPF6.13 was first predicated with the online tools Plant-mPLoc (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/; Chou and Shen, 2010), WoLF PSORT (https://wolfpsort.hgc.jp; Horton et al., 2007), YLoc (https://abi-services.informatik.uni-tuebingen.de/yloc/webloc.cgi; Briesemeister et al., 2010) and PSORT (https://www.genscript.com/tools/psort; Nakai and Horton, 1999). The online tool TMHMM2.0 (https://services.healthtech.dtu.dk/service.php?TMHMM-2.0) was used to predict the transmembrane helices of NtNPF6.13.To verify the predicted localization, NtNPF6.13 was cloned without the termination codon using a pair of gene-specific primers, (5’-ATGGCACTTCCTGAGACAC-3’ and 5’-ACAAACCGGTCCATCATC-3’). The fragment was purified and inserted into the vector pFFCS1300 to fuse the C-terminus with the green fluorescent protein (GFP) under the constitutive control of the CaMV35S promoter. After sequencing, the recombinant plasmid 35S: NtNPF6.13-GFP was transferred to Agrobacterium tumefaciens strain GV3101. The fusion construct was infected into the leaf of Nicotiana benthamiana and the GFP signal was observed using a TCS STED CW confocal laser microscope (LEICA, Wetzlar, Germany).



Generation of NtNPF6.13 knockout lines and salt treatment

The CRISPR/Cas9-based genome editing method was used to generateNtNPF6.13 knockout lines. A 20-bp coding sequence (5’-GCTCTTAGATCCTCCTCCGG-3’) of NtNPF6.13 was inserted into the sgRNA-Cas9 expression vector and transformed into tobacco K326. A 252-bp DNA fragment was amplified from the transgenic lines by using a primer pair (5’-CTTCCTGAGACACAGCAAG-3’ and 5’-TTCCCATCTAATCTCGCC-3’) bordering the target region. The PCR products were sequenced to determine the mutation sites of NtNPF6.13. The existence of Cas9 sequence in T1 transgenic plants was examined using a Cas9-sepecific primer pair (5’-GGGACCCTAAGAAGTACGGC-3’ and 5’-TATTCTCGGCCTGCTCTCTG-3’).Plants free of Cas9 were retained and theNtNPF6.13 genotype was determined.

Using the NaCl treatment method described above, ntnpf6.13 mutants and K326 control plants were treated with 300 mM NaCl for 7 d. The roots were collected for ion determination. For phenotyping of plants under the salt stress, ntnpf6.13 mutants and K326seeds were geminated on 1/2 MS plates for 1 week, then the seedlings were transferred to fresh MS plates supplemented with 150 mM NaCl for additional1 week of growth before photographing and measurement of the root length.



Determination of chloride content in roots

The concentration of Cl- was determined as described previously (Zhang et al., 2018). Briefly, the roots were dried and ground into powder. Then, 50 mg powder was digested with 10 ml of 5% acetic acid. After incubation at 30 °C for 30min, the digested solution was filtered and diluted, and analyzed with an AA3 Continuous Flow Analytical System (Germany).




Results


Genome-wide identification and characterization of tobacco NPF genes

To comprehensively identify the NtNPF genes in tobacco, NPF protein sequences of Arabidopsis were used to perform a BLASTP search of the genome database of Nicotiana tabacum (K326) from Sol Genomics Network. As shown in Supplementary Table S2, 143 NtNPF genes were identified and named in accordance with the nomenclatural rules for the gene family (Leran et al., 2014). The gene sequence length ranged from 375bp (NtNPF4.18) to 18,162bp (NtNPF7.10). The corresponding proteins were predicted ranging from 103aa (NtNPF2.8) to 1,158aa (NtNPF7.10). The length of more than 65% of NtNPF proteins was 500 aa -600 aa. The isoelectric point ranged from 4.31 (NtNPF5.9) to 10.99 (NtNPF2.15), and in most NtNPFs (>85%) was greater than7.



Phylogenetic tree of NtNPF gene family in tobacco

To gain insight into the phylogenetic relationship of the 143NtNPFs, a phylogenetic tree was constructed using RAxML version 8.2.10 under the PROTGAMMAGTR model together with 53 AtNPF proteins. Based on the relationships with AtNPFs, the NtNPFs were classified into eight subfamilies (Figure 1), which was consistent with the classifications of NPFs from other species, such as Brassica napus (Wen et al., 2020), apple (Malus × domestica Borkh.) (Wang et al., 2018a), and spinach (Wang et al., 2021). The eight subfamilies were designatedNtNPF1 to NtNPF8, and each contained 20, 25, 4, 24, 25, 20, 11 and 14 members, respectively.




Figure 1 | Phylogenetic tree of NtNPF genes of tobacco and AtNPF genes of Arabidopsis. The clades representing different subfamilies (groups 1–8) are indicated by different colors. NtNPF genes are marked with a green circle and AtNPF genes are marked with a red star.





Chromosomal locations and synteny analysis of NtNPF genes

The chromosomal distribution showed that 88 of the 143 NtNPF genes were mapped on 20 of 24 tobacco chromosomes (Figure 2). Five chromosomes (Nt04, Nt09, Nt18, Nt20 and Nt24) carried seven NtNPF genes each, one chromosome (Nt02) carried six NtNPF genes, five chromosomes (Nt08, Nt12, Nt15, Nt22 and Nt23) harbored five NtNPF genes each, two chromosomes (Nt05 and Nt07) contained four NtNPF genes each, two chromosomes (Nt06 and Nt10)carried three genes each, three chromosomes (Nt01, Nt19 and Nt21) harbored two NtNPF genes each, and two chromosomes (Nt03 and Nt17) each carried a single NtNPF gene. With regard to the four NtNPF3 genes, only one was mapped to a chromosome; the remaining three were mapped to scaffolds. In addition, it was noted that most NtNPF genes were located on the chromosome arms, whereas several NtNPF genes, such as NtNPF5.4 and NtNPF5.6, were positioned near the telomere.




Figure 2 | Chromosomal distribution and segmental duplication of NtNPF genes in tobacco. The panel shows the 20 chromosomes and unassigned scaffolds using a circle; gray lines connect homologous genes.



Using the predicted NtNPF protein sequences, a snyteny analysis was performed with MCScanX. Thirty-nine NtNPF genes were included in syntenic blocks, forming 26 syntenic NtNPF gene pairs (Figure 2). The 39 NtNPF genes belonged to seven NtNPF subfamilies excluding the NtNPF3 subfamily. The NtNPF5 subfamily contributing nine genes, NtNPF1, NtNPF2, and NtNPF4 contributed seven genes each, NtNPF6 and NtNPF7 contributed four genes each, andNtNPF8 contributed one gene.



Gene structure and conserved motifs of NtNPF genes in tobacco

The NtNPF gene structure was determined using the GSDS online tools. The exon number of the 143 NtNPFs ranged from 1 to 13, and almost 110NtNPFs contained 3-5 exons (Figure 3). The longest NtNPF gene, NtNPF7.10, contained eight exons, whereasNtNPF1.10included the highest exon number (13) among all NtNPF genes. Seven genes, includingNtNPF1.2, NtNPF1.16 and NtNPF2.9, contained no introns. The diversity of the gene structure might imply an abundance of gene functions. Using the multiple sequence alignment of tobacco NPF proteins, the MEME tool was used to investigate the sequence features and functional motifs. Ten conserved motifs for NtNPF proteins were identified, which were designated motif 1 to motif 10 (Figure 3).




Figure 3 | Phylogenetic relationships, gene structure, and architecture of conserved protein motifs of NtNPF genes in tobacco.





Cis-acting elements in the promoters of NtNPF genes

The promoter (2 kb upstream) of each gene was analyzed using the PlantCARE database to explore the cis-acting regulatory elements of the NtNPF genes. Multiple cis-elements in the NtNPF gene promoters were detected, such as plant hormone response elements (auxin, methyl jasmonate [MeJA], gibberellin, salicylic acid and abscisic acid), abiotic stress response elements (light, low-temperature, wound, hypoxia and drought), biotic stress response elements and circadian control elements (Figure 4).The G-box, Box 4, ABRE and ARE elements were most frequently enriched in the NtNPF promoter regions (Figure 4A and Supplementary Table S3 & Figure S1). The CGTCA-motif, TGACG-motif and GT1-motif elements, which are associated with MeJA response, were mostly enriched in the promoters of NtNPF3 subfamily genes (Figure 4B), which indicated that NtNPF3genes might function in MeJA regulation.




Figure 4 | Cis-acting elements in the promoter of NtNPF genes of tobacco. (A) Over-presentation of the cis-acting elements in the promoter of all NtNPF genes. The font size is positively associated with the occurrence number of corresponding cis-acting elements. (B) Heatmap of average number of cis-acting elements in different NtNPF subfamilies. Brown represents a high number and white represents a low number of cis-acting elements.





Transcriptional profiles of NtNPF genes under salt stress

In order to screen the potential NtNPF genes in response to salt stress, the transcriptional profile was analyzed using RNA-seq data sets for the roots and leaves derived from tobacco K326 seedlings exposed to 300mM NaCl stress for 0h, 12h, 3d and 7d.Among the 143 NtNPF genes, more than 70% showed extremely low or undetectable transcript levels before and after exposure to salt stress (Supplementary Figure S2).In contrast, several NtNPF6genes, namelyNtNPF6.16, NtNPF6.18, NtNPF6.13, NtNPF6.12, and NtNPF6.11, showed the highest expression levels in the root prior to salt stress (Figure 5 and Supplementary Table S4). Thirteen NtNPF genes responded to salt stress in the leaves and 30 NtNPF genes responded to salt stress in the roots. Two NtNPF genes, NtNPF2.22 and NtNPF2.23, responded to salt stress in the roots and leaves. Almost all NtNPF6subfamily members responded to salt stress either in the leaves or the roots, except NtNPF6.1, NtNPF6.2, NtNPF6.19 and NtNPF6.20. Interestingly, AtNPF6.3 homologous NtNPF6 genes usually responded in the roots, whereasAtNPF6.2 homologous NtNPF6 genes usually responded in the leaves. Notably, most of the responsive NtNPF genes were down-regulated at 12h under salt stress both in the roots and leaves. The root-specific highly expressed NtNPF6.13, NtNPF6.16 and NtNPF6.18 showed strongly similar expression patterns in response to salt stress: transcription was down-regulated after salt stress for 12h; and thereafter was mostly recovered at 3d and 7d under salt stress. The expression changes of the aforementioned NtNPF genes indicated that these NtNPF genes might play important roles in tolerance to salt stress in tobacco.




Figure 5 | Expression profiles of NtNPF genes responsive to salt stress in roots and leaves of tobacco. R-CK, R-12h, R-3d and R-7d represent root samples, and L-CK, L-12h, L-3d and L-7d represent leaf samples. The expression values are shown as the z score of the RPKM values. The scale bar is shown on the right, and high expression levels are indicated by a red color.



Additionally, the expression levels of 16 selected NtNPF6 genes, NtNPF6.3 to NtNPF6.18, were evaluated by qRT-PCR. Two distinct expression patterns were identified within 7 d of salt treatment (Supplementary Figure S3), except for NtNPF6.5, which was not detected in all samples. NtNPF6.4was the only gene that was initially up-regulated, and thereafter the expression level continuously decreased with prolonged salt treatment. The expression levels of the remaining 14 NtNPF6 genes showed a similar pattern with the duration of salt treatment, namely significantly reduced expression after salt stress for 12 h, and thereafter recovery to different extents at 3 d of salt treatment. These results were essentially consistent with the transcriptome data. It was noted that NtNPF6.13, a highly expressed gene in the root, showed the greatest decline in expression level at 12hof salt treatment and recovered the least at 3d of salt treatment. Therefore, NtNPF6.13 was selected to detect its function in response to salt stress.



Subcellular localization of NtNPF6.13

The NtNPF6.13 protein was inconsistently predicted to be localized in the vacuole, plasma membrane, cytoplasm or endoplasmic reticulum, respectively, by four online tools (Figure 6A). To clarify its subcellular localization, NtNPF6.13fused with GFP was transformed in Agrobacterium and inoculated in N. benthamiana leaves. As shown in Figure 6B, NtNPF6.13 protein co-localized with the plasma membrane marker FM4-64 (Bolte et al., 2004), which indicated that NtNPF6.13 was localized to the plasma membrane. This result is consistent with the prediction by WoLF PSORT and the predicted existence of transmembrane region by TMHMM.




Figure 6 | Subcellular localization of NtNPF6.13. (A) Localization predicted by different online tools. (B) Co-localization of NtNPF6.13-GFP with the plasma membrane marker FM in N.benthamiana leaves. Confocal images were captured the day after agroinfiltration. NtNPF6.13-GFP represents the gene and GFP represents the control with an empty vector.





Knockout of NtNPF6.13 reduces Cl- content in root

To further evaluate the role of NtNPF6.13 in chloride absorption and transportation, NtNPF6.13 knockout lines were generated using CRISPR/Cas9-mediated genome-editing technology. Three mutants, ntnpf6.13-1, ntnpf6.13-2 and ntnpf6.13-3, were generated in the K326 background (Figure 7A and Supplementary Figure S4). Sequencing revealed that, in the target region of the first exon, ntnpf6.13-1 and ntnpf6.13-2harbored a 1-bp insertion, whereas ntnpf6.13-3 had a 1-bp deletion, resulting in frame shift mutations ofNtNPF6.13 for all three mutants. By selfing and genotyping, we selected homozygous ntnpf6.13-1 mutants lacking the Cas9 transgene for further analyses.




Figure 7 | CRISPR/Cas9-mediated knockout of NtNPF6.13 reduces the Cl− content in roots of tobacco. (A) Diagram of gene structure and mutation sites of NtNPF6.13. (B) Phenotype of ntnpf6.13-1 mutant under salt stress compared with K326. (C) Root length of ntnpf6.13-1 mutant and K326 under salt stress. The error bars and asterisks indicate the SD and statistical significance of three biological replicates (Student’s t-test; ** P< 0.01), respectively. (D) Hydroponic culture of ntnpf6.13-1 mutant and K326. (E) Root chloride contents of K326 and ntnpf6.13-1 mutant.



The growth of ntnpf6.13-1 mutants was significantly suppressed under salt stress in comparison with K326 control plants (Figure 7B). Under the non-stress condition, almost no difference in plant growth was observed between the mutant and K326. Under salt stress (induced by 150mM NaCl treatment), the root length of the mutant was significantly shorter than that of K326 (Figure 7C). The Cl- concentration in the roots was reduced by 36.1% in ntnpf6.13-1 mutants compared with that of the K326 control plants (Figure 7D, E). Under treatment with NaCl (150 and 300 mM, respectively), the Cl- concentration in the roots was also reduced by 24% and 15.5%, respectively, in the ntnpf6.13-1 mutants (Supplementary Figure S5A). These results indicated that NtNPF6.13 might play an important role in Cl- absorption in tobacco. Compared to K326 control plants, the chloride contents were significantly (p<0.01) increased in the leaves of ntnpf6.13 mutant both before and after 150mM NaCl stress, while no significant difference was observed under 300mM NaCl stress (Supplementary Figure S5B). Even though the down-regulated chloride contents in root of ntnpf6.13 was observed in comparison with K326, the chloride content did significantly increase in root of ntnpf6.13 after NaCl stress. Therefore, it should be reasonable to conclude that NtNPF6.13 might affect the transportation of chloride from roots to shoots, but such effect would be neglectable small under higher Cl- content in root.




Discussion

In this study, 143 NtNPF genes in tobacco (K326) were identified and classified into eight groups consistent with the gene families of other species. As NPF gene families are characterized in an increasing number of plant species, the number of NPF members might be determined to be associated with ploidy. For example, hexaploidy wheat (Triticum aestivum) has the largest known NPF family (331 members) (Wang et al., 2020), and allotetraploid rapeseed (Brassica napus) has 193 NPF genes (Zhang et al., 2020). In contrast, diploid plants have dozens of NPF genes, such as Arabidopsis (53) (Krapp et al., 2014), rice (82) (Yang et al., 2020), apple (73) (Wang et al., 2018a) and spinach (57) (Wang et al., 2021).Tetraploid tobacco was determined to have 143 NtNPF genes in the present study. In addition, the phylogenetic classification of the NtNPF members was similar to other species accessed with the NPF genes classified into eight subfamilies. Compared with AtNPF5, which comprised the most members among AtNPF subfamilies, NtNPF2 and NtNPF5 were the largest subfamilies, with 25memberseach, among the eight NtNPF subfamilies. The intragenomic snyteny analysis revealed that 39 NtNPF genes formed syntenic blocks, indicating that the NtNPF gene family might have experienced whole-genome duplication and/or segmental duplications.

Almost 38% (55 genes) of the NtNPF genes were not mapped to tobacco chromosomes. The genome assembly used in this study was the latest version for N. tabacum, which was assembled by Edwards et al. (2017). Although it has been improved, anchorage of the tobacco genome to chromosomal locations was increased to 64%. It is expected that additional NtNPF genes will be mapped to chromosomes with further improvements in the tobacco genome assembly.

Considering previous NPF family analyses in different plant species, although the main focus has been nitrogen use efficiency (Wang et al., 2018a; Wang et al., 2020; Yang et al., 2020; Wang et al., 2021; Zhang et al., 2021; Zhao et al., 2021), the participation of certain NPF genes in chloride transport has been noted (Wen et al., 2017; Xiao et al., 2021).In the present study, we explored the NtNPF genes that contribute to chloride transportation in tobacco. The RNA-seq data for NtNPF genes under salt stress showed that most NtNPF6 genes were down-regulated after salt stress exposure for 12 h. Ten NtNPF6s (NtNPF6.9-NtNPF6.18) that were homologous to AtNPF6.3 responded in the roots to salt stress (Supplementary Figure S3).In AtNPF6.3-like proteins, His356 is the structural element crucial for nitrate transportation (Wen and Kaiser, 2018). Mutation of this conserved His residue to Tyr conferred the ability to transport chloride (Xiao et al., 2021). Alignment of the conserved residues showed that six of the ten NtNPF6s, including NtNPF6.13, contained a Tyr residue at the position corresponding to AtNPF6.3:H356 (Supplementary Table S5), which indicated that these NtNPF6s might function in chloride metabolism. Recently, it was reported that the AtNPF6.3 subclade in rosids could be grouped into three haplotypes (A-, B-, C-type)based on four residues corresponding to T101, H356, T360 and F511 of AtNPF6.3 (Xiao et al., 2021). In addition, the haplotypes of ten NtNPF6s of AtNPF6.3 orthologs were analyzed (Supplementary Figure S6 and Supplementary Table S5). NtNPF6.13 to NtNPF6.18 was unable to be classified to any subtype owing to the varying deficiencies among THTF residues. The other four AtNPF6.3 orthologs, NtNPF6.9 to NtNPF6.12, were all classified to the A-type (TYTF). It was also noted that NtNPF6.3 and 6.4 (AtNPF6.4 orthologs) and NtNPF6.5 to 6.8 (AtNPF6.2 orthologs) were responsive to salt stress in the leaves (Figure 5 and Supplementary Figure S7).Whether these NtNPF6s play roles in leaf chloride metabolism requires additional experimental evidence. In addition toNtNPF6 genes, other NtNPF genes were responsive to salt stress, such as NtNPF7.11, NtNPF5.11 and NtNPF4.21. Previously, AtNPF7.3 and AtNPF7.2 were reported to play roles in chloride transportation (Li et al., 2016a). It would be promising to elucidate the function of NtNPF7.11in tobacco chloride metabolism.

In this study, we showed that NtNPF6.13 may function in Cl- uptake and transportation, but the exact molecular mechanism of NtNPF6.13 remains unknown. As ZmNPF6.4 and ZmNPF6.6 could transport both chloride and nitrate in maize, it was interesting to explore whether NtNPF6.13 is involved in   transportation. As shown in Supplementary Figure S8, the root of ntnpf6.13 mutant showed a significantly (p<0.01) down-regulated nitrate content only under normal condition (control), while in the leaves, the significantly decreased nitrate content of ntnpf6.13 mutant was observed under both control and 300mM NaCl conditions. The lower nitrate content in ntnpf6.13 mutant suggested that NtNPF6.13 did affect nitrate transport besides chloride in tobacco. That is, both nitrate and chloride could be the substrate of NtNPF6.13, and further studies are needed to identify their characters on affinity and efficiency of uptake and transport.

Meanwhile, Na+, brought in with Cl-, was also of interest and was determined. As shown in Supplementary Figure S9, ntnpf6.13 mutant showed a significant (p<0.05) higher Na+ concentration in root under control, and a significant (p<0.05) higher Na+ concentration in leaves under salt treatment. Obviously, the changes of Na+ and Cl- were converse at roots. Such contrast changes upon cation and anion were also observed on other transportation proteins (such as NtSLAH) related transgenic lines (unpublished data). All of these indicated the complexity of ion transport mechanism, and need to be further studied and clarified.

As a stress signal of higher amount of NaCl, ntnpf6.13 mutant responded this salt stress with changes on gene expression level, Na+ content, Cl- content,   content, root length, etc. In addition, several light responsive elements such as Box 4, GT1-motif and TCT motif, were detected in the NtNPF6.13 promoter (Supplementary Table S3), which indicated NtNPF6.13 might also be regulated by light signal.



Conclusion

A total of 143 NtNPFs were identified and the phylogenetic relationships, chromosomal distribution and conserved domain structure were analyzed. RNA-seq data showed that the expression level of most NtNPF6 genes (10 in roots and 6 in leaves) was reduced after treatment with 300mM NaCl for 12h. The geneNtNPF6.13 was responsive to salt stress in the roots and was localized to the plasma membrane. After knockout by CRISPR/Cas9, ntnpf6.13 mutants showed a significantly reduced Cl- content in the roots compared with that of the control K326. In addition, the root length of the mutants was significantly shorter than that of K326 after exposure to salt stress. These results showed that NtNPF6.13 might be involved in the absorption of Cl- in tobacco. Further studies are needed to explore the function of other NtNPF6s that responded to salt stress, and their molecular mechanisms in chloride absorption and transportation.
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Introduction

The most grievous threat to areca palm plantations worldwide is yellow leaf disease (YLD), the disease that affects the economy of areca palm up to a high extent in different countries by destroying a large number of areca palm plantations in China (40,000 ha) (Yu et al., 1986; Wang et al., 2020), Sri Lanka (11,968 ha) (Kanatiwela de Silva et al., 2015), and India (about 10,000 ha) (Rawther, 1976; Purushothama et al., 2007). The YLD first emerged in India (Raghavan and Baruah, 1958; Rawther, 1976; Nair et al., 2016); after that, the disease was also examined in Hainan, China (Yu et al., 1986; Wang et al., 2020) and Sri Lanka (Kanatiwela de Silva et al., 2015). Areca palm widely grows in the Pacific, tropical areas of Asia, and East Africa despite the belief that its origin is in the Philippines and Malaysia (Kurian and Peter, 2007). The commercial importance of areca palm is greater in China and India than in other countries (Hattori et al., 1993; Daquan et al., 2001). Religious and masticatory purposes make their significance more unique (Kurian and Peter, 2007). The areca palm plantation is under attack by different pathogens, including bacteria (Kumar, 1983; Nair et al., 2016), fungi (To-anun et al., 2009; Wang et al., 2019), insects such as Tirathaba rufivena (Zhong et al., 2017) and Brontispa longissima (Li et al., 2007), phytoplasmas (Ramaswamy et al., 2013; Kanatiwela de Silva et al., 2015), and viruses (Yu et al., 2015; Yang et al., 2018a; Yang et al., 2018b; Wang et al., 2020; Cao et al., 2021; Zhang et al., 2022). The approved causal agent of YLD specifically in Hainan, China is the novel virus named areca palm velarivirus 1 (APV1) based on de novo assembly, RNA-seq, and next-generation sequencing (Yu et al., 2015; Wang et al., 2020; Cao et al., 2021), while the responsible transmission vectors of APV1 in Hainan are mealybugs Pseudococcus cryptus and Ferrisia virgata on the basis of immunocapture RT-PCR and immunofluorescence assays (Zhang et al., 2022). The most conspicuous symptom of YLD is the yellowing of the leaves; the symptoms emergence that was observed and recorded in the present research work was the same as those described by Wang et al. (2020) and Zhang et al. (2022), although the severity of the symptoms towards different temperatures and seasonal effects was not known exactly before, and was needed to be explored. The YLD symptoms start with the yellowing of leaflet tips of the lowermost leaves or the mid-crown, or the lowest leaves. At the early stage, a clear demarcation of affected yellow and normal green areas was observed on the infected leaves, which differentiates YLD yellowing from physiological yellowing. Chlorosis spread along the direction of vascular tissue while the midribs remain green, forming a green–yellow border. At the later stage, the yellowing expands to younger and lower leaves, while the green–yellow border on older leaf becomes unclear. Newly emerging leaves are stunted, and the crown size is markedly reduced, resulting in the “bunchy top” symptom (Wang et al., 2020; Zhang et al., 2022). Later, the leaf becomes dark brown, the conductive filaments get demolished, the stem becomes spongy and friable, and finally breaks at the top, the roots rot, the size of the nuts is reduced, and the kernel turns into black and becomes unusable (Rawther, 1976; Zhang et al., 2022). The climate and weather intensely influenced the plant viruses and their vectors at different stages during their lives. It is expected that the establishment, spread, and reproduction potential of plant viruses are greatly affected by climate changes (Kido et al., 2008). Previously, it has been observed anecdotally that under natural environmental conditions, the areca palm YLD symptoms severity in cold and drought stresses becomes more dominant as compared to warm and rainy weather such that the whole areca palm orchards seem to be burnt (Wang et al., 2020; Zhang et al., 2022); thus, in context with the above observations, this is the first report that scrutinizes the YLD symptoms severity and the virus APV1 titer accumulation during different seasons, and explores the role of temperature on YLD intensity. Therefore, the current study was conducted to find out the underlying mechanism and to quantify virus titer both in the field and in the areca palm YLD seedlings maintained under different temperatures in the laboratory under artificially controlled environmental conditions. It was determined that APV1 is closely associated with the areca palm YLD incidence via quantitative real-time (qRT)-PCR and enzyme-linked immunosorbent assay (ELISA), and that the temperature plays a key role in YLD intensity. A quantitative assessment of virus titer in plants exposed to different temperature conditions would provide information about the possible effects of future climates on the APV1 infection incidence and YLD intensity; further studies are required to find out the YLD disease control management strategies in order to protect areca palm plantations from the YLD disease incidence.



Materials and methods


Plant materials


Inoculation of APV1

APV1 was inoculated by mealybugs (F. virgata), the transmission vectors of APV1 (Zhang et al., 2022). The mealybugs were fed pumpkin inside a nylon net cage (75 × 75 × 75 cm) at room temperature. First instar mealybugs were used for transmission purposes because they possess more transmission capabilities as compared to adult mealybugs, which may be due to the strong immunity of adult mealybugs (Zhang et al., 2022). After feeding, the mealybugs were transferred to the YLD tree for 48 h of AAP (acquisition access period). After 48 h of AAP, 50 mealybugs carrying APV1 per plant were then transferred for IAP (inoculation access period, 48 h) and enclosed by a micro-perforated tinfoil cage (mesh size ca. 0.2 mm) onto the newly opened leaves of recipient healthy areca palm seedlings in a separate nylon net cage (75 × 75 × 75 cm) in a chamber to protect it from insect contamination. The tinfoil cages were removed after 48 h of IAP, and the acetamiprid, an insecticidal spray, was used to clean the plants from mealybugs. The newly inoculated palms were then kept in a laboratory for at least 1 week to confirm the removal of mealybugs and were then transferred to a chamber until YLD symptoms emerged clearly.



Plant sampling and symptoms recording in the field

The YLD plants showing major infection symptoms were used for sample collection and symptoms recording in the field at Hainan, in three different seasons, autumn (September), winter (December), and summer (May). The average daily high- and low-temperature fluctuation map for the whole year of Hainan was obtained from Hainan Weather Forecast Centre. The map showed the daily average maximum and minimum temperatures (°C) during each month. The samples were collected in independent biological triplicates, and all leaves from one plant were considered as one sample. The samples were stored at −80°C until used for further analysis.



Plant sampling and symptoms recording under controlled conditions

Two-year-old healthy areca palm seedlings were purchased from the Coconut Institute at Wenchang, China, and were cultured in nylon net cages (75 × 75 × 75 cm) in a chamber (26 ± 2°, 16L:8D, relative humidity [RH] = 75 ± 2%). Ten seedlings for each specific temperature treatment, i.e., room, low, and high, were inoculated with APV1. Healthy areca palm seedlings served as a negative control, while APV1-positive seedlings at room temperature were used as a positive control. When the seedlings were tested positive for APV1 via RT-PCR and YLD symptoms emerged clearly after 75 dpi (days post-inoculation) (Zhang et al., 2022), they were kept in an incubator under controlled growth conditions having artificial light at low temperature (16/22 ± 2°C, night/day, 16L:8D), high temperature (27/34 ± 2°C, night/day, 16L:8D), and room temperature (24/26 ± 2°C, night/day, 16L:8D). The time period used in the current study for each incubation was 1 month, and after that, the symptoms were recorded thoroughly, and the leaf samples were stored at −80°C, until used for further analysis.



Total RNA extraction

Total RNA was extracted from each sample by using the Universal Plant Total RNA Extraction Kit (BioTeke, China) following the manufacturer’s instructions. The quality and purity of the extracted RNA were examined using agarose gel electrophoresis, and a NanoPhotometer® spectrophotometer (Implen, CA, USA).



cDNA synthesis and qRT-PCR analysis

The extracted total RNA was further used for the synthesis of cDNA through RT-PCR by using TransScript® One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech, China) kit with random primers, following the manufacturer’s instructions. After the second strand was synthesized successfully, the cDNA was used as a template for qRT-PCR analysis. The qRT-PCR analysis was performed on a Light cycler 96/Light cycler 480 Real-time System (Roche diagnostic, UK) using the TB Green Premix Ex Taq II (Tli RNaseH Plus) (2X) (TaKaRa) kit following the manufacturer’s instructions. In detail, each RT reaction contained 2 μl of diluted cDNA (1:10), 10 μl of the TB Green Premix Ex Taq II (Tli RNaseH Plus) (2X) PCR mixture, 0.4 μl of each 10 mM primer, and RNase-free ddH2O to a final volume of 20 μl. The qRT-PCR program conditions were as follows: Pre-incubation, 95°C for 30 s; followed by 40 cycles of amplification, 95°C for 5 s, 60°C for 15 s, and 72°C for 10 s; followed by melting, 1 cycle of 95°C for 10 s, 65°C for 60 s, and 97°C for 1 s; and final cooling, 37°C for 30 s. All the qRT-PCR analyses were performed in biological triplicates. For APV1 gene expression, two primers were used in the current study: APV1-RT1, which encodes a 160-bp product in ORF9, and APV1-RT2, which encodes a 154-bp product in ORF7 of the APV1 genome. Primer3 software was used for primer design. PDS was used as the internal control. The list of primers used in the present study is given in Table 1. The relative expression levels of the genes were calculated by a comparative CT method (ΔΔCT) using the 2−ΔΔCt method (Livak and Schmittgen, 2001).


Table 1 | List of primers used in the current study.





Enzyme-linked immunosorbent assay

DAC-ELISA was developed for the quantification of APV1 titer in YLD areca palm by following the standard protocol of Koenig (1981), with slight changes. The YLD areca palms at different temperatures were taken as a test antigen, the negative control was the leaves of healthy seedlings, and the positive control was the APV1-positive plant at room temperature. The antigen was extracted by taking an appropriate amount of the samples and was ground with liquid nitrogen into a fine powder and was quickly loaded in a 2-ml centrifuge tube; the sample was weighed and the coating buffer i.e 0.05 M carbonate buffer, (Na2CO3 0.159g; NaHCO3 0.294g, pH 9.6) was added at a ratio of 1:10 (W/V). The homogenate was mixed thoroughly and centrifuged at 12,000 rpm at 4°C for 10 min. The 96-well microliter plate (Nest Scientific, USA) was first coated with antigen (100 μl/well) and was incubated at 4°C, overnight. After washing with PBS-T and blocking with 2.5% skimmed milk (200 μl/hole), the primary antibody (100 μl/well) APV1 serum was diluted at a ratio of 1:300 in 1× PBS-T buffer, was added to each well, and was then incubated at 37°C for 2 h. After washing with PBS-T, alkaline phosphatase-labeled goat anti-mouse IgG secondary antibody (100 μl/well) diluted with 1× PBS-T buffer at a ratio of 1:10,000 was added to each well and incubated at 37°C for 2 h. After that, the freshly prepared substrate tetra-methyl benzidine (TMB) solution (100 μl) was added to each well and was kept in the dark for 20 or 30 min at 37°C until the color developed to the desired level. The reaction was stopped by adding a stopping solution of 1 M concentrated HCl (50 μl/well), and the reading was taken at OD 450 nm (BioTek Synergy H1, Microplate Reader, USA). Results were calculated according to the formula [cutoff value (P/N) = (sample OD − blank OD)/(negative OD − blank OD)]. A mean absorption value of the tested samples twice higher than that of healthy plant antigen was taken as positive, indicative of disease status (Sutula et al., 1986).





Results


YLD symptoms severity in different seasons in the field

The basic symptoms of YLD were the same as observed previously but little was known about the effects of different seasons on YLD intensity. Thus, for the confirmation of seasonal effects, we record the symptoms and collect the samples of YLD areca palms in disease pandemic areas during various seasons throughout the year under natural conditions in the field, as shown in Figure 1, in which “September” indicated the emergence of symptoms of YLD during the autumn season, in rainy weather; “December” showed the symptoms of YLD that appeared in winter, in cold weather; and “May” indicated the symptoms of YLD in summer, in warm weather. These results clearly showed that YLD symptoms severity is evidently higher in winter, under cold weather conditions (December), and the leaves become more seriously yellowish as compared to rainy and warm seasons (September and May, respectively). The close observation of YLD symptoms emergence throughout the year (Figure 1) revealed that in summer and in the rainy season, the disease symptoms gradually become milder and the leaves turned green up to a high extent, but at the end of the year (December) and at the beginning of the year (January and February), i.e., in winter, the disease symptoms became severest and the leaf yellowness becomes remarkably high, and the whole areca palm plantation appears to be burnt, which means that cold stress has a greater effect on YLD intensity. However, we cannot totally conclude that temperature plays a key role in disease intensity because under natural conditions, other factors also exist, such as humidity and insects; thus, it is essential to specifically investigate the role of temperature on disease intensity under controlled conditions. The average daily maximum and minimum temperatures of Hainan are shown in Figure 2, which was obtained from the Hainan Weather Forecast Centre.




Figure 1 | Symptoms of YLD recorded in different seasons in the field. (September) The YLD symptoms that were recorded in the autumn season (moderate temperature and rainy weather). (December) The symptoms severity recorded in the winter (low temperature and dry weather).(May) The YLD symptoms recorded in the summer (high temperature and warm weather). The symptom’s severity was markedly higher in winter than in autumn and summer.






Figure 2 | The graph showed the daily average high (red) and low (blue) temperatures of Hainan, used in the current study. The numbers of the time period from 1 to 12 expressed the months of data collection year.





qRT-PCR and ELISA for analysis of APV1 titer accumulation in different seasons

The YLD symptoms severity observed in the present study was remarkably higher in winter than in summer, and was closely associated with APV1 through qRT-PCR and ELISA. For the analysis of APV1 gene accumulation, we have used two primers, i.e., APV1-RT1 and APV1-RT2, that encode APV1 ORF9 and ORF7, respectively, and PDS was used as a control for normalization of the samples (Table 1). The results revealed that under cold and dry environmental conditions (winter), APV1-RT1 expressed abundantly (5.78 ± 0.736-fold) as compared to control (healthy), while it expressed 3.87 ± 0.771-fold in the rainy season (September) and 2.93 ± 0.361-fold in the warm season (May), which means that APV1 gene overexpressed in cold weather (5.78-fold) as compared to control, 1.49-fold higher as compared to the rainy condition, and 2-fold greater as compared to the warm condition, while APV1-RT2 also accumulates more (5.93 ± 0.401-fold) as compared to control (healthy) in winter, while it expressed 4.29 ± 0.462-fold in September and 3.46 ± 0.267-fold in May. Under cold conditions, APV1-RT2 expressed highly, 5.93-fold, 1.38-fold, and 1.72-fold as compared to control (healthy), rainy, and warm weather conditions, respectively, as shown in Figure 3A. ELISA was also adapted for the efficient detection of APV1 titer accumulation during different seasons in the field under natural conditions. The findings showed that YLD areca palms during cold and dry seasons, i.e., December, have higher APV1 titer accumulation (4.722 ± 0.155), i.e., 13.04 times higher as compared to healthy areca palms (0.362 ± 0.035), while titer abundance in rainy weather, i.e., September (3.847 ± 0.060), and in hot weather, i.e., May (2.168 ± 0.048), was recorded. It means that APV1 under cold conditions expressed 1.22 times and 2.18 times more as compared to rainy and hot weather, respectively (Figure 3B). These results clearly indicated that APV1 titer accumulation in winter is remarkably higher than that in summer.




Figure 3 | The APV1 titer accumulation analysis by (A) qRT-PCR in control (healthy), autumn (September), winter (December), and summer (May) seasons. The primer APV1-RT1 that encodes APV1-ORF9, and APV1-RT2 that encodes APV1-ORF7 were used for gene expression analysis. (B) The APV1 titer was detected by ELISA using a polyclonal antibody against APV1 coat protein. The absorbance values of APV1-positive seedlings in different seasons under natural environmental conditions were taken at OD 450 nm using a microplate reader (BioTek Synergy H1, USA). The results were calculated according to the formula [cutoff value (P/N) = (sample OD − blank OD)/(negative OD − blank OD)]. A mean absorption value of the tested samples twice higher than that of healthy plant antigen was taken as positive for the disease. Positive controls are the mean of absorbance readings of wells containing APV1-infected areca palm leaf samples, while negative controls are the mean of absorbance readings of healthy areca palm leaves. Data presented as means ± standard error, n = 9; significant differences are exhibited by lowercase letters (p ≤ 0.05), according to the LSD test.





Transmission of APV1 via mealybugs/inoculation of APV1

The mealybugs F. virgata were used for the transmission of APV1, as described in the previous investigation by Zhang et al. (2022), and both the AAP and IAP of APV1 were recorded for 48 h. After 60 dpi, the seedlings have become APV1 positive, and after 75 dpi, the YLD symptoms have clearly emerged. Chlorosis begins at leaflet tips and spread in the direction of vascular tissue. The midribs remained green, and yellow–green borders were formed, which distinguished them from physiological yellowing (Figure 4). The YLD symptoms observed and recorded in the current study were the same as those described by Zhang et al. (2022) and Wang et al. (2020), and strongly agreed with the results of Zhang et al. (2022) in which APV1 is transmitted by mealybugs and caused YLD on areca palm seedlings.




Figure 4 | APV1 YLD symptoms emerged after 75 days post-inoculation (dpi).





YLD symptoms severity at different temperatures under controlled conditions

The different seasonal effects on YLD symptoms severity reveal that the symptoms become severest in winter than in summer, as described earlier, but it was not sure that these symptoms’ severeness was due to temperature because under natural environmental conditions, other factors exist too; thus, for confirmation that either temperature plays any role in YLD intensity or not, the same experiment was also conducted in the laboratory under controlled conditions in a chamber. The healthy areca palm seedlings were artificially inoculated with APV1, and after 75 dpi, the symptoms emerged clearly (Figure 4). After the emergence of the symptoms and confirmation of the disease through RT-PCR, 10 seedlings per treatment were kept in an incubator under controlled growth conditions having artificial light, 27/34 ± 2°C, night/day, 16L:8D; Light, 5LS; RH, 75 ± 2%, for high temperature, and 16/22 ± 2°C, night/day, 16L:8D; Light, 5LS; RH, 75 ± 2% for low temperature, and 10 seedlings were also kept at room temperature. All specific temperatures were obtained from Hainan Weather Forecasting Center. The symptoms that emerged in response to different temperatures are shown in Figure 5. The symptoms clearly showed that at low temperatures (Figure 5B), the YLD symptoms were markedly dominant as compared to room temperature (Figure 5A) and high temperature (Figure 5C), which means that temperature plays a key role in YLD symptoms severity, because during controlled conditions, temperature was the only variable parameter in high- and low-temperature treatments. Thus, it was concluded that temperature plays a key role in YLD symptoms severity.




Figure 5 | Symptoms of YLD recorded under different temperatures. (A) The YLD symptoms emerged at room temperature (24/26°C; night/day). (B) The YLD symptoms emerged at low temperatures (16/22 ± 2°C; night/day, 16L:8D; Light, 5LS; RH, 75%). (C) The YLD symptoms emerged at high temperatures (27/34 ± 2°C, night/day, 16L:8D; Light, 5LS; RH, 75%). Ten seedlings for each specific temperature analysis, n = 10, were kept in an incubator under controlled conditions for 1 month.





qRT-PCR and ELISA for analysis of APV1 titer accumulation under different temperatures in the laboratory

After investigation and confirmation of APV1 titer accumulation in the field during different seasons, it was also important to investigate the role of temperature on YLD disease intensity; thus, for this reason, the APV1 titer was also analyzed under different temperatures, i.e., room, low, and high, in the laboratory under controlled growth conditions. The outcomes showed that, at low temperature, the APV1-RT1 expressed higher (1.704 ± 0.132-fold) as compared to control (healthy), while the virus accumulation decreased at room (0.43 ± 0.032-fold) and at high temperature (0.245 ± 0.028-fold), respectively. qRT-PCR results showed that APV1-RT1 expressed 3.96-fold higher than at room temperature, 6.955-fold more as compared to high temperature, while the APV1-RT2 also expressed greatly (1.521 ± 0.119-fold) as compared to control (healthy) at low temperature, while it expressed 0.746 ± 0.078-fold at room temperature and 0.476 ± 0.063-fold at high temperature. At low temperature, APV1-RT2 expressed 2.04-fold and 3.19-fold greater as compared to room and high temperature, respectively, as shown in Figure 6. The ELISA results of YLD areca palm seedlings maintained at different temperatures in a controlled growth chamber showed that APV1 titer accumulation was greater at low-temperature conditions (1.632 ± 0.12), which means 5.73 times higher as compared to control (healthy) (0.2805 ± 0.005), while it accumulates 1.72 times and 1.943 times more as compared to YLD seedlings maintained at room (0.949 ± 0.023) and high (0.841 ± 0.05) temperatures, respectively (Figure 6), which validates the results of qRT-PCR under control laboratory conditions. These results clearly indicated that APV1 titer was abundantly high at low temperature as compared to room and high temperatures, and showed that temperature is the key factor that plays a role in YLD intensity.




Figure 6 | The APV1 titer accumulation analysis through (A) qRT-PCR in control (healthy), room temperature (24/26°C, night/day), low temperature (16/22°C, night/day), and high temperature (27/34°C, night/day). The primer APV1-RT1 that encodes APV1-ORF9, and APV1-RT2 that encodes APV1-ORF7 were used for gene expression analysis. (B) The APV1 titer was determined by ELISA using a polyclonal antibody against APV1 coat protein. The absorbance values of APV1-positive seedlings in different seasons under natural environmental conditions were taken at OD 450 nm using a microplate reader (BioTek Synergy H1, USA). The results were calculated according to the formula [cutoff value (P/N) = (sample OD − blank OD)/(negative OD − blank OD)]. A mean absorption value of the tested samples twice higher than that of healthy plant antigen was taken as positive for the disease. Positive controls are the mean of absorbance readings of wells containing APV1-infected areca palm leaf samples, while negative controls are the mean of absorbance readings of healthy areca palm leaves. Data presented as means ± standard error, n = 9; significant differences are exhibited by lowercase letters (p ≤ 0.05), according to the LSD test.






Discussion

In 1914, the symptoms of YLD of areca palm were observed for the first time in India. However, the etiological ambiguity existed for such a long time (Raghavan and Baruah, 1958; Rawther, 1976); later on, in 1985, the disease was also examined in Hainan, China, and it was declared that this is caused by potassium deficiency (Yu et al., 1986; Wang et al., 2020). The disease was also observed in Sri Lanka (Kanatiwela de Silva et al., 2015). Based on 16S rRNA gene PCR amplification and electron microscopy observations, the disease was linked to phytoplasma in India (Nayar and Seliskar, 1978; Manimekalai et al., 2010; Ramaswamy et al., 2013), China (Daquan et al., 2001; Che et al., 2010; Yu et al., 2020), and Sri Lanka (Kanatiwela de Silva et al., 2015; Abeysinghe et al., 2016), although there was no etiological evidence (Purushothama et al., 2007). According to Wang et al. (2020), they could not find any phytoplasma in YLD-infected plantations from different epidemic areas in Hainan. However, based on RNA-seq (Yu et al., 2015), next-generation sequencing, immuno-capture RT-PCR and immunofluorescence assays (Zhang et al., 2021), and RNA-seq and de novo assembly (Cao et al., 2021), it was concluded that APV1 is the causal agent of YLD in Hainan, China. The APV1 belongs to the family Closteroviridae, having a flexuous and filamentous shape observed under transmission electron microscopy (TEM), the typical morphology of species in the family Closteroviridae (Wang et al., 2020). The genome of APV1-HN associated with YLD from Hainan, China was first sequenced through RNA-seq and was 16,080 nt in length (Yu et al., 2015), while the complete genome sequence of APV1-WYN (Wanning) isolate was approximately 1.5 kb longer than the APV1-HN genome and was recorded to be 17,546 nt in length. In our previously published data regarding APV1 genetic diversity throughout Hainan (China), 20 new complete genomes of APV1 isolates have been identified and sequenced through RNA-seq and de novo assembly and were divided into three phylogroups based on phylogenetic analysis, in which phylogroup A is the most prominent group (>70%), which consists of 16 isolates (Cao et al., 2021). The majority of plant viruses are utterly dependent on vectors for transmission purposes; among these vectors, arthropods, mostly Hemipterans, are most commonly used by plant viruses (Ng and Falk, 2006). During the life cycle of a virus, the transmission by vectors is an important stage. The characteristics and mechanism of plant virus transmission by Hemipteran vectors are defined by many terms and parameters, including retention time, acquisition time, latent period, trans-stadial passage, replication, and transovarial transmission ways. The transmission modes were divided into four categories based on their distinct properties: persistent-propagative, persistent-circulative, semi-persistent, and non-persistent (Nault, 1997; Ng and Falk, 2006). It has been investigated in our previous study that APV1 is transmitted in a semi-persistent, non-circulative manner by its transmission vectors F. virgata and P. cryptus mealybugs (Zhang et al., 2021). The vectors of APV1 were ascertained using immuno-capture RT-PCR and immunofluorescence assays. Along with these, the AAP, IAP, symptoms emergence duration, retention time, and accumulation sites of APV1 inside the vector were also investigated in our previous study. The basic symptoms of YLD observed in the current study were the same as described previously (Wang et al., 2020; Zhang et al., 2022) (Figure 5), while very little was known about the effects of climate change on YLD symptoms severity and APV1 titer accumulation. Ours is the first report regarding different temperature effects on YLD intensity. In the present research work, the YLD symptoms observation under natural environmental conditions in the field showed that YLD symptoms severity was markedly higher in winter as compared to summer, and was closely associated with APV1 through qRT-PCR and ELISA. The APV1 titer was evidently higher in winter than in summer. Thus, to further validate that either temperature plays any role in YLD disease intensity or not, the same experiment was also conducted in the laboratory under different temperatures in an artificially controlled conditions chamber. The research outcomes showed that the YLD symptoms severity and APV1 titer abundancy were markedly higher in the plants maintained at low temperature (16/22 ± 2°C, night/day), as compared to high temperature (27/34 ± 2°C, night/day) and room temperature (24/26 ± 2°C, night/day), which reveals that temperature is the main factor that plays a key role in YLD symptoms severity and APV1 titer accumulation. It has been observed that higher temperature negatively affects viral replication. The symptoms inhibition at 34°C was associated with low viral titer accumulation. It was assumed that extremely high temperatures prohibit virus replication and movement, and similar results have been reported for potato leaf roll virus (PLRV) at high temperatures (Tamada and Harrison, 1981). It has been demonstrated that pathogen multiplication efficiency was also affected by the temperature at which the virus gets transmitted (Feil and Purcell, 2001), and the establishment of infection in the host (Chu and Volety, 1997). The coat protein (CP) of turnip mosaic virus (TuMV) accumulates abundantly inside the plants maintained at 23/28°C, while the symptoms were expressed at 18/28°C temperature as compared to plants maintained at 35°C (Chung et al., 2015). The expression of Barley yellow dwarf virus-PAV (BYDV-PAV) and symptoms severity of the BYDV-PAV-associated disease were significantly greater at elevated temperature (10.0/21.1°C, night/day) as compared to ambient temperature (Nancarrow et al., 2014).



Conclusion

Previously, we observed anecdotally that under cold and dry weather conditions, the YLD symptoms severity becomes significantly high as compared to rainy and hot weather. Thus, based on the above observation, the present research work was conducted for the purpose of investigating the temperature and seasonal effects on YLD symptoms severity and APV1 titer accumulation both in the field under natural environmental conditions and in the laboratory under artificially controlled conditions, and it was concluded that symptoms severity was evidently higher in winter (December–February) as compared to autumn, i.e., rainy and moderate weather conditions (September), and summer, i.e., hot weather (May) in the field under natural environmental conditions. The qRT-PCR and ELISA results of field samples reveal that APV1 titer accumulates abundantly in cold and dry weather conditions than in rainy and hot weather conditions, and based on these assays, the YLD was closely associated with APV1. After confirmation of the seasonal effects on YLD symptoms and APV1 titer accumulation, we further conducted the same experiment under different temperatures, i.e., room, low, and high, in a chamber under controlled conditions for the purpose of evaluating the role of temperature in YLD intensity. Our results revealed that the YLD symptoms and APV1 titer accumulation were remarkably higher at low temperatures than at room and high temperatures. Thus, based on these findings, we concluded that temperature is one of the main factors that play a key role in YLD intensity. These findings represent empirical data about YLD symptoms emergence and APV1 accumulation that can be used to inform predictive models about the impact of different temperatures and seasons on YLD epidemiology.
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Yield and fruit quality loss by powdery mildew (PM) fungus is a major concern in cucurbits, but early-stage resistance mechanisms remain elusive in the majority of cucurbits. Here, we explored the comparative transcriptomic dynamics profiling of resistant line ZXG1755 (R) and susceptible line ZXG1996 (S) 48 h post-inoculation in watermelon seedlings to check precise expression changes induced by Podosphaera. xanthii race ‘2F’. Phenotypic responses were confirmed by microscopy and endogenous levels of defense and signaling related phytochromes were detected higher in resistant lines. In total, 7642 differently expressed genes (DEGs) were detected, and 57.27% of genes were upregulated in four combinations. DEGs were predominantly abundant in the KEGG pathway linked with phenylpropanoid biosynthesis, plant hormone and transduction, and phenylalanine metabolism, whereas GO terms of defense response, response to fungus, and chitin response were predominant in resistant lines, evidencing significant defense mechanisms and differences in the basal gene expression levels between these contrasting lines. The expression of selected DEGs from major pathways (hormonal, lignin, peroxidase, sugar) were validated via qRT-PCR. Detailed analysis of DEGs evidenced that along with other DEGs, genes including PR1 (Cla97C02G034020) and PRX (Cla97C11G207220/30, Cla97C02G045100 and Cla97C02G049950) should be studied for their potential role. In short, our study portrayed strong evidence indicating the important role of a complex network associated with lignin biosynthesis and phytohormone related downstream mechanisms that are responsible for incompatible interaction between PM and watermelon resistance line.




Keywords: lignin biosynthesis, powdery mildew, phytohormonal crosstalk, peroxidase, watermelon



1 Introduction

Watermelon (Citrullus lanatus L.) is a popular and economically important member of the Cucurbitaceae family. It is an important horticultural crop grown worldwide for its economic and nutritional importance (Davis et al., 2006; Wang et al., 2022b). A number of horticultural crops are found to be infected by powdery mildew fungus, but a majority of cucurbits are arguably the group most severely affected (Davis et al., 2007). The most prevalent, obvious, pervasive, and readily identifiable illness of cucurbits is certainly powdery mildew (Hückelhoven and Panstruga, 2011). Similar to other powdery mildew illnesses, it manifests as a whitish, talcum-like, powdery fungal growth on the cotyledon, petioles, stems, and leaf surfaces, with a rare exception of the fruits (Huckelhoven, 2005). According to (Zhu et al., 2018; Polonio et al., 2019), powdery mildew (PM) is a fungal disease brought on by Golovinomyces cichoracearum or Podosphaera xanthii in cucurbits. P. xanthii is thought to be the primary causal agent of powdery mildew on cucurbits and one of the most significant factors restricting cucurbit output. Watermelon powdery mildew is a major concern in major growing countries, including China, Turkey, India, and Iran, as it is in many other nations across the world (Yadav et al., 2021a). Watermelon plants are frequently affected by powdery mildew at all the development stages throughout the growing season, which causes necrotic lesions in the leaves and lowers the net photosynthetic rate, resulting in impaired plant growth and decreased fruit quality and overall yield (Keinath and DuBose, 2012). Contrarily, despite significant investments in disease prevention strategies, many fundamental facets of P. xanthii and plant pathogen interaction and clear molecular resistance mechanisms are still elusive. Currently, the primary strategy used to control PM infection is chemical prevention (Yuste-Lisbona et al., 2011; Cao et al., 2022). The generation and use of PM-resistant watermelon varieties is among the environmentally friendly, efficient, and most reasonable methods for controlling this disease, especially when compared to the drawbacks of chemical control (Kousik et al., 2019; Cao et al., 2021).

Traditional breeding has resulted in a number of isogenic lines with varying degrees of resistance to various PM races by transferring certain pathogen-resistant genes from wild resources to allied lines in many crops (Xin et al., 2012). The molecular processes underpinning the host-pathogen interaction and defensive responses in important agricultural plants have been better understood using PM-resistant lines as natural materials (Cao et al., 2022). They have additionally been praised for being the most reasonably priced and environmentally secure cultivars for disease prevention. It’s vital to research the PM defense mechanisms in watermelon to enable marker-assisted selection (MAS) of elite and broad-spectrum disease resistant cultivars (Li et al., 2020; Cao et al., 2022). The plant-pathogen interaction is a complex mechanism, and the resistance against infection in plants can be achieved through the rapid activation of multi-layered defense reactions.

Moreover, plants react to these challenges in a dynamic and complicated manner. Modulating molecular processes, including the interaction of signaling chemicals like phytohormones, triggers a defense response (Collum and Culver, 2016; Wang et al., 2022a). These phytohormones regulate growth, development, and physiological activities in addition to defensive signals. Auxins, cytokinins, gibberellins, ethylene, jasmonic acid, brassinosteroid, salicylic acid, and abscisic acid are phytohormones that respond to stress by acting synergistically and antagonistically in a process known as signaling cross-talk (Benjamin et al., 2022; Fidler et al., 2022). These phytohormones cooperate harmoniously and react to environmental and developmental factors. All plant defensive responses are the consequence of the interaction of numerous genes and gene families that have been skilfully coordinated in a network. Through the regulation of genes, several phytohormones are recognized to have a significant part in practically every process. Furthermore, plants maintain homeostasis and adjust to environmental changes. Salicylic acid is an important phytohormone to induce defense responses against a number of biotrophic pathogens (Ngou et al., 2022; Yu et al., 2022). The SA mediated signaling pathway results in the biosynthesis of antimicrobial substances like phytoalexins and proteins related to pathogenesis and induces hypersensitive reactions (HR), which are frequently linked to programmed cell death in the infected area and limit pathogen colonization. In contrast, plants use the phytohormones ethylene (ET) and jasmonic acid (JA) to defend themselves against necrotrophs, and their reactions are comparable to those of being wounded (Kachroo and Kachroo, 2009; Kouzai et al., 2018). Phenylalanine serves as a key enzyme that can be converted to SA via conversion into cinnamic acid and benzoic acid, and SA is generated via the shikimic acid pathway (Shine et al., 2016). The PAL-catalyzed branch was formerly believed to be the only contributor to SA biosynthesis because of the stress-sensitive expression of phenylalanine ammonia lyase (PAL) and the decreased SA accumulation in response to PAL inhibitors (Bhuiyan et al., 2008). Phenylalanine, after conversion to cinnamic acid, turns into lead enzymes for basic flavonoids and lignin biosynthesis in plants. Hence, the role of the phenylpropanoid pathway becomes important in plant defense (Yadav et al., 2020). Additionally, lignification can also alter cell walls in a number of other ways, including making them more resistant to the enzymes that degrade cell walls, making them more resistant to the diffusion of toxins from pathogens to hosts, producing toxic precursors and free radicals, and entrapping pathogens (Figure 1). Lignin biosynthesis pathway genes are extensively found to be associated with local resistance against pathogens. For example, transient knock-down of certain gene encoding enzymes, such as caffeoyl-CoA O-methyltransferase (CCoAOMT), phenylalanine ammonia-lyase (PAL), cinnamyl alcohol dehydrogenase (CAD), and caffeic acid 3-O-methyltransferase (COMT) significantly reduced wheat basal immunity against the fungal pathogen Blumeria graminis (Bhuiyan et al., 2008). The penetration resistance in tobacco and Arabidopsis was also affected by down regulation or loss of PAL genes in plants against biotrophic and necrotic fungus. Similarly, recent reports evidenced that TaCAD12 in wheat and ZmCCoAOMT2 in maize confirmed quantitative resistance to multiple pathogens, indicating a vital role of lignin biosynthesis pathway genes in plant defense (Rong et al., 2016; Yang et al., 2017).




Figure 1 | Cell wall dynamics during pathogen invasion and role of phenylpropanoid pathway in plant defense.



Core pathways and sensitive genes to biotic or abiotic stress have been widely identified using RNA sequencing (RNA-Seq), an innovative method for transcriptome research. It offers a precise measurement for transcript levels to disclose the response pathways to certain stimuli. For instance, by using comparative transcriptome analysis, disease stress-inducible pathways and their related genes have been studied in many important crops, including defense responses of mango against Colletotrichum gloeosporioides (Hong et al., 2016), tomato against Phytophthora parasitica (Naveed and Ali, 2018) and banana against Fusarium oxysporum (Kaushal et al., 2021). Transcriptomic research on some cucurbits such as melon and cucumber resilience to PM has recently gained popularity (Cao et al., 2022).

Profiling studies of gene expression have shown that considerable differences in gene expression are linked to the resistance response to a number of different plant pathogen groups. Comparative transcriptome analysis based on RNA-Seq is a crucial tool for discovering genes that are differently expressed in different plant part in response to environmental factors. This approach has been extensively used in studies on plant-pathogen interactions in some cucurbit crops like melon (Zhu et al., 2018) and cucumber (Li et al., 2016), but less frequently in watermelon, squashes, and other gourds. Recent studies have evidenced that comparative transcriptomic is an important tool for in-depth analysis. For instance, cucumber and melon were studied extensively among cucurbit crops for molecular processes underlying host resistance to the PM pathogen (Fukino et al., 2013; He et al., 2013; Xu et al., 2020). Compared to other cucurbits such as cucumber and melon, the details of research and knowledge are limited in watermelon. However, only a small number of quantitative trait loci (QTLs) and disease resistance genes linked to the response to PM in melon and cucumber have been discovered so far. Additionally, there is a paucity of knowledge regarding the genomic features and expression patterns associated with the watermelon response against PM race 2F. (Yadav et al., 2021a).

In this study, we have advanced previously available research and investigated transcriptional reprogramming triggered in resistant (ZXG1755) and susceptible (ZXG1996) lines with the aim of improving the understanding of the genetic control associated with host resistance by integrating analysis of various indicators in watermelon against the most prominent powdery mildew race 2F. For the first time, a comprehensive study of the monolignol genes and the crucial role of phytohormones for powdery mildew fungal defense against breaching the plant cell wall through transcriptome analysis combined with microscopy and phytohormonal profiling is presented. Our objectives were to assess the variations in the transcriptome between the two lines, identify the DEGs, and identify the major pathways implicated in the response. We also proposed a hypothetical mechanism behind the resistance mechanism against PM in the early stages of infection. This study gives a theoretical basis for making watermelon cultivars that are resistant to PM. It may also help us learn more about the molecular processes that make watermelon resistant to PM.



2 Materials and methods


2.1 Plant materials, race identification, inoculation and sample collection

Watermelon seeds of germplasm lines ZXG1996 and ZXG1755 were arranged from the Zhengzhou Fruit Research Institute, Chinese Academy of Agricultural Sciences, Zhengzhou. The seeds germinated on filter paper were seeded in 50 cell trays. Seedlings with cotyledons were planted into plastic pots filled with a mixture of peat and vermiculite (3:1) and growth was maintained in a growth chamber with 14/10 h light-dark at a temperature of 28/20°C (day/night), and a photosynthetic photo flux density (PPFD) of 600 μmol m−2s−1 (Yadav et al., 2021a).

A watermelon PM inoculation experiment was carried out using PM fungus P. xanthii race ‘2F’ routinely maintained on the sensitive watermelon lines under greenhouse conditions at the cucurbit germplasm innovation and genetic improvement center, Northwest A & F University, Yangling, Shaanxi, China (Yadav et al., 2021b). As per previous reports, melon differential lines were used for PM race confirmation. The conidial suspension (105 spores/mL in 0.02% Tween 20) was prepared by young spores collected from infected leaves (Mandal et al., 2018; Mandal et al., 2020; Gao et al., 2021; Yadav et al., 2021b). Artificial inoculation was done by evenly spraying conidial suspension on the leaf surface of three-to-four leaf stage healthy seedlings. Seedlings used as mock inoculation controls were sprayed with sterile water containing 0.02% Tween-20. The leaf samples collected 48 hours after infection were immediately snap-frozen in liquid nitrogen and stored at -80°C until analysis. For ease of use, the samples were given the names S_CK/I to ZXG1996_Mock treated/PM inoculated, and the plants were called R_CK/I to ZXG1755_Mock treated/PM inoculated.



2.2 Microscopic observation and defense hormone quantification

Fully opened leaves harvested from mock and PM inoculated seedlings of watermelon were used for microscopic observation. Trypan blue powder dissolved in 40 ml of 1: 1: 1: 1 phenol/lactic acid/glycerol/water was used to stain the P. xanthii race ‘2F’ hyphae (Shine et al., 2016; Mandal et al., 2020). A sample for defense phytohormone measurements was extracted from a pool of four to five seedlings of both cultivars as described by (Liu et al., 2012) with some minor changes. Fine leaf powder (0.2 to 0.4 g of fresh weight) was extracted in 9 ml of 100% methanol and 0.2 ml of an internal standard solution (500 M o-anisic acid and 250 M p-hydroxybenzoic acid in 100% methanol). The methanol leaf powder suspensions were shaken for 1 minute (2,500 rpm) and centrifuged for 15 minutes at 6°C at 30,000 x g. The supernatant was vacuum-dried, resuspended in 2 mL of 5% (wt/vol) trichloroacetic acid, and extracted twice using 5 mL of ethyl acetate and cyclohexane (1:1, vol/vol). Prepared samples were used for quantification by HPLC-MS/MS.



2.3 Comparative transcriptome analysis


2.3.1 RNA extraction, sequencing and transcriptome profiling

Three biological replicates of inoculated leaves for each treatment were used for RNA extraction and transcriptome sequencing. RNA isolation and high-throughput RNA sequencing (RNA-Seq) were conducted by Oebiotech Corp. (Shanghai, China). In short, total RNA extraction from frozen leaf samples was extracted using the mirVana miRNA isolation Kit (Ambion), and RNA integrity was evaluated on the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The libraries were constructed using the TruSeq Stranded mRNA LTSample Prep Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions.



2.3.2 Differentially expressed genes identification

In total, twelve high quality RNA samples from mock-treated and disease-inoculated leaves were prepared. On an Illumina sequencing platform (HiSeq 2500), 150-bp and 125-bp paired-end reads were produced from the libraries. After passing the quality inspection, sequencing was performed using an Illumina sequencer (Kim et al., 2015). Differential genes were screened according to the different multiple and different significance test results. Differential expression analyses among resistant and susceptible cultivars (S-I vs. S-CK and R-I vs. R-CK) were analyzed using the DESeq R package (1.10.1). The reads per kilobase of transcript per million mapped read (RPKM) normalization was used to examine the gene expression profiles. The counts of genes in each sample were standardized using DESeq, and the different significance of reads was tested using NB (Negative binomial distribution) (Love et al., 2014). The fold change presented in the differential expression data was used to indicate the ratio of expression between the treatments within a comparison. Genes with a fold change of > 1.5 and an FDR of < 0.05 were considered to be DEGs. The watermelon reference genome (97,103 V2) was downloaded from the website (http://cucurbitgenomics.org/organism/1) and paired-end clean reads were aligned to the reference genome using Hisat2 v2.0.4.



2.3.3 Gene ontology and functional enrichment analysis

Gene Ontology (GO) enrichment analysis of identified DEGs were performed using Blast2GO v4.0. Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2007), enrichment analyses were performed using Gottools (https://github.com/tanghaibao/Goatools) and KOBOS v2.0 (http://kobas.cbi.pku.edu.cn/home), web bioinformatics tool to detect specific DEGs strongly associated with various metabolic and functional pathways.




2.4 Quantitative real-time PCR and expression validation

To confirm the authenticity of the transcriptome results, we selected a set of genes and performed qPCR. The primer sequences were designed using Primer Premier 5.0 software. The RNA samples used for the transcriptome were used for cDNA synthesis and utilized for qPCR-based expression analysis. In the data analysis for qPCR, the expression of candidate genes was normalized to that of the Clactin gene, a housekeeping gene in watermelon. The absence of non-specific products in the primer pair was verified using the melting curve. The assay for each selected gene was triplicated and quantification was evaluated using 2-ΔΔCt method. The primers used in the current study are listed in Table S3.



2.5 Data analysis

The data were analyzed, and differences between means were analyzed at different confidence level with IBM-SPSS v20 application. The graphs were made using ‘ggplot’ plot package in latest build of RStudio.




3 Results


3.1 Interaction phenotypes of P. xanthii race ‘2F’ on contrasting watermelon lines

To examine the phenotypic response of resistant and susceptible lines, the extent of fungal growth was examined under the microscope. Analysis of phenotypes and microscopic observation revealed clear growth of PM hyphae on the leaf of susceptible lines (ZXG 1996). In contrast, no conidial growth and colonies were identified on the leaf surface of resistant lines (ZXG1755) (Figure 2). Moreover, the conidial growth was observed at different times, showing that the initial colonies in ZXG1996 (S_I) were visible after three days post-inoculation. However, there were no visual spores on the leaves of resistant plants (Figure 2A). Clear hyphal growth and spores of P. xanthii race ‘2F’ post-invasion were observed in ZXG 1996 (S_I) (Figure 2B). The conidial cell concentration examined in both the contrasting lines clearly showed significant growth of conidial cells on susceptible lines (Figure 2C). Conversely, the concentration of conidial cells was unaffected in resistant plants, and slight spores were measured after nine days post-inoculation in resistance lines. The results were in line with the previous reports of the high resistance and susceptible nature of watermelon lines used in the current study (Yadav et al., 2021b).




Figure 2 | Interaction phenotypes of P. xanthii race ‘2F’ among mock and disease inoculated leaves of watermelon resistant and sensitive lines after 48(h). (A) Phenotypes of mock-inoculated (MI) and powdery mildew inoculated (PM-I) in resistant (R_CK/I) and susceptible (S_CK/I) cultivars of watermelon. (B) Post-invasion response and hyphal growth in different contrasting cultivars after post inoculations. P. xanthii race ‘2F’ hyphae were stained with trypan blue. (C) Bar graph depicting the number of PM conidials on the leaves of ZXG 1755/1996 lines on MI, PM-I, and at 5 and 9 dpi.





3.2 Quantification of endogenous phytohormones post-inoculation

In continuation, we comparatively examine the endogenous content of plant defense-responsive and signaling related phytohormones including abscisic acid (ABA), auxin (IAA), gibberellic acid (GA3), ethylene (ACC), salicylic acid (SA), and methyl jasmonate (MeJA) during the early stages of PM infection in both cultivars. At 48 h post-inoculation, the concentration of abscisic acid (ABA) in PM-infected plants compared to mock-treated plants significantly increased in the leaves of resistant and sensitive plants. However, the content in sensitive plants was less significant. 1-Aminocyclopropane-1-carboxylic acid (ACC), which is an immediate precursor of ethylene, showed higher content in resistance lines. The results revealed that there was no significant difference in the level of GA3 in both the lines. Moreover, a sharp increase in the level of auxin was observed in sensitive lines. The significant increase in auxin was reported in both lines. Overall, a higher concentration of SA was observed in ZXG 1996 in MI (S_CK) and PM-I (S_I) in comparison to ZXG 1755. Similarly, the endogenous level of JA was also examined, and the results showed a similar accumulation pattern to that of salicylic acid in the leaves of both lines (Figure 3).




Figure 3 | The endogenous content of major defense and signaling related phytohormones (A–F) including abscisic acid (ABA), auxin (AUX), ethylene (ACC), methyl jasmonate (MeJA), salicylic acid (SA), over the course of this study (mock-inoculated and PM inoculated after 48h phi) PM infection of susceptible and resistant watermelon lines, over early stages of invasion in leaves. The bars represent the standard error obtained from triplicate samples. *, **, and *** represent significant differences at P < 0.05, P < 0.01, and P < 0.001 (t-test), respectively. An unpaired t-test (P ≤ 0.05) was applied for the test of significance in hormone concentration in both contrasting lines. ns, not statistically significant.





3.3 RNA-seq, de novo assembly and annotation

During the compatible reaction on the leaves inoculated with the conidial solution, it has been reported that the post-invasion process undergoes five different stages of infection: conidia germination, haustorium formation, germ tube branching and hyphae elongation; conidia initiation and finally maturity of conidia. Previous studies in various crops, including different cucurbit early stages of infection (48 h) were considered to study early-stage compatible and incompatible interactions between watermelon and P. xanthii race ‘2F’. The detailed description of three biological repetitions is presented in Tables S1 and S2. In this analysis, the referenced transcriptome sequencing of 12 samples was performed. A total of 85.56 G of CleanData was obtained, and a total of 47.44 to 51.41 million raw reads were obtained. The effective data volume of each sample ranged from 6.84 to 7.43 G, the Q30 base ranged from 90.06 to 92.56%, and the average GC content was 45.71% (Table S1). Moreover, multiple mapped reads ranged from 937547(1.96%)-to 1108197(2.22%) and total mapped reads (44911862(96.73%)-48043415 (98.14%)) were reported in all libraries, while reads varying from 94.67%–96.00% were uniquely mapped to the watermelon reference genome (97,103 V2). By aligning the reads to the reference genome, the genome alignment of each sample was obtained, and the alignment rate was 96.73-98.14% (Table S2). Based on the comparison results, protein-coding gene expression analysis was performed. Principal component analysis (PCA) of the transcriptomic data and correlation between samples are presented in Figure 3A. The differential screening was performed according to the expression levels of protein-coding genes in all samples used in the present study. There were four differential groups in total, and the number of detected differential genes was: 1037, 3169, 1869, and 1549, respectively (Figure 3B).



3.4 Comparative study of differential expression of assembled transcripts in response to PM post-inoculation

To portray differentially expressed genes (DEGs) for the distinct phenotypic reaction of contrasting lines (Figure 4), gene expression levels were measured and DEGs were identified using R packages in order to study the differential expressions of genes responsive to PM infection. The analysis was carried out with all possible combinations, and four unique groups were created for comparative study. S_I vs. S_CK, R_I vs. R_CK, R_CK vs. S_I, and R_I vs. S_I are examples of sample comparative groups. The volcano distribution plots for up and down regulation comparisons among combinations are shown in Figures 4D-G. In total, 4774 DEGs were found in all comparison groups. Where the highest number of DEGs was 3169 (1451 up and 1718 down), followed by 1869 (754 up and 1115 down), 1549 (617 up and 932 down), and the lowest, 1037 (437 up and 600 down), DEGs were found in R_I vs. R_CK, S_I vs. S_CK, R_CK vs. S_CK, and R-I vs. S_I, respectively (Figure 4B). To get a more detailed analysis of DEGs, we created a Venn diagram. DEGs of mock-inoculated and PM-inoculated in both lines were distinguished (Figure 4C). After shorting, we found that there are a number of DEGs, some of which are unique, and some of which are commonly present between groups. The analysis evidenced that the maximum number of uniquely mapped DEGs, i.e., 1112, were found in R_I vs. R_CK, followed by 386, 285 and 152 in S_I vs. S_CK, R_CK vs. S_CK and R_I vs. S_I, respectively (Figure 4C). 792 DEGs were identified as commonly present in S_I vs. S_CK and R_I vs. R_CK, 162 DEGs were commonly mapped on R_I vs. S_I and R_I vs. S_CK, 96 common DEGs were discovered in the interactive region of S_I vs. S_CK and R_I vs. S_I, 162 DEGs were mapped on a common region of R_I vs. S_I and R-CK vs. S_CK and 92 common DEGs were identified in all possible combination groups (Figure 4C).




Figure 4 | (A) Principal component analysis (PCA) of the replicated samples used for RNA-sequencing. All samples represented consistency in data among replicates. S/R_CK and S/R_I genotype factors showed variation among mock and diseases inoculated after 48 h. (B) Number of DEGs (p value < 0.005, statistically significant ≥ 2-fold), in different comparisons. (C) Venn graphs represent a cluster of DEGs from resistant and susceptible groups and interaction between the various treatment groups. (D–G) The volcano indicates the DEGs. Each dot in the figure signifies a particular gene. The green dot shows a significantly down-regulated gene, the red dot specifies a significantly up-regulated gene, and the dark grey dot is a group of non-significant differential genes.





3.5 GO and KEGG analysis of identified DEGs in different groups

Analyses of the Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) were carried out in order for us to determine which biological processes and functions are prevalent in DEGs. The identified DEGs were assigned to one of the three main GO categories: biological process, molecular function, or cellular component. The GO analysis revealed that in the biological process category, the majority of DEGs were associated with cellular processes, metabolic processes, and responses to stimuli in all combination groups. Under the cellular process category, the majority of genes were found to be associated with organelles, membranes, and extracellular regions in different comparison groups. Furthermore, activities associated with bindings, catalytic activities, and transporter activities were the major molecular function-related GO terms found to be associated with a majority of combination groups (Figures 5C–D). Notably, the study of the top GO terms showed that processes related to plant defense, including chitin response, defense response, and defense response to fungus-associated major biological processes were found in the R_I vs. R_CK group, which were different from S-I vs. S_CK. Interestingly, GO terms related to (phenylalanine ammonia-lyase activity) PAL activities were listed among major molecular functions in only the R_I vs. R_CK group (Figure 5C).




Figure 5 | Pathway functional analysis of DEGs. The X and Y-axis represent enrichment factor and pathway names, respectively. A colored bubble represents p-value, and Rich Factor refers to the value of enrichment factor, which is the quotient of foreground value (the number of DEGs). (A) DEGs that were up-regulated in the R_I vs. R_CK groups. (B) DEGs that were up-regulated in the S_I vs. S_CK groups. (C, D) GO analysis of DEGs classified as biological, cellular, or molecular functions.



Furthermore, to study the biological pathways associated with PM inoculation in contrasting lines, DEGs were ammoniated by blast analysis against the KEGG database (Kanehisa et al., 2007). In order to get a depth analysis of the KEGG pathway enrichment analysis, we analyzed the detailed data and presented a table (Table 1) of DEGs using pathway annotations for various top events in each comparison group. In short, in response to PM invasion, plant hormone signal transduction (ko04075), phenylpropanoid biosynthesis (ko00940), glutathione metabolism (ko00480), phenylalanine metabolism (ko00360) and cell cycle (ko04110) are the major pathways associated with DEGs. A list of the top common pathways associated with DEGs in various groups is shown in Table 1. In short, overall phenylpropanoid biosynthesis pathways and phenylalanine-related DEGs were found in a majority of groups. When comparing the responses of the two cultivars, plant hormone and signal transduction were another pathway that shared a high number of DEGs, and the highest number of genes were reported in the R_I vs. R_CK and S_I vs. S_CK comparison groups (Figure 5). Other pathways, including phenylalanine metabolism, starch and sucrose metabolism, cell cycle, diterpenoid biosynthesis, linoleic acid metabolism, glutathione metabolism, and other pathways are also observed with a higher number of DEGs.


Table 1 | List of top KEGG pathways associated with DEGs in various groups and number of up and downregulated genes in various comparison groups.





3.6 Expression profile of DEGs associated to phytohormone signaling and transduction pathways

Plants have a wide variety of active and passive defense mechanisms at their disposal in the event that they come under attack by pathogens (Ausubel, 2005; Kumar et al., 2021; Benjamin et al., 2022). Active defense responses, which require de novo protein synthesis, are controlled by a complex and interconnected network of signaling pathways that primarily involve three molecules, ethylene (ET), jasmonic acid (JA) and salicylic acid (SA) and which results in the synthesis of pathogenesis-related (PR) proteins (Jones and Dangl, 2006; Sood et al., 2021; Fidler et al., 2022). In both compatible and incompatible PM reactions, KEGG pathway analysis found hormone-signaling-related genes that code for receptors and response factors. Comprehensive explanations are provided below.


3.6.1 Differential expression pattern of auxin related genes during incompatible and compatible interaction

Here, we summarized the expression profiling of DEGs related to biosynthesis of auxin in all combinations (Figures 6A–D and Table S3). Representative DEGs include auxin influx facilitator auxin-responsive GH3 family protein (GH3); AUX1; indole-3-acetic acid inducible (IAA); auxin-responsive factor (ARF) and small auxin upregulated RNA (SAUR). SAUR-like auxin-responsive protein family related DEGs were filtered and analyzed.




Figure 6 | Transcriptomic analyses of incompatible and compatible interactions of the PM fungus in different watermelon lines. DEGs associated to auxin, abscisic acid and brassinosteriods from various combinations, such as groups R_I vs. R_CK, S_I vs. S_CK, R_CK vs. S_CK, and R_I vs. S_I, are presented in the form of a heatmap. The Log FC values corresponding to each gene in a group are used to generate a heatmap. The red and blue colours specify up-and down-regulated expressions. Genes related to IAA and AUX1 (A), GH3 (B), ARF (C), and SAUR (D), PYR/PYL (E), PP2C (F), SnRK2 (G), ABF (H), BSK and CYCD3 (I, J) are categorically shown in various combination groups. In the same way, heatmaps are used to show the genes of the abscisic acid (E–H) and brassinosteroid (I, J) biosynthesis pathways.



In the R_CK vs. S_CK group, two AUX1 genes (Cla97C037350 and Cla97C0132540) were identified and both were upregulated. Moreover, one gene (Cla97C07G139780), out of four IAA identified genes, was up regulated after infection in resistant lines. One GH3 (Cla97C05G092790) and one ARF (Cla97C09G172320) were upregulated in both groups. Fourteen SUAR genes were identified in DEGs. Out of them, six genes in R_I vs. R-CK and S_I vs. S_CK were upregulated, whereas one gene (Cla97C05G099810) was upregulated in R_CK/I vs. S_CK/I (Figures 5A–D and Table S3). In the compatible interaction group, the significant number of the auxin related genes were down regulated. For example, only one IAA gene (Cla97C09G170150), three GH3 (Cla97C01G16340, Cla97C05G092790, and Cla97C10G190160), and one ARF (Cla97C09G172320) were downregulated (S_I vs. S_CK). Furthermore, the analysis of SAUR genes showed that six genes were upregulated, whereas five were down regulated. Notably, four SAUR genes (Cla97C02G031310, Cla97C11G10320/30, and Cla97C11G210400) were upregulated in both lines after infection in response to PM inoculation (Figures 5A–D and Table S3). The majority of IAA and AUX1 genes in groups like R_I vs. S_I and R_CK vs. S_CK were not detected with significant transcript accumulation.



3.6.2 Expression analysis of genes related to ABA (abscisic acid) and BR (brassinosteroid) biosynthesis

In total, 14 DEGs associated to the biosynthesis of ABA were observed in the majority of combinations (Figures 6E–H and Table S3). Among them, five DEGs of PYR1-like (PYR) were downregulated in all groups. The responses of PP2C genes were contrasting in resistant and sensitive lines. Four PP2C genes showed differential expression in both groups. Genes such as Cla97C03G052090, Cla97C05G089520, and Cla97C05G091070 were upregulated in S_I vs. S_CK. Similarly, one ABF gene (Cla97C10G202040) was also ducted with a higher transcript after PM infection in sensitive lines (Figures 6E–H).

Protective activities of BRs against biotic stress have been documented based on field results (Bartwal et al., 2013; Yu et al., 2018). In the current study, seven DEGs associated with BRs pathways were identified. For example, all the identified DEGs were found upregulated in the R_CK vs. S_CK group, whereas only one detected plant brassinosteroid-signaling kinase (BSK) (Cla97C05G096280) was downregulated in resistant and sensitive groups after PM infection. No DEGs were detected in the R_I vs. S_I groups. In R_I vs. R_CK, the majority of CYCD3 genes were down regulated (Figures 6I, J).



3.6.3 DEGs related to phytohormones and defense signaling

Phytohormones work as central regulators of plant defense (Mine et al., 2018). Intricate mechanisms of phytohormone signaling allow plants to activate appropriate and effective defense responses against pathogens, while maintaining a delicate symbiotic relationship between defense and growth (Ngou et al., 2022). SA induces a defense response against biotrophic pathogens (Kachroo and Kachroo, 2009). Pathogenesis-related proteins, phytoalexins, and hypersensitive responses (HR) are the main defense strategies associated with SA. The DEGs associated with SA biosynthesis were identified and arranged specifically for gene families. These DEGs are comprised of NPR1-like protein 3 (NPR), TGACG-Binding (TGA) and pathogenesis-related protein (PR1) (Figures 7A–C and Table S3). One NPR1 protein encoding gene, Cla97C07G137510, was found upregulated in response to PM infection in resistant lines. Moreover, two PR1 genes (Cla97C02G034020, Cla97C03G063250) and one TGA gene (Cla97C07G048210) were identified in resistant lines. The genes were upregulated in the R_I vs.. R_CK group. Interestingly, comparison of various groups clearly demonstrated that the majority of SA biosynthesis genes responded in resistant lines after PM infection. Moreover, either these genes were not detected or downregulated in sensitive lines.




Figure 7 | A heatmap of the genes related to phytohormone defense related activities with differential expression after PM infection in susceptible and resistant watermelon lines, over early stages of invasion in leaves. A heatmap shows DEGs from the NPR1 (A), TGA (B), PR1 (C), EIN3 (D), ERF1/2 (E), JAZ (F), and MYC2 (G) gene families from the different comparison groups R_I vs.. R_CK, S_I vs.. S_CK, R_CK vs.. S_I, and R_I vs.. S_I. The Log FC values corresponding to each gene in a group are used to generate a heatmap. The red and blue colours specify up-and down-regulated expressions.



Furthermore, ethylene responsive genes were also studied (Figures 7D, E and Table S3). The analysis revealed that DEGs related to ethylene response factor (ERF-1/2) and ethylene-insensitive-3 (EIN-3) were identified in comparison groups. Upregulation of the Cla97C07G136410 (EIN-3) gene was observed in the R_I vs.. R_CK group, whereas no differential transcript was observed in other groups. Two ERF1/2 genes (Cla97C05G085160 and Cla97C06G116550) were identified with upregulated transcripts in both lines after PM infection. In contrast, one ERF1/2 (Cla97C05G085160) gene was downregulated when a mock-treated resistant line was compared with a sensitive line (R_CK vs. S_CK). However, transcripts of other genes, including CTRI, SlMKK, and MPK6, were not detected.

The detailed analysis for JA-relate genes showed that jasmonate-zim-domain protein 3 (JAZ3) and MYC2 genes had differential expression in watermelon comparison groups (Figures 7F, G). In summary, four JAZ genes and one MYC2 gene were downregulated in R_I vs. R_CK and S_I vs.. R_CK, respectively. Only one JAZ gene (Cla97C07G141340) was upregulated in R_CK vs. S_CK.




3.7 Differential abundance and induced expression of DEGs associated with lignin biosynthesis in response to PM invasion

Pathogen invasion on plants is strongly reacted to by the phenylpropanoid pathway, which encodes the enzymes in the lignin building monolignol units (Yadav et al., 2020). The infection by pathogen to penetrate plant tissues is often escorted by localized appositions, which are majorly identified as lignified materials (Bhuiyan et al., 2008). In our current research, a significant number of genes associated with monolignol biosynthesis processes were identified. The mining of the genes linked with monolignol biosynthesis was performed to differentiate the roles of lignin monomer units in cell wall-mediated defense against PM infection in watermelon. The detailed analysis showed that phenylpropanoid biosynthesis and phenylalanine metabolism are two of the main processes involved in watermelon seedlings’ early-stage resistance to PM invasion. Our results showed that nine sets of genes that are involved in monolignol biosynthesis were identified with differential expression during PM invasion of susceptible and resistant watermelon lines, over the early stages of invasion in leaves. Transcriptome data showed that steady-state levels of ClPAL, Cl4Cl, ClHCT, ClCCR, ClCAD, ClCCoAOMT, ClCOMT, ClUGT72E, ClCSE, and ClCYP73A transcripts were differentially expressed in leaves during the primary stages of PM invasion. The overall expression in various comparison groups is presented in Figure 4. Comprehensive explanations are provided below in the following sub-sections.


3.7.1 Lignin biosynthesis pathway associated differential genes in assembled transcripts

In-depth analysis of the filtered DEGs associated with lignin biosynthesis pathways revealed that DEGs from a number of gene families encoding proteins such as ClPALs, Cl4Cls, ClHCTs, and ClCCRs showed differential trends in various comparison groups. Ten PALs were reported with differential expression levels after PM inoculation in both resistant and non-resistant lines after PM inoculation. In detail, three genes, including Cla97C04G075850, Cla97C07G138590, and Cla97C07G138620, showed sharp upregulation in the resistant line after PM inoculation. Similarly, the R_I vs. S_I comparison showed that four PAL genes had higher transcript levels in resistant lines. Other genes, including two 4CL, one CYP73A, three CCR, one HCT, and genes from the phenylpropanoid pathway, exhibited higher transcript accumulation in resistant lines after PM infection (Figures 8A–D). Two 4CL genes (Cla97C09G165820/30) were upregulated in the R_I vs. R_CK group, whereas two other genes were upregulated in the R_I vs. S_I group. The analysis showed that no DEGs were detected in the sensitive line in response to PM infection. CCR and HCT gene analysis also revealed that these genes respond to PM infection in resistant lines. Interestingly, one CCoMT and two CCR genes showed upregulation in sensitive lines after PM infection. Overall, the analysis reports confirmed that the majority of the genes from lignin biosynthesis pathways responded well to resistance lines in resistance lines and higher transcripts were detected in infected plants of resistance lines when compared to mock-treated plants. A smaller number of genes responded in sensitive lines and only a handful of genes showed upregulation response in sensitive lines (Figures 8A–D).




Figure 8 | Heatmap of the genes linked to the general phenylpropanoid pathway, peroxidase and beta-glucosidase were identified with differential expression in PM invasion of resistant and susceptible watermelon lines, over early stages of invasion in leaves. Selected DEGs from the PAL (A), 4CL (B), HCT, CSE, CCR, F5H, CAOMT (C), CCoAOMT, CAD, CYP73A (D), peroxidase (PRX) (E) and β-glucosidase (F) gene families from different comparative combination groups R_I vs. R_CK, S_I vs. S_CK, R_CK vs. S_I vs. S_I are presented in form of a heatmap. Log FC values corresponding to each gene in a group are used to generate a heatmap. The red and blue colours specify up-and down-regulated expressions.





3.7.2 Regulation of peroxidase (PRXs) and β-glucosidase related DEGs in compatible and incompatible reaction

Among the proteins induced during plant pathogen interactions, plant peroxidases enzymes are well known (Almagro et al., 2008). These proteins belong to a large multigene family that actively participates in the cross-linking of cell wall components and lignin formation. Moreover, these genes actively participate in the biosynthesis of phytoalexins and hypersensitive response (HR) against pathogens. Our current study demonstrated that 28 PRXs DEGs in all combination groups were identified (Table S3). Except for a few genes specific to groups, the majority of genes were upregulated in the resistance line (Figure 8E). In group R_I vs. R_CK, 20 PRXs genes were upregulated and only eight genes were identified with lower transcript accumulation. Four genes, including Cla97C02G045100, Cla02G049950, Cla97C11G207230, and Cla97C09G177290, were reported with a multi-fold increase in transcripts after PM infection. Only three genes were upregulated in the S_I vs. S_CK comparison group. Similarly, the detailed analysis of all β-glucosidase revealed that the majority of genes responded after PM infection in the resistance line. A total 12 number of β-glucosidase genes were identified in four comparison groups (Table S3). Most of the genes were upregulated in resistant lines, whereas two genes showed a significantly downregulated pattern in sensitive lines (Figure 8F). The transcription levels of five out of twelve genes were significantly higher in the R_I vs. R_CK group, especially the transcript level of Cla97C03G063800, which was upregulated multi-fold in infected plants of the resistant line.




3.8 Reliability of RNA-seq data by quantitative real-time PCR

For reliability of the RNA-seq dataset, a qRT-PCR experiment was carried out with eight DEGs related to various pathways, including lignin biosynthesis, hormones, peroxidase activities, and β-glucosidase. The comparison showed consistency in the transcript accumulation pattern with those found by RNA-sequencing analysis. The qRT-PCR results are presented in Figure 9. Gene specific primers were designed by using Primer3plus web tool (https://www.primer3plus.com/) software and the respective primers are listed in Table S4. The positive trend in both data in all mock inoculated and PM samples showed the reliability of RNA-sequencing.




Figure 9 | qRT-PCR validation of the various DEGs identified in different defense related pathways. The important candidate genes were selected and analyzed in contrasting watermelon lines mock inoculated (MI) and powdery mildew inoculated (PM).






4 Discussion

Powdery mildew is a widespread disease of many cucurbits caused by a biotrophic fungus (Kousik et al., 2018). The PM fungus invades watermelon during multiple stages of growth and development, causing direct effects on fruit quality and yield (Kousik et al., 2019; Yadav et al., 2021a). The current study provides insight on early-stage incompatible and compatible interactions in watermelon against PM race ‘2F’ fungus through the use of physiological, microscopic, and transcriptomic analysis.

To determine the precise expression changes induced by P. xanthii race 2F in both lines during the early stage of infection, differential expression analysis was performed on powdery mildew race 2F treatments (I) vs. mock samples (CK) of both contrasting genotypes, i.e., ZXG1755 (R) and ZXG1996 (S) over both time points. In response to P. xanthii race 2F infection, both S and R showed significant transcriptional regulation. Moreover, our study portrayed strong evidence indicating the important role of a complex network associated with lignin biosynthesis and phytohormone related downstream mechanisms that are responsible for incompatible interaction between PM and watermelon resistance lines. In our present study, 1718 and 1115 genes in R_I vs. R_CK and S_I vs. S_CK were identified. These DEGs were predominantly abundant in the KEGG pathway of the plant hormone and transduction, phenylpropanoid biosynthesis and phenylalanine metabolism, whereas GO terms of defense response, response to pathogens and chitin responsive were predominant in resistant lines, evidencing significant defense mechanisms and differences in the basal gene expression levels between these contrasting lines. Similar findings were reported in other crops, which also evidenced similar findings.


4.1 Phytohormone and signal transduction pathway in relevance to resistance response against PM invasion

Auxins, cytokinins, gibberellins, jasmonic acid, salicylic, acid ethylene, abscisic acid, and brassinosteroid are phytohormones that respond to stress by acting synergistically and antagonistically in a process known as signaling cross talk (Bostock, 2005; Sood et al., 2021; Gilroy and Breen, 2022). These phytohormones respond to environmental stimuli and developmental cues by harmoniously coordinating with one another (Dopp et al., 2021; Fidler et al., 2022). All plant defensive responses are the consequence of the interaction of numerous genes and gene families that coordinate in a network (Pandey and Somssich, 2009; Kumar et al., 2021). Through the regulation of genes, several phytohormones are recognized to have a significant part in multiple processes (Figueroa-Macias et al., 2021; Zhao et al., 2021; Benjamin et al., 2022). Furthermore, plants maintain homeostasis and adjust to environmental changes. This is only feasible because different phytohormones interact effectively and systematically, enabling plants to maintain a vital balance between growth and environmental reaction (Monson et al., 2022). In the present research, five ABA, four SA, and three ET signaling genes were identified, which were upregulated in the incompatible reaction of ZXG1755 against PM infection. In the ethylene signaling pathway, EIN3 works as a key regulator in ethylene signaling. Cla97C07G136410 (EIN3) was upregulated in the resistant line after PM inoculation. Two ET response factor 1-homologous genes (ERF1/2, Cla97C05G085160, and Cla97C06G116550) were up-regulated in ZXG1755 at 48 hpi. These ERF genes are found to interact with the GCC box and facilitate pathogenic resistance in plants (Mizuno et al., 2006; Schwessinger et al., 2015; Kunwar et al., 2018). Some studies evidence that overexpression of ERF1 and ERF2 coordinates and increases the transcription level of defense genes including PDF1.2 and b-CHI against necrotrophic fungus (Berrocal-Lobo and Molina, 2004; McGrath et al., 2005).

Plant defense against pathogens is facilitated by PR genes, which are well-known for this significant role in plant defense (Bozbuga, 2020; Kapoor et al., 2021; Sood et al., 2021). Transgenic tobacco plants with the PR-1 gene overexpressed showed improved resistance to P. parasitica compared to control plants, while transgenic tobacco plants with the PR-1 gene silenced had increased susceptibility to P. parasitica. Inferring, PR-1 might operate as a positive regulator of plant resistance to P. parasitica. Systemic acquired resistance (SAR) is connected to PR-1 increased expression, which is likewise considered as a SA-based defense mechanism (Peng and Huang, 2005; Knoth and Eulgem, 2008). Interestingly, in our current work, we reported that many genes from the biosynthesis pathway of SA were upregulated during the PM response in resistant lines. Cla97C09G177290, which is annotated as a PR1 gene, increased multi-fold in resistant lines after PM inoculation.



4.2 Lignin biosynthesis pathways related genes shows distinct responses to PM

General phenylpropanoid pathways and lignin-specific pathways are identified as defense regulators against pathogen invasion in many plant species (Xie et al., 2018; Ha et al., 2021). Available literature suggests that the phenylpropanoid biosynthesis genes strongly respond to pathogen attack in many plants (Sattler and Funnell-Harris, 2013; Gallego-Giraldo et al., 2018; Cardoni et al., 2022) Resistance to Bgt in Tibetan barley, resistance to leaf blight in rice, tomato early blight, and white rust disease in chrysanthemum all had a strong relationship with phenylpropanoid pathway defense mechanisms. Phenylpropanoids, including a number of compounds including phenolic compounds, flavonoids and lignin, are the outcome of different downstream pathways (Dixon et al., 2002). Detailed analysis of DEG associated with the phenylpropanoid pathway and monolignol biosynthesis showed that a number of genes had induced expression in both incompatible and compatible lines in the early stages of PM infection (Figure 10). Our analysis is in agreement with reports from other sources on the induction of genes coding the protein which are crucial for monolignol biosynthesis in plants after pathogen infections in a variety of plant species. A previous report in wheat showed that all the transcripts of monolignol genes were accumulated at an early stage of powdery mildew infection in resistant lines (Bhuiyan et al., 2007; Bhuiyan et al., 2008; Bhuiyan et al., 2009). Similarly, the findings of barley–powdery mildew early-stage interactions revealed upregulation of defense-related genes (Caldo et al., 2004). In our study, PAL genes from R_I vs. R_CK showed upregulated genes. The upregulation trend of PAL genes is in line with the previous findings reported by (Zierold et al., 2005), where a rise in mRNA transcript with PAL enzyme was reported in barley upon PM infection. By facilitating the production of CoA ester, 4CL plays a variety of significant roles during environmental stresses experienced by plants (Xiang et al., 2020; Zhang et al., 2022). In our study, some 4CL genes showed induced expression in the R_I vs. R_CK and R_I vs. S_I groups (Figure 10), suggesting that our isoforms of 4CL may have a positive role in the resistance mechanism. Some O-methyltransferase genes can potentially act in various branches of the phenylpropanoid pathway. COMT and CCoAOMT belong to the O-methyltransferase (OMT) family, which further methylates a number of secondary metabolites that includes flavonoids, phenylpropanoids, and alkaloids, which have defense potential against pathogens (Chang et al., 2021). For instance, the TaCOMT-3D gene of wheat confirms resistance against eyespot disease. In contrast, our findings suggested that genes in the O-methyltransferase (OMT) family had no response in the resistant line, whereas one CCoMT (Cla97C11G9660) was upregulated in the sensitive line after inoculation. CYP73A is an important gene that encodes trans-Cinnamate 4-hydroxylase (C4H) and is involved in the catalyzation steps in the phenylpropanoid pathway (Batard et al., 1997; Zhang et al., 2020). It was reported that induction of the CYP73A gene after wounding and chemical treatment in Helianthus tuberosus leads to an increase in the accumulation of C4H genes (Batard et al., 1997). Similarly, in our study, one CYP73A (Cla97C11G217460) was induced in resistance lines in stress conditions. Under PM stress conditions, some more genes, such as one hydroxycinnamoyltransferase (HCT) and three cinnamoyl CoA Reductase (CCR) genes, were found to be related to the resistance behavior of ZXG1755. Prior research demonstrated that CCR genes contribute to plant defense by enhancing the accumulation of monolignols, the fundamental building block of the cell wall (Tronchet et al., 2010). For instance, the plant pathogen Xanthomonas campestris pv. campestris caused the induction of Arabidopsis AtCCR2, which may have an important role in plant pathogen defense. Similarly, one CCR (OsCCR1) gene in rice was identified to have induced expression of sphingolipid elicitor, evidencing the defense role of the gene against Xanthomonas oryza (Kawasaki et al., 2006) Furthermore, a study has shown that CCR genes also contribute to UV stress resistance.




Figure 10 | Differential expression of genes related with the lignin biosynthesis pathway in different comparison groups of resistance and susceptible watermelon lines during an early stage of PM infection. The Heat map was generated using log2FC, where the red and blue colors specify up-and down-regulated expressions in comparison groups such as R_CK vs. R_I, S_CK vs. S_I, S_CK vs. R_CK and S_I vs. R_I (Left to right/bottom to top). PAL, phenylalanine ammonia-lyase; F5H, coniferaldehyde/ferulate5 hydroxylase; CCR, cinnamoyl-CoA reductase; COMT, caffeic acid/5-hydroxyferulic acid O-methyltransferase; CSE, caffeoyl shikimate esterase; CCoAOMT, caffeoyl-CoAO methyltransferase; C4H, cinnamic acid4 hydroxylase; CAD, (hydroxy)cinnamyl alcohol dehydrogenase; C3′H, p-coumaroyl shikimate3′ hydroxylase; 4CL, 4-hydroxycinnamoyl-CoA ligase; HCT, hydroxycinnamoyl-CoA: shikimate/quinate hydroxycinnamoyl transferase.





4.3 Peroxidase and in early-stage defense reaction against PM

Peroxidases (EC1.11.1.7) are among the important inducible proteins that induces post inoculation in defense response (Almagro et al., 2008). These genes belong to a large multigene family having important role in various activities including lignin formation, suberin synthesis, cross-linking of cell wall, RNS and ROS activities and HR response in resistant plants (Zhao et al., 2005; Garcia-Brugger et al., 2006). PRX genes actively participate in oxidation of monolignol units to form lignin polymer (Gao et al., 2021). Previous studies clearly evidenced that POD activities were increase in plants post infection. For instance, the expression of PRX genes were induced by Bgt attack in mesophyll and epidermis wheat tissues (Liu et al., 2005). Similarly, higher peroxidase activities were reported in citrus plants infected with Pichia galeiformis (Chen et al., 2021). A recent report in melon showed that number of genes encoding peroxidase portions were induced in resistant lines and their response in sustainable lines was neutral after PM infection (Zhu et al., 2018). In this study, total 28 genes DEGs were identified in resistant and sensitive line, and 15 and 7 PRX genes were significantly upregulated in sensitive and resistant lines, respectively. Similar to our studies a higher POD activity in cotton was observed against infection by Verticillium dahlia (Xu et al., 2011). Significant induction of PRX genes specifically in resist lines make them potential candidate that have contribution in defense mechanism against PM infection.




5 Conclusion

In the present study, a comparative transcriptome profiling of gene expression alterations was undertaken between resistant line ZXG1755 and susceptible line ZXG1996. Our analysis identified some major pathways and certain number of genes, which were highly responsive in resistant lines in comparison to sensitive lines after PM inoculation. Based on out study, resistant lines might have lignin and hormone signaling based downstream disease defense mechanisms. The comparative studies identified number of candidate genes associated with PR proteins, phenylpropanoids, defense phytohormones and lignin biosynthesis related defense via atypical mechanisms. qRT-PCR was also used to validate several candidate genes with potential pathogen defense roles in response to watermelon-PM infection. Future functional investigation of these PM-responsive genes is anticipated to contribute to a greater comprehension of the molecular mechanisms underlying wheat’s pathogen defense. This study provides a theoretical foundation for the production of watermelon cultivars resistant to powdery mildew, in addition to allowing the identification and analysis of other candidate genes and the investigation of the detailed mechanisms underlying watermelon defense responses against PM.
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Green and blue mold of citrus are threatening diseases that continuously inflict economic post-harvest loss. The suppressive effect of salicylic (SA) and Cinnamomum verum (CV) on green and blue mold of sweet oranges was investigated in this study. Among five tested plant extracts methanolic extract of Cinnamon caused the highest colony growth inhibition of P. digitatum and P. italicum in an in vitro antifungal assay. The methanolic extract of Cinnamon in combination with SA showed the lowest disease incidence and severity of green and blue mold on citrus fruit without affecting the fruit quality. Transcriptional profiling of defense enzymes revealed that the polyphenol oxidase (PPO), phenylalanine ammonia-lyase (PAL), and peroxidase (POD) genes were upregulated in fruit treated with CV, SA, and their combination compared to the control. The treatment SA+CV caused the highest upsurge in PPO, POD, and PAL gene expression than the control. Furthermore, the biochemical quantification of PPO, POD and PAL also revealed a similar pattern of activity. The present findings unravel the fact that the escalation in the activity of tested defense enzymes is possibly associated with the reduced incidence of blue and green molds. In conclusion, the study unveils the promising suppressive potential of SA+CV against green and blue mold by regulating the expression of PPO, POD, and PAL genes. Therefore, these treatments can find a role as safer alternatives to chemicals in the management of post-harvest green and blue mold.
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1 Introduction

Citrus is the most widely grown fruit crop in Pakistan and constitutes 30% of the total fruit production. It is cultivated throughout the country, but the leading Citrus growing region is Punjab, Pakistan (Siddique and Garnevska, 2018). Pakistan exports a huge amount of Citrus produce, therefore the production loss due to pre-and post-harvest threats remains the biggest challenge affecting the total export of the country. During processing practices, post-harvest diseases cause a huge loss of production. Among them blue and green mold incited by P. italicum Wehmer, and Penicillium digitatum (Pers.:Fr.) Sacc. are the major post-harvest rots which cause quick deterioration of citrus fruit (Palou et al., 2001; Panebianco et al., 2015). They are ubiquitous pathogens which cause huge economic loss during transportation, processing, and storage and ultimately reduce the storage life of Citrus fruit. The injuries inflicted on the fruit during transportation and storage and the enormous number of airborne conidia aggravate the incidence of Penicillium rot (Frisvad and Samson, 2004; Panebianco et al., 2015).

Currently, the most common practice to control Penicillium decay is by using the fungicides. However, the unthrifty use of fungicides and the continuous development of resistance in the pathogen against fungicides is a growing concern for human and environment health (Holmes and Eckert, 1999; Moscoso-Ramírez et al., 2013). The increasing concerns of consumers over health and environment safety and chemical residues in the fruit have prompted the need to look for safer alternatives for fungicides to prevent the loss caused by post-harvest pathogens (Moscoso-Ramírez et al., 2013). Several alternative strategies have been employed to reduce the incidence of post-harvest spoilage of citrus fruit such as physical methods, plant extracts, biological control, radiations, and low-toxicity chemicals (Palou et al., 2001; Palou, 2009; Askarne et al., 2013).

Plants by default possess a natural defense mechanism to cope with the unfavorable biotic and abiotic stresses (Hasanuzzaman et al., 2020; Zulfiqar et al., 2020; Zulfiqar and Ashraf, 2021a; b) which can be induced or enhanced by physical, chemical, and biological elicitors (Ahmed et al., 2021a; Ahmed et al., 2021b; Zulfiqar, 2021; Zulfiqar et al., 2021; Jiang et al., 2021; Zulfiqar et al., 2022). The chemical resistance inducers salicylic acid (SA), benzoic acid (BA), methyl jasmonate (MJ), and jasmonic acid (JA), can alter the way host and pathogens interact with each other. Among resistance inducers, salicylic acid (SA) is an endogenous, natural resistance inducer which regulates defense responses, growth of the plants, and protects from pre-and post-harvest pathogens (Shaat and Galal, 2004; Cao et al., 2006; Iqbal et al., 2012; Giménez et al., 2014; Moosa et al., 2021). Several reports have stated that the application of SA at low concentrations improved the resistance against post-harvest spoilage of various fruit such as sweet cherries (Xu and Tian, 2008), peaches (Xu et al., 2008), mangoes (Zeng et al., 2006), and citrus (Iqbal et al., 2012; Zhou et al., 2014; Shi et al., 2018). Methyl jasmonate can suppress the infection of P. digitatum on grapefruit by enhancing natural resistance (Droby et al., 1999).

Previously, several researchers have reported the potential of SA and MJ for the induction of defense mechanisms to protect treated fruit and vegetables from plant-pathogenic fungi (Cao et al., 2006; Iqbal et al., 2012; Zhou et al., 2014; Ali et al., 2022). Despite having tremendous antifungal potential for suppressing the onset of blue and green mold, these treatments are not systematically studied for the management of Penicillium rot of Citrus. There are only a few reports indicating the defense-inducing activity of resistance inducers against fungal diseases during post-harvest management.

The screening of antifungal botanical extracts has been widely conducted to develop plant based antifungal formulations that can be utilized to control post-harvest diseases of Citrus (Soylu et al., 2005; Talibi et al., 2012; Sukorini et al., 2013; Moosa et al., 2021). The use of plant extracts is safe, biodegradable and economical strategy for the control of plant diseases (Mamun and Ahmed, 2011). Management through plant extracts is a promising alternative control method due to its strong antimicrobial activity, non-phytotoxicity, and biodegradability (Tripathi and Dubey, 2004). Natural pesticides based on plant-dried spices and essential oils are gaining huge interest due to their safe nature. Spices-based plant extracts are generally non-phytotoxic and are potentially antimicrobial against several post-harvest pathogens (Isman, 2000; Bajpai et al., 2008). The antimicrobial properties of spices and their essential oils are widely recognized and they have been used to control several post-harvest diseases (Sukorini et al., 2013; Moosa et al., 2021). They contain a complex mixture of antimicrobial compounds such as tannins, coumarins, terpenoids, alkaloids, quinones, phenols, and flavonoids (Cowan, 1999; Ahmad et al., 2020). Moreover, these plant extracts are safe to human consumption and they are reported to promote human health (Veiga et al., 2020). However, the actual use of plant extracts and essential oils in post-harvest disease management is still limited.

The application of different control strategies in combination can provide more effective management of post-harvest diseases compared to stand-alone applications (Zhou et al., 2014; Moosa et al., 2021; Ren et al., 2021). Previously, Sukorini et al. (2013) reported that the combined application of yeast and medicinal plants suppressed the development of P. digitatum on tangerine fruit. The combination of Bacillus amyloliquefaciens and tea saponin (50 µg/mL) gave promising results to suppress the development of green mold, blue mold, and sour rot (Hao et al., 2011). In another instance, the growth of P. digitatum on mandarins (Guo et al., 2014) was suppressed through the preventive application of Cryptococcus laurentii and methyl jasmonate.

Keeping in view the suppressive potential of SA and plant extracts the study was designed; a) to reveal the efficacy of salicylic acid and plant extracts alone and in combination for suppressing the onset of blue and green mold of sweet oranges, and b) to explore defense enzymes activity in treated and untreated fruit.



2 Materials and methods


2.1 Fungal cultures

Citrus sinensis L. Osbeck cv. “Succari” fruit exhibiting typical symptoms of green and blue mold were picked from the local fruit market of Faisalabad, Pakistan, for the isolation of pathogens. The isolated fungal cultures P. digitatum Accession No. MH885505 and P. italicum (Accession No. MK08596) were preserved in 60% glycerol solution and stored at -80 °C.



2.2 Fruit

Disease-free, mature, and healthy sweet oranges were harvested from the Citrus Germplasm Unit, University of Agriculture Faisalabad, Pakistan. The fruit were surface sterilized with 1.0% NaOCl followed by rinsing with sterilized water. The surface-sterilized fruit were used for experimentation.



2.3 Preparation of plant extracts

Methanolic extracts of the following spices; Cinnamomum verum (bark), Elletaria cardamomum (dried fruit), Cymbopogon citratus (stem), Curcuma longa (rhizome), and Syzgium aromaticum (dried flower bud) were prepared. The plant parts were oven-dried for 24 h at 60 °C. Later, the dried plants were converted to powder and 300 g of powder was mixed in 4 mL of 98% methanol and incubated for 3 d in a rotary shaker. Post incubation, the suspension was passed through filter paper and the crude extract was taken. Then, the distillation of crude extract was carried out in rotavapor at 40 °C. The crude extract was dissolved in CH2Cl2 for 30 min at 1:3. After drying the extract was dissolved in 10% methanol and stored at 20 °C (Sukorini et al., 2013).



2.4 Antifungal assay

The methanolic plant extracts were tested for their antifungal activity against green and blue mold using the poison food method. Plant extracts were added to the PDA medium at 5, 10, and 15 g/L concentrations. A 5mm fungal culture block was excised from 1-week-old fungal culture and placed on the PDA medium amended with plant extracts. Post inoculation the Petri plates were incubated for 7 d at 25 ± 1 °C. Lactophenol blue solution was used to observe the colony growth of test fungi (Woo et al., 2010). Control treatment contained methanol only. The experimental procedure was repeated twice under the same conditions. All treatments consisted of 10 replicates. The growth inhibition of the test fungi was estimated by following the calculation procedure of Skidmore and Dickinson (1976). Cinnamon gave the best inhibition in an in vitro antifungal assay and was used for further study.



2.5 In Planta assay

On citrus fruit, SA and methanolic cinnamon extract were tested separately and together for their suppressive effects on the growth of pathogens. After washing with sterilized water, fresh fruit was surface sterilized with NaOCl 1.0% (v/v) and rinsed again with distilled water. The concentration of SA was 8mM which was chosen based on the findings of our previous research (Moosa et al., 2019). Later, 3 × 3mm wounds were artificially created in the peel of the fruit. Methanolic C. verum extract was prepared as described above in section 2.3. The fungal inoculum was prepared, and the spore density was adjusted to 105 spores/mL using a hemocytometer. The treatment combinations were as follows; 1) CV = fruit dipping in sterilized water for 10 min + wound deposition of C. verum extract (10 μL) + wound deposition of sterilized water (10 μL), 2) SA = fruit dipping in SA solution for 10 min + wound deposition of sterilized water (10 μL), 3) GM= Inoculation of fruit with P. digitatum inoculum (10 μL), BM= Inoculation of fruit with P. italicum inoculum (10 μL), 4) HC= Healthy control fruit treated with wound deposition of sterilized water (10 μL), 5) SA + GM= fruit dipping in SA solution for 10 min + inoculation with P. digitatum inoculum (10 μL), 6) SA + BM= fruit dipping in SA solution for 10 min + inoculation with P. italicum inoculum (10 μL), 7) SA+ CV+ GM= fruit dipping in SA solution for 10 min + wound deposition of C. verum extract (10 μL) + inoculation with P. digitatum inoculum (10 μL), 8) SA+CV+BM = fruit dipping in SA solution for 10 min + wound deposition of C. verum extract (10 μL) + inoculation with P. italicum inoculum (10 μL). Post-treatment the fruit were kept in autoclaved plastic boxes. Then the fruit were kept in a 90% RH chamber at 25 ± 1 °C for 7 d. All treatments consisted of 15 replicates (1 fruit per replicate). Seven days post-incubation disease severity and disease incidence were measured. Disease incidence was recorded following the formula of Sukorini et al. (2013).

	

Disease severity was assessed by measuring the lesion diameter on the fruit with a vernier caliper (Masood et al., 2010).

	



2.6 Transcriptional analysis of defense enzymes

The transcriptional regulation of POD, PAL, and PPO genes was studied in sweet oranges. Total RNA from 3 g citrus fruit peel was extracted (Ballester et al., 2006) and added to RNase-free water. The concentration and purity of extracted RNA were tested on a NanoDrop1000 (Thermo Scientific, Wilmington, DA, USA). The first-strand cDNA was prepared by using the Evo M-MLV kit (Accurate Biology, Hunan, China) as per the manufacturer’s guidelines. A SYBR Green qPCR kit (Accurate Biology, Hunan, China) was used to evaluate the transcriptional regulation of defense enzymes. The gene expression was assessed in all treatments three days after incubation using QuantStudio RT-thermocycler (Thermo Fisher Scientific, CA, USA). The details and sequences of primers used in this project are listed in Table 1. For primer designing the sequences of respective defense enzyme genes were taken from the NCBI database available at (https://www.ncbi.nlm.nih.gov). The housekeeping β-tubulin gene was used to normalize the expression. The relative expression of all tested genes was calculated by using the 2-ΔΔct method (Livak and Schmittgen, 2001).


Table 1 | List of primers and their sequences used in this study.





2.7 Enzyme activities assessment

The activity of PAL, POD, and PPO was measured in the fruit peel extract post-incubation for 3 d. The fruit peel was macerated in 0.2 M potassium phosphate buffer of pH 6.8. Then the obtained suspension was filtered through a sintered glass funnel followed by centrifugation at 12298 g for 10 min at 4 °C. The collected supernatant was used to measure the enzyme activity and total protein content (Coseteng and Lee, 1987).

To quantify the activity of POD guaiacol was used as a substrate. The reaction mixture for this assay was prepared by mixing 5 mM hydrogen peroxide, 5 mM guaiacol, and 0.2 M potassium phosphate buffer of pH 6.8. Subsequently, 800 μL of the reaction mixture and 200 μL of fruit peel extract were dissolved and the reaction was carried out. The absorbance was measured on a spectrophotometer at 470 nm by loading 100 μL of each sample in an Elisa microplate reader (Siegel and Galston, 1967). The total protein content of the samples was determined by using the protocol of Bradford (Bradford, 1976).

To determine PPO activity catechol was used as a substrate. To prepare the reaction mixture 50 mM catechol (500 μL), chilled acetone (500 μL), 0.2 M potassium phosphate buffer at pH 6.8 (2.5 mL), and fruit peel extract (200 μL). In the blank sample, only 1 mL of catechol was used. The absorbance was measured at 420 nm by loading the reaction mixture from each sample (100 µL) loaded in an Elisa microplate reader plate. The activity of PPO in each sample was expressed in min-1 kg-1 fresh weight unit. The enzyme activity was expressed as the total amount of enzyme that resulted in a change of 0.001 O.D. per min. in the absorbance.

The activity of PAL enzyme was measured by using acetone powder (Ballester et al., 2006). Citrus fruit peel 5 g was macerated in chilled acetone (50 mL) and the resulting suspension was filtered through a Buchner funnel. The collected residue was rinsed with chilled acetone solution and left for drying at room temperature for some time. The reaction mixture was prepared by mixing acetone powder (0.05 g), 20 mM mercaptoethanol, and 100 mM sodium borate buffer of pH 8.0 (1.5 mL). The supernatant was purified by using salting out proteins with 60% ammonium sulfate and desalted by using SephadexTM G-50 medium columns. The purified extract was recovered in 100 mM sodium borate buffer of pH 8.0 (1 mL). The reaction mixture consisted of purified enzyme (0.3 mL) and 0.1 M l-phenylalanine (0.1 mL). The absorbance was measured on a spectrophotometer at 290 nm wavelength. The activity of PAL was measured and expressed as nmoles g-1 h-1 of cinnamic acid.



2.8 Post-treatment fruit quality analysis

Seven days post-treatment the postharvest quality of the fruit was assessed. Total soluble solids (TSS) (%), titratable acidity (TA) (%), weight loss (%), and ascorbic acid (g/kg) of the treated and untreated fruit were determined. TSS was recorded in the fruit juice by measuring the refractive index on a digital refractometer and the final values were expressed in percentage. TA was determined by titration with 0.1 M sodium hydroxide of pH 8.3 and expressed in percentage (Hernández et al., 2006). Ascorbic acid was determined using the protocol of Roe et al. (1948). To calculate the percent weight loss the weight of fruit was recorded before treatment (A) and after treatment (B). The total weight loss of the fruit was calculated using the formula (A/B)/A × 100.



2.9 Statistical analysis

The obtained data from all experiments was processed for statistical analysis using the statistical package Statistix (ver. 8.1). After analysis of variance (ANOVA), the statistical differences of the treatment means were calculated using the LSD test at p ≤ 0.05.




3 Results


3.1 Antifungal assay

The antifungal assay with 5 methanolic plant extracts was carried out in vitro at 5, 10, and 15 g/L concentrations against P. italicum and P. digitatum. Among all the tested plant extracts methanolic extracts of C. verum produced the highest mycelial growth inhibition of P. italicum and P. digitatum than the control treatment (Figure 1). The inhibition by C. verum was increased in a concentration-dependent manner with the highest inhibition at 15 g/L. Methanolic extracts of S. aromaticum produced the 2nd highest inhibition of green and blue mold. All other tested plant extracts showed mycelial growth inhibition of green and blue mold.




Figure 1 | Effect of plant extracts on colony growth inhibition of P. digitatum (A) and P. italicum (B). Error bars represent the standard error (± SE) of treatment means. Means with different alphabets over the columns indicate that the treatments are significantly different from each other.





3.2 In Planta experiment

The suppressive potential of SA and methanolic extract of C. verum against P. digitatum and P. italicum was evaluated on sweet oranges. SA and C. verum were tested stand-alone and in combinations. The treatment SA+CV caused the highest suppression of P. italicum and P. digitatum on sweet oranges compared to stand-alone treatments. SA+ C. verum showed the lowest disease incidence 26.7% of green and blue mold. Similarly, SA + C. verum exhibited the lowest disease severity 30.5% and 13.8% of P. digitatum and P. italicum respectively than control (Table 2).


Table 2 | Effect of SA and C. verum on disease incidence and severity of green and blue mold.





3.3 Transcriptional analysis of defense enzymes

To unravel the role of defense enzymes POD, PPO, and PAL, the relative expression of respective genes was measured in a real-time PCR assay. The ability of SA and methanolic extract of C. verum was tested to bring about changes in the relative expression of POD, PPO, and PAL genes. The treatment SA+CV caused the highest increase in the expression of all three defense genes in fruit peel. The heat maps in Figure 2 indicate the changes in the relative expression of all three genes based on a color chart. The expression of all genes was higher in fruit treated with SA + CV 3 d post-incubation than the control treatments (Figure 2). The expression of POD was 6.3-fold high compared to control in fruit treated with SA + C. verum against P. digitatum and P. italicum. PPO showed a 6.4-fold and 5.1-fold increase against P. digitatum and P. italicum respectively. Similarly, PAL expression was also 4.1 and 4.8-fold enhanced against P. digitatum and P. italicum respectively than the control. The most upregulated defense gene was POD in the case of all treatments. Stand-alone application of SA and CV also showed an increase in the relative expression of all tested defense genes.




Figure 2 | Heat map for the relative expression of PPO, POD, and PAL in sweet oranges. (A) Relative expression of PPO, POD, and PAL against green mold, (B) Relative expression of PPO, POD, and PAL against blue mold. PPO= Polyphenol oxidase, POD, Peroxidase; PAL,Phenyl alanine ammonia-lyase; SA, Salicylic acid; CV, Cinnamomum verum; GM, Green mold; BM, Blue mold; HC, Healthy control.





3.4 Defense enzyme activities assessment

The product of POD, PPO, and PAL was quantified by measuring absorbance on a spectrophotometer. The quantification assay revealed a similar pattern as observed in the relative expression of respective genes. The treatment SA + CV produced the highest amount of POD, PPO, and PAL in treated fruit peel at 3 d post-incubation against both molds than the control (Figure 3). The activity of POD, PPO, and PAL was also increased in fruit treated with the stand-alone application of SA and C. verum. Furthermore, PPO, POD, and PAL activity were also slightly higher in untreated fruit infected with P. digitatum and P. italicum than in the healthy control. The results have suggested the defense activating potential of SA and C. verum against green and blue mold. The uninoculated sweet oranges treated with stand-alone applications of SA and C. verum also exhibited a rise in POD, PPO, and PAL activity.




Figure 3 | Activity of PPO, POD, and PAL in sweet oranges treated with combined and stand-alone applications of SA and C. verum. Error bars represent the standard error (± SE) of treatment means. Means with different alphabets over the columns indicate that the treatments are significantly different from each other. PPO, Polyphenol oxidase; POD, Peroxidase; PAL, Phenyl alanine ammonia-lyase; SA, Salicylic acid; CV, Cinnamomum verum; GM, Green mold, BM, Blue mold, HC, Healthy control.





3.5 Post-treatment quality analysis of the fruit

The effect of treatments on the post-harvest quality of sweet oranges was assessed. Fruit treated with SA + CV showed the lowest change in weight loss, ascorbic acid, total soluble solids, and low titratable acidity compared to healthy and infected control fruit (Table 3). The quality of fruit was affected in sweet oranges inoculated with P. digitatum and P. italicum only. Treatment with SA and C. verum alone and in combinations suppressed the disease along with the lowest impact on fruit quality.


Table 3 | Post-harvest quality of sweet oranges in response to treatment with SA and cinnamon.






4 Discussion

This study presents the promising suppressive potential of salicylic acid in combination with cinnamon against green and blue mold of sweet orange. Chemical, physical, and biological agents have the potential to induce local and systemic defense responses in plants against several pathogens. The use of resistance inducers has achieved great research attraction in recent years (Quaglia et al., 2011; Iqbal et al., 2012; Romanazzi et al., 2016). The induction of resistance does not provide complete control of the disease, however, it reduces the disease intensity by triggering the defense responses (Walters et al., 2005). The suppressive effect of chemical resistance inducers can be improved by using them in combination with other management strategies. The application of salicylic acid and cinnamon alone and in combinations reduced the development of green and blue mold on sweet oranges.

In a previous report (Moosa et al., 2019) we reported the inhibitory effect of SA on the green and blue mold of mandarin. In continuation with the findings of that report, we evaluated the effect of SA in combination with C. verum extract against the green and blue mold of mandarin cv. ‘Kinnow’ (Moosa et al., 2021). In this study, we have tested the same combinations of SA and cinnamon against green and blue mold infection on sweet oranges cv. ‘Succari’. We hypothesized that the integration of SA and cinnamon can enhance the suppressive potential of SA against P. digitatum and P. italicum.

The in vitro screening of five methanolic plant extracts revealed that C. verum was the most inhibitory against green and blue mold. The antifungal effect of cinnamon has been reported against postharvest rots in several previous studies (Wang et al., 2019; Aguilar‐Veloz et al., 2020; Tahmasebi et al., 2020). Botanical extracts have exhibited a remarkable suppressive potential against post-harvest fungal rots (Obagwu and Korsten, 2003; Askarne et al., 2013; Shao et al., 2013; Sukorini et al., 2013). Cinnamon contains cinnamaldehyde and eugenol that contribute to its promising antifungal activity (Singh et al., 1995; Simić et al., 2004; Jantan et al., 2008). According to several previous reports, cinnamaldehyde is a potential compound for the development of antifungal formulations against molds which directly controls chitin synthesis and β-(1,3)-glucan (Bang et al., 2000). Therefore, we have concluded that cinnamaldehyde is the principal antifungal compound in cinnamon.

In an In Planta assay SA and cinnamon alone and in combination reduced the disease development of green and blue mold citrus fruit. The suppressive effect of SA and cinnamon was considerably enhanced when they were applied in combination. The synergistic antimicrobial action of SA in combination with other treatments such as chitosan (He et al., 2011; Shi et al., 2018), Pichia membranaefaciens (Zhou et al., 2014), and yeast (Zhang et al., 2008) has been reported previously. Similarly, in our previous study, we reported that the antifungal potential of SA and C. verum against green and blue mold on mandarin fruit was remarkably enhanced when they were applied in combination (Moosa et al., 2021). Previously, Sukorini et al. (2013) reported that a combination of clove extract and yeast caused the highest reduction in lesion diameter of green and blue mold on citrus fruit. The inhibitory effect of plant extracts is mainly attributed to the presence of antifungal compounds such as phenolics, flavonoids, terpenoids, tannins, and alkaloids in plants (Cowan, 1999) while the resistance inducers elicit and modulate the activity of defense enzymes in plants which ultimately contribute to enhanced disease suppression (Iqbal et al., 2012; Zhou et al., 2014). Moreover, it was observed that the combination of SA and C. verum in our study showed no effect on the post-harvest quality parameters i.e., weight loss, ascorbic acid, total titratable acidity, and total soluble solids of sweet oranges. In agreement with our findings, (Sukorini et al., 2013) also stated that post-harvest treatment of citrus fruit with a combination of clove and yeast against green and blue mold did not affect the fruit quality. In another study, a combination of SA and chitosan suppressed green mold and did not impair fruit quality (Shi et al., 2018). We have concluded that the integration of SA and cinnamon extract can provide better control of green and blue mold rot of citrus without affecting the post-harvest quality of citrus fruit.

Furthermore, to unravel the defense mechanism underlying the suppression of green and blue mold of sweet oranges the transcriptional analysis of major defense enzymes PPO, POD, and PAL was conducted. Transcriptional analysis revealed that the relative expression of PPO, POD, and PAL genes was upregulated in sweet oranges treated with a combination of SA and C. verum compared to healthy and infected controls. In support of our work, Chen et al. (2019) reported that citrus fruit treated with clove essential oil showed a reduction in the lesion diameter of blue mold and upregulated the PPO, POD, and PAL genes. In this study, SA also caused an upregulation in the relative expression of PPO, POD, and PAL. In a previous report, SA caused an increase in phenylalanine ammonia-lyase (PAL) and β-1,3-glucanase compared to control fruit against anthracnose of mango (Zeng et al., 2006). In our study, a correlation between PPO, POD, and PAL expression, and enhanced resistance against green and blue mold of citrus has been observed. We concluded that the increased expression of PPO, PAL, and POD can be possibly involved in the suppression of green and blue mold.

To validate the expression analysis of PPO, POD, and PAL genes the respective gene products were quantified using a spectrophotometer. Similar to the results obtained in transcriptional analysis the activity of PPO, POD, and PAL was highest in fruit treated with a SA + CV. Our findings suggest that SA and C. verum increased the activity of PPO, POD, and PAL to suppress green and blue mold infection on sweet oranges. The induction of resistance in harvest fruit is an effective method to enhance the suppression of post-harvest rots caused by fungal pathogens (Cao et al., 2006). PPO is a vital enzyme involved in plant defense responses that plays an integral role in the lignification of plant cells and it converts phenols to toxic quinones which contribute to its high toxicity against several invading pathogens (Wallace and Fry, 1999; Mohammadi and Kazemi, 2002). Our results showed a positive correlation between the enhanced activity of PPO and the suppression of green and blue mold suggesting its role in plant defense. POD is another important defense enzyme that catalyzes the final step in the formation of lignin and converts the phenolic compounds to highly toxic quinones. In a previous report, an increase in the activity of PPO and POD was observed in citrus fruit treated with a combined application of methyl jasmonate and yeast (Guo et al., 2014). PAL is involved in the regulation of the phenolic pathway and catalyzes the conversion of phenylalanine to trans-cinnamate. Moreover, PAL is a precursor of scoparone and scopoletin which are reported to be antifungal compounds against several fungal pathogens (Droby et al., 2002). The enhanced resistance in sweet oranges against green and blue mold might be due to the increased activity of PAL. Several previous reports have stated that an increase in the activity of PPO, PAL, and POD conferred enhanced resistance against fungal pathogens (Qin et al., 2003; Shao et al., 2013; Shi et al., 2018; Moosa et al., 2021). Therefore, the present study implies that PAL, PPO, and POD defense enzymes are possibly connected with enhanced defense of sweet oranges against green and blue mold diseases.



5 Conclusion

Conclusively, the present study discloses the promising suppressive potential of SA and cinnamon by upregulating the expression and activity of defense enzymes against green and blue mold of sweet oranges. The integration of SA and cinnamon showed a remarkable antifungal activity comparable to synthetic chemicals to suppress the development of green and blue mold. The suppressive potential of SA and C. verum and the underlying mechanisms must be further explored to validate the possible inclusion of these treatments in the integrated disease management program for Penicillium rot of citrus.
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Lilium pumilum is an important ornamental, culinary and medicinal bulbous plants with salt tolerance. However, salt tolerance of lily, particularly the bulb, has been studied relatively little, which brings challenges to the cultivation of lily varieties with high salt tolerance. Here, we performed transcriptome sequencing on the bulb organs of L. pumilum under salt stress treatment, analyzed differential gene expressed levels and then identified several key genes associated with salt stress tolerance at genome-wide scale. For the first time, we revealed the obvious response against salt stress for L. pumilum bulb organs, while distinct from those for root organs. Several key genes obtained through transcriptome analysis and DEG screening include NF-YB3 transcription factor, metallothionein type 2 protein, vicilin like seed storage protein and bidirectional sugar transporter SWEET14. Rather than typical ROS scavengers like superoxide dismutase, peroxidase, and glutathione transferase, non-typical ROS scavengers such as the metallothionein type 2 protein, and vicilin like seed storage protein were upregulated in our work. The bidirectional sugar transporter SWEET14 protein and the hormone signaling proteins such as E3-ubiquitin protein ligases, PYL4 and protein phosphatase 2C were also upregulated, suggesting the role of sugars and hormones in the bulb organ responses to salt stress. Co-expression analysis of the DEGs further confirmed that NF-YB3 transcription factor acted as a hub gene, suggesting that salt stress can promote flowering of L. pumilum. Taken together, we identified important candidate genes associated with salt tolerance of the L. pumilum bulb organs, which may provide the excellent basis for further in-depth salt tolerance mechanisms of the lily bulbs.
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Introduction

Lilium, a genus of herbaceous flowering plant growing from bulbs, is widely cultivated horticultural crop. The flowers of these plants are popular in ornamental gardens or indoor potted plants. Lilies are also used in the culinary industry and folkloric medicine (Zhou et al., 2021). Lilium pumilum, commonly known as coral lily, is native to grassy mountainous areas of northeast China which are heavily salinized region of the country. Therefore, L. pumilum is regarded as a salt tolerant plant, but the molecular mechanism of salt tolerance in L. pumilum has not been extensively studied, which limits its widespread application.

Salt stress is a major abiotic stress which adversely impacts plant growth and development (Shrivastava and Kumar, 2015). Worldwide distribution of saline-alkali land and soil salinization of non-saline land have been significantly reducing the cultivable land areas, challenging the agricultural, horticultural and forestry production. Salt accumulation in arable soils is caused by seawater and irrigation water that contains trace amounts of sodium chloride (NaCl) (Flowers and Yeo, 1995; Tester and Davenport, 2003). Damages caused by salt stress are classified into two categories of osmotic stress and ionic toxicity and several salt tolerant plants including haplotypes have evolved salt tolerance responses as follows: In early salt stress period, osmotic homeostasis was biased by accumulated salts in soil, decreasing the water absorbing ability of plants and accumulation of osmolytes such as sucrose is one of the natural responses of plants to recover the osmotic homeostasis, ultimately lowering water loss and maximizing water uptake. Later, salt ions accumulate within plant cells and cause ion toxicity, affecting intracellular metabolic processes and Na+ exclusion and vacuole compartmentalization are another typical plant responses to minimize the ion toxicity (Blumwald, 2000; Sahi et al., 2006; Munns and Tester, 2008; Flowers and Colmer, 2015). In previous studies, multiple factors have been found to play crucial roles in the above salt stress responses in plants (Zhao et al., 2021); which include histidine kinase receptor protein HK1, Ca2+ dependent signaling factors like calcium-dependent protein kinases (CDPKs), calcineurin B-like proteins (CBLs) with CBL-interacting protein kinases (CIPKs) and calmodulin-binding transcription activators (CAMTAs), transcription factors such as basic leucine zipper (bZIP), WRKY, APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF), MYB, basic helix–loop–helix (bHLH) and NAC families, Na+ and K+ transporters like CYCLIC NUCLEOTIDE-GATED CHANNEL (CNGC) and the GLUTAMATE-LIKE RECEPTOR (GLR) families, tonoplast-localized Na+/H+ exchanger 1 (NHX1), plasma membrane-localized SALT OVERLY SENSITIVE 1 (SOS1) Na+/H+ antiporters, high-affinity K+ transporter HKT, ROS scavenging enzymes like superoxide dismutase, peroxidase, and glutathione transferase, organic osmolytes like proline, glycine betaine, sugar alcohols, polyamines, and proteins from the late embryogenesis abundant (LEA) superfamily (Deinlein et al., 2014). Phytohormones such as abscisic acid (ABA), auxin, cytokinin (CK), gibberellic acid (GA), brassinosteroids (BRs), ethylene, jasmonic acid (JA), salicyclic acid (SA) and strigolactones (SLs) are also important factors that regulate plant responses to salt stress (Zhao et al., 2021). These hormones are classified into two groups as stress hormones such as ABA, SA, JA, ethylene and growth hormones including auxin, CKs, and act in a sophisticated crosstalk (Yu et al., 2020). In addition, the mitogen activated protein kinase (MAPK) cascade has been ubiquitously found in salt stress responses of many plant species, and it is believed to function as point of convergence in plant development and signaling associated with hormones and stresses (Sinha et al., 2014).

The advent of ‘Omics’ technologies such as the transcriptome analysis have been rapidly developed and widely applied to plants, enabling the genome-wide identification of key regulatory factors in plant responses to various stresses (Imadi et al., 2015; Zhu et al., 2015; Ju et al., 2021). Transcriptome analysis via RNA-sequencing (RNA-seq) can provide dynamic nature of transcriptome at higher coverage and greater resolution than previously employed methods such as Sanger sequencing- and microarray (Kukurba and Montgomery, 2015). RNA-seq has already been successfully applied to L. pumilum and revealed key genes associated with dormancy release at cold storage condition (Wang et al., 2018) and tepal trichome development (Xin et al., 2021). The response of L. pumilum bulbs to salt stress has not yet been studied using RNA-seq. In recent years, it has been reported that transcription factors from L. pumilum can improve plant salt tolerance (Yong et al., 2019; Wang et al., 2020; Wang et al., 2022; Yan et al., 2022). But they have not yet been studied at genome-wide scale using RNA-seq. Root is the very organ that first senses and responds to salt stress and leaf is the organ that first shows apparent morphological changes upon salt stress. Therefore, most of studies on salt stress have focused on the root and leaf. Bulbous plants such as L. pumilum have unique organs called the bulb which is known to function as nutrient storage or flowering organs. It is believed that L. pumilum is salt-tolerant ornamental plant which may be related to its unique bulb organ function. But it requires evidences showing that the bulb organs help the plants to overcome stressful environments such as salt stress. Therefore, RNA-seq analysis of lily bulb organs can provide novel insights into the salt stress tolerance of L. pumilum.

In this study, we analyzed the transcriptome data of the L. pumilum bulb organs treated with salt stress in order to identify key genes associated with salt stress responses of bulb organs at genome-wide scale. The transcriptome data of L. pumilum bulb organs were generated by Illumina sequencing and Trinity de novo assembly. The genes showing differential expression (DEGs) in the L. pumilum bulb organs upon salt stress treatment were then identified by comparing the gene transcript profiles in the bulb organ samples between salt-treated and control plants at different time points of salt stress treatment, mainly focusing on identifying the candidate genes associated with transcription regulation, ROS scavenging, ion detoxification, osmolyte accumulation and hormone signaling. Putative hub genes were predicted through building co-expression network using STRING database and Cytoscape software. The expression levels of several key genes were validated by qRT-PCR. The preliminary results of this study provided the basic information on molecular mechanism underlying regulatory network for salt stress responses in the L. pumilum bulb organs that may serve as foundation for further in-depth functional studies.



Materials and methods


Plant materials and salt stress treatment

L. pumilum plants were grown in laboratory at College of Landscape Architecture of Northeast Forestry University (Harbin, Heilongjiang, China). Healthy seedlings were cultured on hydroponic tank supplemented with Hoagland nutrient solution at 70% relative humidity, and 22-25 °C ambient temperature. 3 wk-old plants were treated with 150 mM NaCl for 12 h. The plants at 0 h of NaCl treatment were used as control. Bulb organ samples were collected at 2 h and 12 h, respectively.



RNA extraction, cDNA library construction, transcriptome sequencing and de novo assembly

Total RNA was extracted from the bulb organ samples of different sampling times using Trizole reagent (TG-DP441, China). The quantity and purity of the extracted RNA samples were evaluated by Bioanalyzer 2100 and RNA 100 Nano LabChip Kit (Agilent, CA, USA) with RIN number >7.0. PolyA RNA was obtained by purification of total RNA with oligo-dT magnetic beads. Then, mRNA was treated with divalent cations under temperature gradient for fragmentation into smaller size. Next, cDNA library was constructed by reverse-transcription reactions from those cleaved RNA fragments using RNA-seq sample preparation kit (Illumina, San Diego, USA). Finally, the cDNA library was sequenced on Illumina Novaseq™ 6000 platform (LC Sciences, USA). All raw reads were deposited in the Sequence Read Archive (SRA) database in NCBI with accession number PRJNA851552. Clean reads were obtained by removing adaptor contamination, low quality bases as well as undetermined bases using Cutadapt (Martin, 2011) and in-house Perl scripts and their quality was then assessed by FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Trinity 2.4.0 (Grabherr et al., 2011) was utilized to assemble the clean data. The de novo assembled transcripts were clustered and then the overlapping reads were counted to obtain unigenes for further analysis. All unigenes obtained by de novo assembly were blasted to NCBI non-redundant protein database (NR), Gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Pfam, swiss-Prot, and eggNOG database using DIAMOND (Buchfink et al., 2015) with threshold of e-value <0.00001.



Differential expression analysis

Expression levels of the unigenes were determined by calculating TPM (Transcripts Per Kilobase of exon model per Million mapped reads) (Mortazavi et al., 2008). DEGs were screened out according to the criteria of log2 (fold change) >1 or <-1 with p value <0.05 (statistically significant) using R package-edgeR (Robinson et al., 2009). The DEGs were further annotated to GO and KEGG databases for their functional enrichment analysis. In GO enrichment analysis, all the DEGs were mapped to corresponding GO terms, the gene number in each term was calculated and then the GO terms significantly enriched in DEGs were found through the hypergeometric test. KEGG enrichment analysis for the DEGs was also conducted to find enriched pathways for the DEGs. GO and KEGG analyses data were converted into scatter plots using ggplot2. DEGs at different periods (0-2 h and 2-12 h) of salt stress were compared to find out the key genes which were predicted as essential regulators for salt stress responses of the bulb organs in L.pumilum.



Prediction of co-expression network

In order to build co-expression network. The DEGs at 0-12 h with p <0.05 were selected and their interaction was predicted using STRING database (https://cn.string-db.org/cgi/input?sessionId=bOrBIG9AvMjL&input_page_show_search=on ). The Arabidopsis thaliana was used as reference organism in the prediction. Then, the network was built using Cytoscape. Network analysis and hub gene identification were conducted using network analyzer and cytohubba plugins, respectively, in Cytoscape.



Quantitative real-time reverse transcription-PCR

Several key DEGs were randomly selected for qRT-PCR to verify their expression levels. RNA was extracted and then reversely transcribed into cDNA using Rever Tra Ace qPCR RT Kit (TOYOBO, Osaka, Japan) by a reaction flow of 37 °C, 15 min and 98 °C, 5 min. Primers were designed using the RealTimePCR design tool of the IDT website (http://sg.idtdna.com/scitools/Applications/RealTimePCR ) and were synthesized by Comate Bioscience (Jilin, China). Primer information was shown in Additional file. qRT-PCR was performed using triazole reagent UltraSYBR Mixture kit (CWBIO, Beijing, China). The 20 μl reaction system was as follows (Table 1):


Table 1 | qRT-PCR reaction system.



qRT-PCR reactions were performed in Roche Light Cycler 96 (Roche, Basel, CH) according to following program: preincubation, 95 °C for 10 min; three steps amplification, 95 °C for 10 s, 60 °C for 30 s, and 72 °C for 32 s (total 40 cycles); melting, 95 °C for 15 s, 60 °C for 1 min, 95 °C for 15 s; cooling, 37 °C for 30 s. Lily Actin was used as an internal reference gene. All experiments were performed in three biological replicates. Relative expression level was calculated by the 2-ΔΔCt method.




Results


Transcriptome sequencing and assembly

Total RNA of the bulb samples of L. pumilum were sequenced by Illumina double-terminal sequencing technology. Three biological replicates, a total of 9 samples, were generated for each time point. The sequencing data of all samples exceeded 6 G. In total, 492572310 raw sequencing reads were obtained from the control and treated samples and were then subjected to cleaning overrepresented sequences such as Illumina adaptor sequence, generating 455124918 clean reads that were used for subsequent analyses (Table 2).


Table 2 | Summary of the sequences analyzed for L. pumilum bulb samples.



Q20, Q30, and GC content were over 98, 95, and 49%, respectively, indicating high quality of sequencing results. The sequencing data were assembled by Trinity. 137087 transcripts and 51566 unigenes were obtained, with an average length of 481 bp and 436 bp, respectively (Table 3). Length distribution and GC content of the transcripts and unigenes represented high quality of assembly works (Figure 1). The N50 value for transcript and unigene was 1132 and 1331, respectively, suggesting that the assembled data were competent for subsequent analyses.




Figure 1 | Length distribution and GC content distribution of Genes (A) and Transcripts (B).




Table 3 | Summary of trinity assembly result.





Functional annotation of all non-redundant unigenes

De novo assembled sequencing data were annotated to six databases namely NR, GO, KEGG, Pfam, swiss-Prot, and eggNOG using the DIAMOND program. The annotated number of unigenes for each database is shown in Table 4.


Table 4 | Annotated number and ratio of the unigenes in various databases.



All unigenes were annotated at least by one database. Most unigenes (26510; 51.41%) were annotated to NR. According to the annotation result to NR database, the unigenes of L. pumilum bulb showed high homology with Elaeis guineensis (23.04%) and Phoenix dactylifera (19.58%) (Figure 2).




Figure 2 | Species distribution for the assembled unigenes annotated to NCBI non-redundant protein database (NR). The percentages represent genetic homology degree of assembled unigenes with respective species.



All annotated unigenes were functionally classified by GO, KEGG, and eggNOG databases. In the GO ontology annotation, unigenes were grouped into 3 categories of “biological process”, “cellular component”, and “molecular function” (Figure 3). In the category of “biological process”, several activities including gene transcription and translation, protein modification and degradation, secondary metabolism, and responses to salt, cold, heat, water and oxidative stresses as well as hormones like auxin and abscisic acid were found in salt stress response of L. pumilum. In the categories of “cellular component” and “molecular function”, various cellular components and molecular functions such as nucleus, cytoplasm, membranes, chloroplast, and mitochondria and protein binding, DNA binding, metal ion binding, etc were enriched in salt stress response of L. pumilum. In the KEGG annotation, gene transcription and translation also showed the highest activities and environmental adaptation and secondary metabolilsm were the most active metabolism except for the housekeeping metabolisms such as carbohydrate, lipid, amino acid metabolisms (Figure 4). Annotation by the eggNOG database also revealed similar patterns in classification of the unigenes (Figure 5). Enrichment analysis of DEGs among the unigenes annotated by GO and KEGG will be analyzed in the next section.




Figure 3 | Classification of the unigenes.






Figure 4 | KEGG pathway categorization of the unigenes.






Figure 5 | eggNOG classification of the unigenes.





Identification of DEGs related to salt stress responses

Among the samples (0, 2 h, and 12 h of salt treatment), total 4096 DEGs (log2Fold change>1 or <-1) were identified by pairwise comparison of TPM values. 1772 (878: upregulated and 894: downregulated) DEGs were identified at 0-2 h period of salt stress, and 2324 (1031 upregulated and 1293 downregulated) DEGs at 2-12 h period of salt stress (Figure 6A).




Figure 6 | DEGs between L. pumilum bulb samples at different time points (0, 2, and 12 h) during salt stress. (A) Number of upregulated or downregulated DEGs in pairwise comparisons, (B) Venn diagram showing number of DEGs in different comparisons.



We examined the clustering patterns of DEGs for different periods (0-2 h and 2-12 h) of salt stress by clustering the DEGs according to the similarity in their functions, metabolic processes or cellular pathways. In our study, TPM of a differential gene was displayed as Z-value, and the cluster analysis was performed using 100 DEGs with the smallest p value. The clustering analysis (Figure 7) showed that 3 biological replicates for all samples have good repeatability.




Figure 7 | Cluster analysis of DEGs at different periods (0, 2, and 12 h) of salt stress. The abscissa represents the three independent biological replicates for the control (0 h), 2 h and 12 h duration of salt stress treatment, respectively. The ordinate represents the ID of a hundred genes with smallest p value. Color gradient from blue to red represents gene expression level from low to high.



The DEGs at the initial stage (0-2 h period) and later stage (2-12 h period) during salt stress were subjected to GO enrichment analysis (Figure 8).




Figure 8 | GO enrichment analysis of DEGs of two different periods (0-2 h and 2-12 h) during salt stress.



DEGs were highly enriched in the GO functions such as “biological process”, “translation”, “DNA-templated transcription and its regulation”, “oxidation-reduction processes”, “nucleus”, “cytoplasm”, “membrane”, “protein binding”, “DNA binding”, etc. The different enrichment results at the initial stage (0-2 h) and the later stage (2-12 h) indicated that different genetic programs controlled the response of lily bulb to salt stress in this study. As the salt stress prolongs, the genes that belong to the GO functions including “cytoplasmic translation”, “response to heat”, “proteosome-ubiquitination dependent protein catabolism”, “proteolysis involved in cellular protein catabolic process”, “response to auxin”, “response to oxidative stress”, “protein folding”, “response to cadmium ion”, “transmembrane transport”, “cell wall organization”, “cell division”, “chromatin silencing”, “flavonoid biosynthetic process”, “flavonoid glucuronidation”, “cytosolic small ribosomal subunit”, “plasmodesma”, “cellular component”, “intracellular”, “apoplast”, “plant type-cell wall”, “zinc ion binding”, and “protein serine/threonine kinase activity” showed dramatically differential expression. Therefore, it is obvious that the complicated responses elicited by salt stress includes a wide-range of cellular activities and the genetic program of the plant (lily bulb) has a temporal differential pattern in which the aforementioned DEGs are regulated differently depending on time.

In addition, KEGG pathway annotation of the DEGs in two different periods (0-2 h vs 2-12 h) during salt stress showed that the DEGs were associated with more than 30 pathways and were highly enriched in the pathways associated with “Ribosomes”, “Plant hormone signal transduction”, “Phenylpropanoid biosynthesis”, “MAPK signaling pathway-plant”, and “Starch and sucrose metabolism” (Figure 9). DEG enrichment results at two different time periods (0-2 h and 2-12 h) also revealed the differences in pathway types and gene numbers, which might be related to temporally different responses to salt stress at 0-2 h and 2-12 h periods.




Figure 9 | KEGG enrichment analysis of DEGs of two different periods (0-2 h and 2-12 h) during salt stress.



Then, we focused on the 958 DEGs which were co-induced throughout the entire period of salt stress (0-12 h) (Figure 6B). Among them, we identified various transcription factors belonging to AP2/ERF, bHLH, bZIP, HD2/ZIP2, HSF, MYB, NAC, NF-YB, and WRKY families (Figure 10), among which AP2/ERF, bHLH, WRKY transcription factors take the highest proportion. A few unknown proteins with DNA-binding transcription factor activity also showed remarkably significant differential expression patterns during salt stress. Of all, NF-YB3 transcription factor showed high and constant upregulation during the throughout entire salt stress period (0-12 h). Besides, bHLH35*, bHLH13, ERF053, ERF1A, ERF1B, and WRKY28 showed remarkable upregulation albeit not constant for entire period. bHLH35*, bHLH13, ERF053, ERF1A, and ERF1B were highly upregulated at the initial period (0-2 h) during salt stress treatment and then declined, indicating their roles in Lily bulb’s primary responses to salt stress. In contrast, WRKY28, WRKY50*, and bHLH41 were downregulated during the initial period, and then upregulated later, suggesting that they might have distinguishing roles other than bHLH35*, bHLH13, ERF053, ERF1A, and ERF1B.




Figure 10 | Expression pattern of the transcription factors identified in DEGs. “*” indicates the identical gene ID but different species and “#” means that they have DNA-binding transcription factor activity although they were unknown proteins.



In addition, 48 of the 958 DEGs showed the continuous upregulation or downregulation during entire period (0-12 h), and only 25 genes with annotated information showed temporal differential expression (Figure 11).




Figure 11 | DEGs with the tendency of constant upregulation or downregulation during entire period (0-12 h) of salt stress. Each Gene ID of DEGs represents putative or predicted name based on one discovered in other eukaryotic organisms. “*” indicates the identical gene ID but different species.



We classified these genes into 6 categories: stress responses (heat shock protein, 2-oxoglutarate-dependent dioxygenase, laccase, LRR receptor-like serine/threonine protein kinase, O-methyltransferase, peroxidase, cytochrome P450 protein, metallothionein type 2), hormone signaling (abscisic acid receptor PYL, E3 ubiquitin-protein ligases, protein phosphatases), primary metabolism for energy conservation (sulfite reductase flavoprotein), secondary metabolite production (anthocyanidin 3-O-glucosyltransferase, O-methyltransferase, acetyltransferase, bidirectional sugar transporter SWEET14), seed development (vicilin like seed storage protein), and transcription factors (bHLH123, bHLH84, bZIP19, homeobox-leucine zipper protein ROC3, HSFC1, NF-YB3). In the whole process of salt stress, the expression of bHLH84, bHLH123, bHLH123*, bZIP19, homeobox-leucine zipper protein ROC3, HSFC1 was downregulated, and the expression of NF-YB3 was upregulated 3-6 times. Among other DEGs, metallothionein type 2 protein showed unusually high expression levels and strong upregulation in response to salt stress treatment.



Prediction of co-expression network and identification of putative hub genes

Total 1039 DEGs at 0- 12 h (p< 0.05) were chosen as input data for prediction of their interaction in STRING database. Using Cytoscape, we input the output file of STRING search and obtained a network with 432 DEGs and their 1126 interacting events. We further ranked them and identified putative hub genes using cytohubba plugin (Figure 12).




Figure 12 | Ten putative hub genes and their interacting proteins. Transcription factors and non-Transcription factors are shaped as diamond and ellipse, respectively. Larger size and darker red color represent higher rank, while green color annotates lower rank.



From co-expression network, we identified ten putative hub genes including AP2 (TRINITY_DN33762_c0_g4), MED37C (TRINITY_DN32748_c0_g1), PER1 (TRINITY_N30585_c1_g4), ADH1 (TRINITY_DN34595_c0_g1), ZAT6 (TRINITY_DN29763_c0_g1), BT2 (TRINITY_DN28127_c0_g3), KING1 (TRINITY_DN32088_c0_g2), NF-YB3 (TRINITY_DN19275_c0_g1), HSP70-18 (TRINITY_DN21721_c1_g4), TPL (TRINITY_DN30465_c0_g4). Among them, TPL and NF-YB3 showed relatively higher log2FC values (7.76 and 2.98, respectively) in our RNA-seq data, suggesting that they play inductive and key roles in the response of lily bulbs to salt stress.



Validation of transcriptome data through qRT-PCR

To verify accuracy and reliability of the RNA-seq data, we randomly selected twelve genes and further quantified their expression levels by qRT-PCR. The results showed that the expression patterns of the DEGs determined through qRT-PCR were highly consistent with the RNA-seq data (Figure 13).




Figure 13 | Verification of RNA-seq data through qRT-PCR. The abscissa represents comparison of the DEG expression level at 2 h (blue) and 12 h (red brown) to that at 0 h determined by RNA-seq and qRT-PCR, respectively. The ordinate represents the Log2 Fold Change values of the DEGs.






Discussion

Salt stress affects plant physiology mainly through ion toxicity, osmotic pressure and oxidative stress. Plants respond to these threats by regulating physiological and biochemical activities to adapt to or resist salt stress (Liang et al., 2018; Zhao et al., 2021). Among them, typical activities are accumulation of osmolyte compounds, ion-selective transmembrane transport and intracellular compartmentalization, ROS scavenging, and upregulation of salt tolerance genes including sensor genes, signaling genes and transcription factors (Shabala et al., 2015; Kumar et al., 2017; Liang et al., 2018; Zhao et al., 2021). Since the roots are the first organs to sense the salt stress (Duan et al., 2014; Karlova et al., 2021; Li et al., 2021), the research on salt stress have focused on the response of roots to salt stress, and then extends to other organs and tissues, mainly leaves and stems. The ornamental bulbous plants such as the lily have unique organs called the bulb that functions as nutrient or flowering organs. L. pumilum is considered to be a salt-tolerant ornamental plant, which may be related to the unique bulb organs function of L. pumilum. But it still lacks evidences showing that the bulb organs help plants overcome stressful environments such as salt stress. Therefore, we analyzed the L. pumilum bulb transcriptome data and identified the key genes regulating the bulb’s unique responses against salt stress at genome-wide scale.

The L. pumilum bulb transcriptome data at different time points (0, 2, or 12 h after salt stress treatment) were obtained by Illumina sequencing of total RNA samples, and analyzed. A total of 51566 unigenes were found and 1772 and 2324 DEGs were identified at initial (0-2 h) and later (2-12 h) periods, respectively. GO and KEGG enrichment analysis for these DEGs indicated that expression patterns of DEGs and KEGG annotated pathways showed slight difference between 0-2 h and 2-12 h. Among the DEGs, 958 DEGs were co-expressed during entire period (0-12 h) of salt stress, and their expression patterns were analyzed. It was found that many unigenes annotated as transcription factors were involved in the responses to salt stress. They belong to AP2/ERF, bHLH, bZIP, HD2/ZIP2, HSF, MYB, NAC, NF-YB and WRKY families. Among them, NF-YB3 transcription factor showed the most intense upregulation throughout entire period of salt stress (Figure 10). Beside the transcription factors, the unigenes annotated as metallothionein type 2 protein, vicilin like seed storage protein and bidirectional sugar transporter SWEET14 showed high expression levels and intense upregulation during entire period of salt stress.

From Figures 8, 9, 11 it is obvious that stress response of the bulb organ was distinct from the typical responses such as ion-selective transmembrane transport and intracellular compartmentalization and ROS scavenging. For instance, in the transcriptome data of bulb organs, a number of genes responsible for responses to oxidative stress were identified as DEGs, 57 of which were predicted to be typical ROS scavengers, such as superoxide dismutase, peroxidase, and glutathione transferase, but most DEGs were downregulated. Some DEGs were upregulated, but their expression level was very low. In the 57 DEGs, 9 DEGs were co-expressed during entire period (both 0-2 h and 2-12 h) of salt stress and their expression patterns was shown in Figure 14. They also showed low expression levels and no intense upregulation. The effects of salt stress on bulb organs were different from those in roots, and bulb organs showed different responses, which may be related to the highly upregulated NF-YB3 transcription factor, metallothionein type 2 protein, vicilin like seed storage protein and bidirectional sugar transporter SWEET14. (Figure 11). NF-YB3 transcription factor is a subunit of the CCAAT-box binding factor family proteins (also called the Nuclear Factor Y). It is one of the large and ubiquitous transcription factors in all eukaryotic organisms including yeast, plant and animal, and plays important roles in flowering promotion, embryogenesis and seed maturation (Kumimoto et al., 2008; Laloum et al., 2013; Myers and III, 2018). NF-YB3 has also been reported to play a role in regulating plant responses to abiotic stresses such as drought, nutrient deficiency, salt, and temperature stress (Zhang et al., 2015; Yang et al., 2017; Sato et al., 2019; Dai et al., 2021; Zheng et al., 2021). In this study, we found that the expression of NF-YB3 transcription factor was upregulated in bulb organs under salt stress, suggesting that it was involved in regulation of salt stress. Co-expression network analysis also confirmed that NF-YB3 acted as a hub gene during salt stress (Figure 12). NF-YB3 is known to regulate not only the salt tolerance, but also the flowering time (Hou et al., 2014; Zhang et al., 2021). Thus, upregulation of NF-YB3 in lily bulb organs upon salt stress can promote flowering of L. pumilum, but it requires further efforts to elucidate whether salt stress eventually promotes flowering in lily bulb.




Figure 14 | DEGs with ROS scavenging activity co-induced at both 0-2 h and 2-12 h.



Meanwhile, metallothionein type 2 protein, vicilin like seed storage protein were intensely upregulated. Metallothionein type 2 protein is a well-known metal ion binding protein that is characterized by high cysteine residue (Coyle et al., 2002). It plays significant roles in the detoxification and homeostasis of metal ions and ROS scavenging (Joshi et al., 2015; Jin et al., 2017; Babaei-Bondarti and Shahpiri, 2020), and these roles have already been demonstrated in L. pumilum (Wang et al., 2019). Metallothionein proteins are known to be regulated by several transcription factors such as the TFIID complex comprising TATA-binding protein associated factors, metal−responsive element (MRE)-binding transcription factor (MTF)-1, NF-Y family transcription factors (Takahashi, 2015). Vicilin like seed storage protein is a seed-specific protein that acts against biotic stress factors such as fungus and microbes (Vieira Bard et al., 2014; Jimenez Lopez, 2020; Ateeq et al., 2022; Bertonceli et al., 2022). Vicilin is also known to have the superoxide dismutase activity (Shikhi et al., 2018), which is able to resist against oxidative stress by scavenging ROS. Therefore, the “cavity” in anti-oxidation due to low activity of typical ROS scavengers can be filled by abundant metallothionein proteins and vicilin like seed storage proteins. The bidirectional sugar transporter SWEET14 was also the DEG with intense upregulation (Figure 11). SWEET protein was first discovered in plants as sugar transporters that mediate transmembrane sugar transport and is known to play diverse physiological roles in flower, fruit, seed development, gibberellin transportation, and apoplasmic phloem loading (Jeena et al., 2019; Ji et al., 2022). Sugars also can act as osmolytes that resist against osmotic imbalance during salt stress (Darko et al., 2019; Jeena et al., 2019) and upregulation of SWEET14 might consequently contribute to accumulation of sugars, thereby resisting osmotic damage from salt stress in this work.

Besides, E3-ubiquitin protein ligases were significantly upregulated during salt stress (Figure 11). E3-ubiquitin ligase mediated protein ubiquitination is one of the main post-translation modification pathways for protein which regulates various intracellular processes such as hormone signaling and stress resistance (Duplan and Rivas, 2014; Shu and Yang, 2017; Mandal et al., 2018; Kelley, 2018). The E3-ubiquitin ligases are known to regulate salt stress by participating in SOS pathway, MAPK Cascade, ABA signaling pathway, flowering pathway and ROS homeostasis (Wang et al., 2022). In our study, MAPK pathway was significantly activated during salt stress (Figure 9) and this might be associated with upregulation of E3-ubiquitin ligases. The enzymes also serve as central regulators of perception, regulation and biosynthesis of hormones such as auxin, brassinosteroid, cytokinin, ethylene, gibberellic acid, jasmonate, salicylic acid, and strigolactone (Kelley, 2018). In addition, PYL4 and protein phosphatase 2C are the major proteins in ABA signaling pathway; ABA inhibits PP2C through PYL4 (an ABA receptor protein), thereby releases SnRKs which then regulate energy homeostasis by promoting catabolism and repressing anabolism, thus actively inhibiting plant growth (Park et al., 2009; Zhang et al., 2020). Our study reported the downregulation of PYL4 and upregulation of protein phosphatase (Figure 11) which might lead to inactivation of ABA signaling, eventually relieving growth inhibition effect of ABA.

Bulb organs are different from roots that can directly sense and respond to salt stress, so the response of the bulb to salt stress would indirect and not exactly the same as the responses of root to salt stress. Substantiating this, our work provided the evidences that revealed bulb organ-unique responses against salt stress in L. pumilum, which are different from the previous results in roots or leaves. Altogether, lily bulb organs showed obvious salt tolerance that was evidenced by upregulation of non-typical ROS scavengers (such as the metallothionein type 2 protein) and osmolyte accumulation-related proteins (vicilin like seed storage protein, bidirectional sugar transporter SWEET14). Besides, phytohormone signaling factors (E3-ubiquitin protein ligases and protein phosphatase 2C) were upregulated, suggesting that salt tolerance of the lily plants requires hormone signaling. Among the DEG transcription factors including DREB, ERF, bHLH, bZIP, HD2/ZIP2, HSF, MYB, NAC, NF-YB, and WRKY (Figure 10), NF-YB3 was the only factor that showed full period upregulation. Co-expression analysis further confirmed that NF-YB3 is a putative hub factor that regulates lily bulb response against salt stress. NF-YB3 is a well-known transcription factor that promotes flowering in plants and Lily bulb is a reproductive organ of L. pumilum. Therefore, upregulation of NF-YB3 in the bulbs under salt stress can promote flowering of lily. Further researches are still required to unveil which upstream signaling factors induce metallothionein type 2 protein, vicilin like seed storage protein, bidirectional sugar transporter SWEET14, E3-ubiquitin protein ligases and protein phosphatase 2C, as well as which downstream genes of NF-YB3 transcription factor are induced during salt stress to govern NF-YB3-mediated salt stress responses or flowering signals in L. pumilum.



Conclusion

As a wildflower plant with high salt-alkali tolerance, L. pumilum is regarded as an important germplasm resource for the lily stress resistance breeding in achieving efficient gardening. The bulbs are the important organs for lily propagation and other uses; flowers are developed from them and more importantly, they can be used for culinary and medicinal purposes. Besides, these unique bulb organs are believed to play significant roles in regulating high salt-alkali tolerance of L. pumilum, albeit lacking evidences.

Our work for the first time revealed that bulb organs of L. pumilum respond significantly against salt stress, which is different from root organs. Through transcriptome analysis, we identified DEGs associated with salt stress and then screened several key genes with intense upregulation degree. They include NF-YB3 transcription factor, metallothionein type 2 protein, vicilin like seed storage protein and bidirectional sugar transporter SWEET14. It has been commonly accepted that stress responses mainly lead to increase in ROS level and always include upregulation of typical ROS scavengers like superoxide dismutase, peroxidase, and glutathione transferase, however, they were not differentially expressed and rather the non-typical ROS scavengers such as the metallothionein type 2 protein, and vicilin like seed storage protein were upregulated in our work. Imbalance in osmotic pressure caused by salt stress is another type of damage and plants normally respond with the accumulation of osmolytes such as sucrose. Upregulation of the bidirectional sugar transporter SWEET14 protein reported in this study may promote the sucrose accumulation favorable for maintaining osmotic homeostasis under salt stress. We also reported that the hormone signaling proteins such as E3-ubiquitin protein ligases, PYL4 and protein phosphatase 2C were upregulated, suggesting the role of hormones in the bulb organ responses to salt stress. Besides, co-expression analysis of the DEGs confirmed that NF-YB3 transcription factor acted as a hub gene. Overall, these results lay a foundation for further research on the response mechanism of bulb to salt stress in L. pumilum under salt stress, which has important reference value for studying the molecular mechanism of regulation network of lily coping with different abiotic environmental stress, and provide key genes information for tolerance breeding of lily.
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Brassica napus L. (B. napus) is a vital oilseed crop cultivated worldwide; low temperature (LT) is one of the major stress factors that limit its growth, development, distribution, and production. Even though processes have been developed to characterize LT-responsive genes, only limited studies have exploited the molecular response mechanisms in B. napus. Here the transcriptome data of an elite B. napus variety with LT adaptability was acquired and applied to investigate the gene expression profiles of B. napus in response to LT stress. The bioinformatics study revealed a total of 79,061 unigenes, of which 3,703 genes were differentially expressed genes (DEGs), with 2,129 upregulated and 1,574 downregulated. The Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analysis pinpointed that the DEGs were enriched in LT-stress-responsive biological functions and metabolic pathways, which included sugar metabolism, antioxidant defense system, plant hormone signal transduction, and photosynthesis. Moreover, a group of LT-stress-responsive transcription factors with divergent expression patterns under LT was summarized. A combined protein interaction suggested that a complex interconnected regulatory network existed in all detected pathways. RNA-seq data was verified using real-time quantitative polymerase chain reaction analysis. Based on these findings, we presented a hypothesis model illustrating valuable information for understanding the LT response mechanisms in B. napus.
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Introduction

Brassica napus is extensively grown and distributed in the Yellow River basin in China (Ke et al., 2020). B. napus is the third most important oil crop in China (Li et al., 2021). To date, B. napus has become a research hotspot due to its commercial and ecological benefits (Liu et al., 2019). It has long been known that environmental concerns such as low temperature (LT) stress, including chilling (0–10°C) and freezing (<4°C), affect the germination, growth, development, production, and spatial distribution of crops. In recent years, winter- and semi-winter rapeseeds cultivated in the Yangtze River basin were sowed from the end of September to mid-October, which leads to threatened growth and production of rapeseed under LT stress conditions (Cong et al., 2019; Huang et al., 2020). Improvement in cold tolerance has been a major goal for the agricultural research of B. napus over the recent years; there is an urgent need to develop and cultivate early-maturing rapeseed varieties with cold resistance (Raza et al., 2021).

Over the years, available literature has reported LT-responsive genes and regulatory mechanisms in Arabidopsis (Du et al., 2017; Yu et al., 2020). The researchers focused on elucidating the LT response molecular regulatory mechanisms in different crop species such as tomato (Niu et al., 2022), apple (An et al., 2018), banana (Liu et al., 2018a), rice (Lv et al., 2017; Hang et al., 2018), rapeseed (Luo et al., 2019; Pu et al., 2019; Huang et al., 2020), and maize (Li et al., 2016b). These efforts revealed numerous genes, molecular regulators, and biological pathways to ameliorate plant LT stress effects (Shi et al., 2018; Ding et al., 2019). To cope with unfavorable environmental factors, increasing attention has been given to understanding the cold response mechanisms in oilseed crops, especially rapeseed—for example, next-generation sequencing (NGS) technology is widely applied to reveal the transcriptomic changes in rapeseed under different stresses (Xiong et al., 2022). Recently, the transcriptomic analysis identified various cold-responsive (COR) pathways that regulate photosynthesis, abscisic acid (ABA) homeostasis and transport, plant hormone signal transduction, ribosome biogenesis, MAPK signaling pathway, calcium signal transduction, and antioxidant defense systems in rapeseed (Ma et al., 2019). Different studies reported that the accumulation of different metabolites, including proline, soluble sugar, and protein contents, and antioxidant enzyme activity were rapidly increased under freezing stress (-2°C) in rapeseed (Yan et al., 2019). Dehydrins such as late embryogenesis abundant (LEA) proteins are accumulated in response to cold stress by a higher expression of LEA10 and LEA18, LEA90, and LEA104 genes in B. napus (Maryan et al., 2019). LT stress-inducible proteins are antifreeze proteins, cold-shock domain proteins, and heat shock proteins (HSPs). Under LT stress, various enzymes, such as oxidases and desaturases, are activated to scavenge the reactive oxygen species (Heidarvand and Maali, 2010; Su et al., 2021). Among different antioxidant enzymes, superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX), and catalase (CAT) act as the first line of reactive oxygen species (ROS) scavenging to protect stress-induced oxidative damage in plants (Sharma et al., 2019; Su et al., 2021).

The phenotypic and RNA-seq profiling of transgenic B. napus ectopic overexpressing Arabidopsis C-repeat/DRE-binding factor (CBF) has suggested that the CBF cold response of Arabidopsis has been maintained in rapeseed (Jaglo et al., 2001). In the grape plant, CBL-interacting protein kinases 18 act as a positive regulator of the CBF cold signaling pathway by modulating ROS homeostasis (Yu et al., 2022b). Plant-hormone-mediated pathways are also critical in plant LT stress tolerance—for example, sly-miR156e-3p mediated the posttranscriptional regulation of transcription factor S1MYB15, which positively regulates ABA-mediated cold tolerance in the tomato (Zhang et al., 2022b). In the last decade, different efforts have been made to investigate the physiological and molecular perspectives of LT response of B. napus (Du et al., 2016; Huang et al., 2018; Xin et al., 2019; Ke et al., 2020). Despite these efforts, the complex molecular mechanisms of LT stress responses in B. napus need to be further explored. The NGS profoundly helped to dissect genome-wide novel and diverse molecular response mechanisms in plants. These NGS technologies provide simple, low-cost, sensitive, accurate, and fast tools for elucidating the genome-wide regulation of desired traits (Tyczewska et al., 2016; Sharma et al., 2018). The RNA-seq technology has many successful stories in profiling the genetic architecture of LT stress tolerance, including B. rapa (Ma et al., 2019), B. oleracea (Zhang et al., 2019c), B. napus (Du et al., 2016; Ke et al., 2020), A. thaliana (Kaplan et al., 2007), Z. mays (Li et al., 2016b; Li et al., 2019), O. sativa (Guan et al., 2019), and E. japonica Lindl (Zhang et al., 2022a).

Based on the abovementioned details, the molecular picture associated with cold response has become clearer. B. napus was capable of growth at LT conditions; however, the cold responses of the early-maturing variety in a short time remain to be characterized. In this study, we assessed the dynamic changes that occur at the molecular level to elucidate the LT stress responses through biochemical and transcriptome analysis in B. napus. Biochemical analysis helps to identify the activation of different kinds of phytohormones under LT stress. The transcriptome analysis helps explore various COR gene pathways and their regulatory mechanisms operating under LT conditions in B. napus. The data generated in this study would enhance the understanding of LT response and regulatory mechanism and identify substantial genetic resources that are useful for modifications and enhancing LT tolerance in B. napus.



Materials and methods


Plant materials, growth conditions, and treatments

Rapeseed Cultivar-18, an excellent inbred winter cultivar bred by Oil Crops Research Institute, Wuhan, China, that can be successfully cultivated under LT conditions, was used in this study. The seeds were germinated on moist filter paper in petri plates under soft tube white lights at a temperature range of 25 ± 1°C, humidity of 60%, and 16-h light/8 h dark photoperiod in a growth chamber. One-week-old seedlings were transferred to plastic pots filled with a 1:1:1 mixture of peat vermiculite/moss/perlite in a growth room (16 h light/8 h dark photoperiod, with a constant temperature of 25 ±1°C for approximately 21 days. At a 4-leaves stage, healthy seedlings were selected and transferred to LT stress (4°C) conditions. Before LT treatment (0 d) and after LT conditions (1 d), leaves were sampled, immediately frozen in liquid nitrogen, and preserved at -80°C until further use. Seedlings were recovered under normal growth conditions for two days after LT stress treatment. Total RNA was extracted from a pooled sample of seedling leaves from each group.



RNA preparation and deep sequencing

RNA preparation and transcriptome analysis were performed as previously described (Raza et al., 2021). Briefly, total RNA was extracted from the leaves of LT stressed and non-stressed samples using the TRIzol kit (Invitrogen, USA). RNA concentration and quality were quantified using NanoDrop 2000 (Thermo). The RNA sample was prepared from 1 μg RNA per sample for sequencing. cDNA libraries were produced using NEBNext UltraTM RNA Library Prep Kit for Illumina (NEB, USA), following the manufacturer’s instructions at the Biomarker company (Beijing, China), and then sequenced on an Illumina platform employing paired-end technology. Clean data was further subjected to Q20, Q30, GC-content and subsequent analysis. Hisat2 tools software was used to map clean reads with the reference genome sequence of B. napus (https://www.genoscope.cns.fr/brassicanapus) (Chalhoub et al., 2014). The sequence data is publicly accessible on the National Center for Biotechnology Information database (PRJNA596550).



Differential expression analysis

Differential expression analysis of data under two conditions, LT stressed and non-stressed, was performed using the DEseq, which provided gene expression data based on the negative binomial distribution. Gene expression level was measured by the number of fragments per kilobase of exon in per million fragments mapped reads (Trapnell, 2010). Benjamini and Hochberg’s method was used to control the false discovery rate (Benjamini and Hochberg, 1995). Genes with an adjusted P-value <0.001 were considered differentially expressed genes (DEGs). Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed using a hypergeometric test with a false discovery rate adjusted p-value <0.05.



Gene functional annotation

The functional annotations of all these obtained DEGs were explored using the BLASTx program to find out the NCBI non-redundant protein (NR) and Arabidopsis protein (TAIR10) databases. The DEGs were subjected to GO enrichment analysis using the GOseq R packages based on Wallenius non-central hyper-geometric distribution (Young et al., 2010). The Blast2GO program was used to categorize the GO terms into three major categories of molecular function, cellular component, and biological process (Conesa and Götz, 2008). The KEGG pathway annotation was performed using KOBAS software to elaborate the corresponding metabolic pathways (Mao et al., 2005).



Physiological and biochemical analysis

To explore the physiological and biochemical changes under LT stress conditions, the contents of hydrogen peroxide (H2O2), malondialdehyde (MDA), soluble sugar, and proline (Pro) were quantified using commercial kits purchased from SolarBio (https://solarbio.com) following the manufacturer’s protocol. The antioxidant enzyme activities, including superoxide dismutase (EC 1.15.1.1), peroxidase (EC 1.11.1.7), catalase (EC 1.11.1.6), and ascorbate peroxidase (EC 1.11.1.11), were quantified following the SolarBio kits (https://solarbio.com) guidelines. The photosynthesis parameter Fv/Fm was measured using a portable chlorophyll-fluorometer OS-30p+ (OPTI-SCIENCES, China). All physiological and biochemical parameters were measured using a spectrophotometer microplate reader (Epoch, BioTek, Instruments, USA) in triplicate biological replicates.



qRT-PCR validation

The RNA-seq data was validated through qRT-PCR analysis. The first-strand cDNA was reverse-transcribed from 1 μg DNA-free RNA using EasyScript®One-Step cDNA Synthesis SuperMix (Trans) according to the manufacturer’s instructions. Amplification was performed using a StepOnePlusReal-Time PCR System (Applied Biosystems) with a Power SYBR®Green PCR Master Mix according to the manufacturer’s instructions. The reaction protocol was as follows: 95°C for 10 m, 42 cycles at 95°C for 15 s, and 60°C for 15 s, with 10 ul as the final volume following three technical replicates. Relative expression data were analyzed using the 2–ΔΔCt algorithm using B. napus ACTIN as an internal control (Wang et al., 2014). The primers used for qRT-PCR are listed in Supplementary Table S1.




Results


Physiological and biochemical response to LT stress

LT stress has damaging effects, which impair the growth and productivity of B. napus. After a short-term 4°C stress treatment, B. napus seedlings showed >99% survival rate after 2 days of recovery (Figures 1A, B). However, 4°C-LT-stress-treated seedlings exhibited significant differences in physiological and biochemical indices compared with CK conditions. Therefore, the maximum quantum efficiency of photosystem II (PSII) Fv/Fm is reduced by 29.22% under LT stress treatment in rapeseed (Figure 1C). However, LT stress leads to the induction of H2O2 and MDA contents in plants. H2O2 plays a dual role in response to stress conditions and acts as a ROS and signaling molecule to activate the stress response mechanism in plants. However, excessive H2O2 accumulation is damaging to cells. LT stress treatment significantly increased the H2O2 and MDA levels—specifically, H2O2 increased by 16.52% and MDA increased by 29.77% (Figures 1D, E). Similarly, osmoprotectants, such as soluble sugars and proline, increased by 19.14% and 42.97% compared with CK, respectively (Figures 1F, G). These results indicate that the accumulation of osmoprotectants has a protective role in LT-stressed B. napus seedlings. In response to higher ROS, the plant defense system is activated to ameliorate the effects of LT stress compared with CK. The built-in plant defense system is comprised of various kinds of antioxidant enzymes. These antioxidant enzymes, including SOD, POD, CAT, and APX, equilibrate ROS production and are involved in the conversion to the least deleterious biochemicals within plant cells under LT stress. We observed that the LT stress significantly increased the SOD enzyme activity by 19.61%, POD enzyme activity by 15.82%, and APX enzyme activity by 19.69% compared with CK seedlings (Figures 1H–J). In contrast, CAT enzyme activity was reduced by 15.3% compared with CK (Figure 1K). These results indicate that, in B. napus seedlings, complex physiological and biochemical responses are simultaneously activated to protect them from the injurious effects of LT stress (Figure 1).




Figure 1 | Impact of LT stress treatment on physiology and biochemical indexes in rapeseed. (A) Plant phenotype, (B) survival rate, (C) maximum quantum efficiency of photosystem II (PSII) Fv/Fm, (D) hydrogen peroxide (H2O2), (E) malondialdehyde (MDA), (F) soluble sugar, (G) proline contents, (H) superoxide dismutase (SOD) 1124 activity, (I) peroxidase (POD) activity, (J) ascorbate peroxidase (APX) activity, (K) 1125 Catalase (CAT) activity. Asterisks show significant levels at **P ≤ 0.01, *P ≤ 0.05.





RNA-seq and data quality control analysis

The current study used B. napus plants as experimental material to reveal transcriptome changes under LT stress. At the four-leaves stage, healthy plants were subjected to 4°C for 1 day under 16/8-h photo/dark period for LT treatment. The morphological changes in the leaves of B. napus plants were recorded. The phenotypic changes indicated that B. napus plants were challenged by LT stress (Figure 1A). Subsequently, the leaves were harvested, and two kinds of cDNA libraries were constructed from LT-stressed and CK samples. The cDNA libraries were sequenced using Illumina technology with 10× depth. After trimming the low-quality reads, averages of 45,971,689 and 46,358,438 clean reads were obtained from the CK and LT samples, respectively. The Q30 for all sequenced libraries was greater than 95%, and the GC content of each treatment was ≥47%. Averages of about 39,943,728 (86.84%) and 40,987,248 (88.46%) clean reads were successfully mapped to the reference genome from the CK and LT samples, respectively (Table 1). A total of 7,9061 unigenes were procured.


Table 1 | Summary statistics of RNA-seq generated and processed data.





Annotation of the B. napus transcriptome

B. napu unigenes were annotated using the BLAST function against the NR and TAIR freely available databases. B. napus best matched with B. napus in the NR database compared with B. oleracea, B. rapa, Raphanus sativus, and other related species, which demonstrated that it was immensely homologous with B. napus (Figure 2). GO analysis was performed to categorize the function of each unigene. In total, 79,061 unigenes were successfully annotated to 55 GO terms. These terms were categorized into 55 GO terms, including 20 groups in biological processes, 14 in molecular functions, and 12 in cellular components. The biological process terms were enriched in cellular processes, metabolic processes, single organism process, responses to stimulus, and biological regulation. The enriched terms in molecular functions were binding, catalytic activity, nucleic acid binding transcription factor activity, transporter activity, and structural molecule activity. Among the cellular component terms, the five most significant classifications were cell, cell part, organelle, membrane, and organelle part (Supplementary Figure S1; Supplementary Table S2). In addition to GO analysis, the KEGG pathway analysis revealed several essential pathways involved in LT stress response. In total, 18,993 unigenes were successfully assigned to 119 pathways using KOBAS software. The major KEGG pathways were enriched in ribosome biogenesis, plant hormone signal transduction, carbon metabolism, biosynthesis of amino acids, starch and sucrose metabolism, protein processing in the endoplasmic reticulum, spliceosome, and endocytosis (Supplementary Table S3).




Figure 2 | Top 10 species distribution of B. napus unigenes.





Identification and analysis of DEGs

In order to evaluate the response to LT stress in C18, differential expression analysis was performed between samples before cytokinin (CK) and after LT treatment (LT stress). In the comparison between two groups, a total of 3,703 were identified as significant DEGs in the threshold of log2(fold change) ≥1 or ≤-1 (P-value ≤ 0.05) (Supplementary Table S4). To characterize the biological functions of the DEGs, we performed GO biological process (GO-BP) enrichment analysis on all upregulated and downregulated DEGs (Supplementary Table S5). The results showed that upregulated DEGs were mostly involved in water deprivation response, pyrimidine ribonucleotide biosynthetic process, hyperosmotic salinity response, cold response, RNA methylation, heat acclimation, chitin response, defense response, abscisic acid response, protein import into the nucleus, and response to jasmonic acid. While the downregulated DEGs mainly participated in chitin response, glucosinolate biosynthetic process, carboxylic acid catabolic process, light stimulus, and respiratory burst involved in defense response were the most enriched terms. As shown above, diverse changes and adaptations in biological reactions may occur in B. napus in response to LT stress.

To further categorize the important LT-stress-related pathways, the KEGG pathway enrichment analysis was performed for upregulated and downregulated DEGs (Supplementary Table S6). The major KEGG pathways for upregulated DEGs were ribosome biogenesis and alpha-linolenic acid metabolism, while downregulated DEGs were enriched in plant hormone signal transduction, glyoxylate and dicarboxylate metabolism, peroxisome, photosynthesis, and carbon metabolism, which suggested that LT stress has harmful effects on various biological processes, and B. napus simultaneously initiates its defense though complex biosynthesis and metabolic pathways (Figures 3A, B).




Figure 3 | KEGG pathway enrichment: (A) up regulated DEGs, (B) down regulated DEGs.





Transcription factors’ response to LT stress

Transcription factors (TFs) recognize and bind to cis DNA elements—small regulatory sequences typically composed of non-coding DNA sequences (Wittkopp and Kalay, 2012)—in the promoter region to regulate the expression of downstream genes that have crucial functions in various plant stress responses. In the current study, 176 DEGs belonging to eight TF families that respond to biotic or abiotic stresses were determined (Figure 4). Specifically, 52 AP2/ERF members were identified, including 35 upregulated genes (BnaC03g26480D, BnaC06g40040D, BnaA07g35130D, BnaA03g13620D, etc.) and 17 downregulated genes (BnaA01g34910D, BnaA07g23650D, BnaA10g05780D, etc.). In our data, the basic helix–loop–helix (bHLH) family was the second largest that consist of 25 members, including three upregulated genes (BnaA10g21700D, BnaC09g45980D, and BnaC05g30500D) and 22 downregulated genes. We detected 21 MYB family members, including 12 upregulated and nine downregulated genes that respond to LT stress in B. napus. In the current study, it is also evident that WRKY TFs play significant regulatory roles in B. napus under LT stress (Figure 4). We found that 23 WRKY TFs respond to LT stress; among them, 22 members have induced expression, and only one member, BnaA04g23480D, was repressed under LT stress. Similarly, a total of 22 NAC TFs were found in this study, including 19 upregulated members and two downregulated members (BnaCnng30500D and BnaA04g24740D). In addition, among all identified basic leucine zipper transcription factor (bZIP TF) family members, seven were upregulated, while 11 were downregulated. Thus, it is suggested that the strong activation or repression of transcription factors by LT stress may promote the defense response in B. napus.




Figure 4 | LT responsive Transcription Factors.





Analysis of DEGs related to potential pathways

When plants were exposed to cold stress, dynamic changes in starch content occurred. Many genes involving starch and sucrose metabolism have been previously proven to respond to LT stress, such as ADP-glucose pyrophosphorylase, β-amylase, and sucrose synthases, and were detected (Sicher, 2011; Yu et al., 2022a). As summarized in the heat map (Figure 5), different combinations of starch-degrading enzymes operate under LT stresses, and most of them were upregulated—for instance, we found the activation of three genes encoding sucrose synthase 1-like (BnaA03g08110D, BnaC09g37040D, and BnaA10g14710D) that promotes the catabolization of sucrose to uridine di-phosphoglucose and fructose. Various genes involved in galactose metabolism were also upregulated, such as BnaA09g15290D, BnaA09g48480D, and BnaC04g56100D, which encode galactinol synthase 2, galactinol synthase 3, and galactinol/sucrose galactosyltransferase 5. These results are consistent with previous reports (Ciereszko et al., 2001; Baud et al., 2004). ROS such as hydrogen peroxide (H2O2), superoxide (O2-), singlet oxygen (1O2), and hydroxyl radical (OH-) are quickly produced from multiple organelles under LT stress (Qi et al., 2018), known as toxic agents, and also perceived as the second messengers by plant cells and trigger rapid responses. Here almost all DEGs belonging to the ROS-scavenging enzyme system were upregulated, including six SOD members, one CAT member, nine POD members, and five glutathione S-transferase (GST) members (Figure 5), except only one CAT gene (BnaAnng11640D) that was downregulated, suggesting that these enzymes were actively expressed to form a complex antioxidant defense under short-time LT stress. Phytohormones include auxins, ABA, gibberellins (GA), CK, ethylene (ET), salicylic acid, jasmonates (JA), brassinosteroids (BR), and strigolactones, and they play critical roles in helping the plants to adapt to temperature stresses (Verma et al., 2016). As shown in Figure 5, 14 DEGs involved in the ABA signal pathway have an induced expression in response to LT stress, followed by one gene that showed a repressed expression. In addition, seven ET signal pathway-related and 10 JA signal pathway-related DEGs were upregulated. Three DEGs belonging to the BR signal pathway were significantly downregulated; however, three BR biosynthesis pathway genes were upregulated. Therefore, the abovementioned results indicated that the ABA, ET, BR, and JA signaling pathways were activated in the LT stress response of B. napus.




Figure 5 | Heatmap of DEGs in RNA-seq data related to: (A) Sugar, (B) Antioxidant, (C) Phytohormone.





Interaction network between B. napus LT-stress-related genes

To elaborate the genes’ role in regulating LT response at the protein level, the protein–protein interactions network was constructed using DEGs enriched in GO or KEGG terms, including sugar metabolism, hormone, antioxidant activity, transcription factors, and photosynthesis. The homologs of potential DEGs were referred to the Arabidopsis database and subjected to STRING database analysis. As the results demonstrated, the homologs of DEGs were divided into six expression patterns, and the interaction lines exhibited different types of association among genes. Specifically, PYR/PYL/RCAR-PP2C-SnRK2-ABF, known as the ABA-dependent pathway, was detected. Meanwhile, nearly half of the genes were associated with each other and regulated the CBFs and corresponding stress-related genes. Besides the abovementioned data, JAZ/TIFYs pathway genes were detected, which indicates that the jasmonic acid signal pathway may participate in the quick cold response of B. napus (Figure 6).




Figure 6 | Protein-protein interaction network.





Validation of transcriptome data by qRT-PCR analysis

To validate the transcriptome data, 32 candidate genes were randomly selected and subjected to qRT-PCR analysis. These target genes belong to various functional categories of the KEGG pathways, including photosynthesis, sugar metabolism, plant hormone signal transduction, anti-oxidant defense systems, and transcription factors. Finally, we compared the RNA-seq expression level with the qRT-PCR results. The qRT-PCR results were consistent with the RNA-seq, confirming the reliability of the transcriptome results (Figure 7).




Figure 7 | qRT-PCR validation of RNA-seq data: (A) Sugar metabolism, (B) Antioxidants, (C) Plant Hormone, (D) Transcription factors, (E) Photosynthesis.






Discussion

To dissect the LT response mechanisms in B. napus, various LT-related candidate DEGs were explored from transcriptomic data, and their mRNA abundance was investigated in LT stress response processes. In this study, our primary focus was on those DEGs involved in sugar metabolism (starch, sucrose, and carbohydrate), photosynthesis, plant antioxidant defense system, plant hormone signaling networks, and TFs. The LT stress had adverse effects on photosynthesis. Under LT stress, the cellular respiration process of mitochondria and the photosynthesis process in chloroplast generate oxidative stress and lead to ROS stockpiling (Oelze et al., 2008; Janmohammadi et al., 2015). Oxidative stress due to higher levels of ROS accumulation causes damage to DNA, lipids, and proteins (Schieber and Chandel, 2014). In B. napus, photosynthesis-related genes were mostly downregulated and took part in the light reaction and the Calvin cycle. Decreased photosynthesis activity is directly linked with reduced plant productivity under LT stress conditions. In addition to downregulated genes, few genes were induced and might have played a significant role in protecting the photosynthesis system under LT stress in B. napus. Genes involved in phytohormone signaling networks, sugar metabolism, and antioxidants had variable expression levels, which showed the complexity of the molecular regulation network in response to LT stress (Bari and Jones, 2009; Li et al., 2016a; Ding et al., 2019).


Sugar metabolism, source of energy, and keeping osmotic homeostasis

Previous studies demonstrated that soluble sugars accumulate in response to stress; however, they may play multiple roles under stress. Sugar molecules act as biochemical components for cold acclimation and protect plant cells from damage (Gilmour et al., 2000). Sugars also function as stress signal molecules and trigger a series of signal transduction and defense reactions (Eveland and Jackson, 2012). Sucrose synthase and sucrose phosphate synthase are essential enzymes responsible for metabolic energy in the sugar metabolism pathway (Fugate et al., 2019; Stein and Granot, 2019). During LT stress, Pi accumulation decreased in the cytoplasm (Strand et al., 1999), and altered Pi level signals led to the activation of enzymes in the sucrose synthesis pathway (Hurry et al., 2000). Thus, we have focused on the starch and sucrose metabolism pathway in B. napus and several genes related to sugar metabolism surveyed under LT stress conditions (Figure 5) and verified their expression pattern through qRT-PCR (Figure 7). Different kinds of sugars accumulated in plants, such as sucrose, glucose, raffinose, and fructose, which are involved in LT tolerance (Gu et al., 2018). Sucrose synthase involved in sucrose catabolism and sucrose phosphate synthase involved in biosynthesis are important enzymes primarily responsible for metabolic energy in the sugar metabolism pathway. The sucrose catabolization process acts as a source of ATP or cell wall biosynthesis (Fugate et al., 2019). Therefore, sucrose synthase enzymes are mainly localized in cell walls, mitochondria, and vacuoles (Stein and Granot, 2019). Similarly, upregulated sucrose synthase genes were reported under LT stress in Arabidopsis (Ciereszko et al., 2001; Baud et al., 2004). Furthermore, one sucrose phosphate synthase gene (BnaA10g03060D) was upregulated, which describes the possible role of sucrose biosynthesis under LT stress in B. napus (Figure 5A). Similarly, our biochemical analysis revealed the higher accumulation of soluble sugar and proline under LT stress (Figures 1F, G). A previous study has reported that up to 50% of the activity of sucrose phosphate synthase gene was induced in wheatgrass under LT stress (Jaikumar et al., 2016). In rice, the interaction of calcium-dependent protein kinase OsCPK17 with sucrose phosphate synthase and plasma membrane intrinsic protein is compulsory for LT stress response (Almadanim et al., 2017). Fructokinase plays an essential role in sugar metabolism, signaling, and growth and also has osmosis-protective effects in LT stress (Li et al., 2017b). A high expression of fructokinase genes has been proven to enhance LT tolerance in Arabidopsis (Su et al., 2018). In this study, two genes encoding fructokinase-1 (BnaCnng30740D and BnaA05g11350D) were upregulated in B. napus under LT stress (Figure 5A). Activation of these fructokinase genes suggested a critical role in LT stress tolerance in B. napus.

The overexpression of galactinol synthase (GolS) genes enhanced LT stress tolerance in Ammopiptanthus nanus (Liu et al., 2016). GolS catalyzes the raffinose family oligosaccharide biosynthetic pathway (Salvi et al., 2016). In the current study, various genes involved in galactose metabolism were also upregulated (Figure 5A). Similarly, pentose phosphate pathway genes were induced, such as BnaA09g24370D and BnaC05g24530D which encode ribose-phosphate pyrophosphokinase 2, which was chloroplastic under LT stress (Figure 5A). It has been reported that pentose phosphate pathway genes are hub genes involved in rapid rapeseed seed germination under cold stress (Luo et al., 2019). We also observed multiple up- and downregulated genes, such as beta-D-xylosidase 4, involved in amino sugar and nucleotide sugar metabolism. Hence, when exposed to LT stress, numerous genes involved in sucrose–starch metabolism were induced or repressed, which may lead to the accumulation of osmoprotectants such as sucrose, glucose, and fructose, subsequently maintaining osmotic protection or providing necessary energy under LT stress conditions.



Antioxidant defense system: A cellular cushion against LT stress

A higher accumulation of ROS after LT stress always causes oxidative damage to cellular organs, such as nucleic acid, lipids, and proteins (Suzuki and Mittler, 2006; Schieber and Chandel, 2014). Accordingly, we observed higher H2O2 levels in LT-stressed B. napus seedlings (Figure 1D). In addition to oxidative damage, ROS-mediated activated enzymatic and non-enzymatic ROS scavenging systems detoxify and relieve the cellular oxidative stress level (Miller et al., 2010; Sies et al., 2017). In B. napus during LT stress, the ROS-scavenging enzymatic antioxidant system consists of POD, SOD, CAT, APX, GST, and glutathione peroxidase (GPX) (Yan et al., 2019). The non-enzymatic antioxidant systems included the reduced form of glutathione system, vitamin E\vitamin C system, and secondary metabolites or antioxidants, such as carotenoids, steroids, flavonoids, and anthocyanins. In B. napus, ROS homeostasis—by utilizing these antioxidant systems—protects cellular oxidative stress injury. SOD is known as the first line of defense for ROS-scavenging systems. SOD converts damaging free radicals to less harmful products (H2O2 and O2) in cells through the dismutation process (Zhang et al., 2019b). The induced expression of SOD genes upon cold exposure was reported in Medicago truncatula (Song et al., 2018) and Setaria italica (Wang et al., 2018b). In plants, SODs are mainly divided into three classes based on metal co-factors: copper- and zinc-containing superoxide dismutase (Cu/Zn-SODs), iron superoxide dismutase (Fe-SOD), and manganese superoxide dismutase (Mn-SOD). Different classes of SODs are distributed at different positions or in organs in the cell. Cu/Zn-SODs are generally considered eukaryotic enzymes mainly distributed in the cytosol and chloroplast (Kroll et al., 1995; Wang et al., 2018a). Our findings indicate that various SOD genes (BnaC08g16470D, BnaA10g11080D, BnaAnng26550D, BnaCnng55170D, BnaA09g55590D, and BnaC01g04330D) were induced under LT stress conditions, indicating that it may have LT response regulation in B. napus (Figure 5B). Similarly, we observed an induced SOD activity in LT-stressed seedlings through biochemical analysis, which indicates that SOD activity is genetically controlled (Figure 1H). POD and CAT catalyzed H2O2 into simple H2O in cells. Ascorbate peroxidase enzymes detoxify H2O2 in plant cells. APX is involved in the ascorbate–glutathione cycle to catalyze the H2O2 into H2O using ascorbate as a specific electron donor. APX enzymes are mainly located in subcellular compartments, such as chloroplasts, cytosol, mitochondria, and peroxisome (Caverzan et al., 2012). In our results, the higher activation of APX enzyme activity depicted a protective role from the accumulated H2O2 and MDA by converting them into less harmful components or exclusion from the cellular environment (Figures 1D, E). In this study, POD genes (BnaC05g27530D, BnaC02g02350D, BnaC03g18600D, BnaA08g06260D, BnaA04g19410D, BnaAnng12900D, BnaC06g27340D, BnaA05g10200D, and BnaA07g25540D) were significantly upregulated upon LT stress exposure in B. napus. Accordingly, our biochemical analysis revealed the induction of POD activity in LT-stressed B. napus seedlings, which indicates a close relationship between the expression of these POD genes and POD enzyme activity (Figures 1, 5B). One of the CAT genes’ expressions (BnaC07g15270D) was upregulated, while another (BnaAnng11640D) was repressed. POD and CAT genes have variable responses to the LT stress, which implicated that these genes may play divergent roles during LT stress response in B. napus (Figure 5B). We found that CAT enzyme activity was suppressed in LT stress seedlings (Figure 1K). These results also indicate that rapeseed A genome genes might play a critical role in the CAT enzyme activity compared with the B genome. Similarly, GST and GPX respond to environmental stress and act as scavengers of ROS and oxidizing radicals (Milla et al., 2003; Xu et al., 2015). In this study, the expression of GST genes (BnaC05g07890D, BnaC09g40740D, BnaA06g11500D, BnaC08g37940D, and BnaC04g13950D) was significantly enhanced, depicting their role in LT stress (Figure 5B). In one sentence, these findings elaborated various ROS signaling pathways and provided insight into antioxidant genes, which formed a complex antioxidant defense system under LT stress conditions in B. napus.



Plant hormone signal network to encounter LT stress

Plant hormones were extensively studied under various environmental cues, including LT stress conditions in plants. Phytohormones have key functions in stress responses, such as to initiate a series of signal events and activate the expression of stress-responsive genes (Ku et al., 2018). Calcium sensors in cellular membranes respond to external stimuli to activate downstream signaling events and are influenced by ABA (Edel and Kudla, 2016). The plant responds to LT stress via ABA-dependent and ABA-independent pathways (Gusta et al., 2005; Ishitani et al., 1997). ABA accumulation mitigates the LT stress effects in rice (Zhao et al., 2015) and bermudagrass (Huang et al., 2017). Interestingly, exogenous ABA treatment reduced the H2O2, electrolyte leakage and MDA contents in bermudagrass compared with non-ABA-treated plants under LT stress conditions (Huang et al., 2017). In this study, we detected the ABA biosynthesis, catabolism, and signaling pathway genes as DEGs (Figure 8). Our findings indicated that genes involved in ABA catabolism, such as CYP707A1/2 (BnaC07g35800D and BnaA03g43960D), were activated in response to LT stress in B. napus (Figure 5C). CRY707A encodes cytochrome P450 monooxygenase that catalyzes the ABA into 8′-hydroxy ABA (Seiler et al., 2011). During the biosynthesis process, ABA repressed the expression of CYP707A genes but increased the expression of NCED. Variation in CYP707A expression level changed the cellular ABA levels and accordingly repressed or induced the NCED expression level. ABA catabolism and biosynthesis work antagonistically, which shows a strong feedback and feedforward loop mechanism to limit or enhance the ABA contents in cells. In addition to ABA accumulation, CYP707A works as a hub to coordinate with auxin, GA, and ABA signals (Liao et al., 2018). The variable expression level of CYP707A genes suggested that ABA catabolism and biosynthesis work side by side in response to LT stress in B. napus (Figure 4). The ABA signaling pathway is a double-negative regulatory system consisting of proteins SNF1-related protein kinase 2 (SnRK2), type 2C protein phosphatase (PP2C), and ABA receptors pyrabactin resistance 1 (PYR1)/PYR1‐like (PYLs)/regulatory components of ABA receptors (RCAR) family (Hauser et al., 2011). In the absence of ABA, PP2C-mediated dephosphorylation repressed SnRK2 kinases to block signal transduction. In response to external stimuli, ABA-receptor PYR/PYL/RCAR protein inactivates PP2C, resulting in SnRK2 activation. Activated SnRK2 causes the upregulation of bZIP group TFs to increase the mRNA level of downstream ABA-responsive genes (Sirichandra et al., 2009; Li et al., 2011) (Figure 8). ABA-insensitive 5 (ABI5) is a bZIP TF that regulates ABA-dependent seed germination, growth, and development under environmental constraints. ABI regulates the expression of downstream ABA pathway genes that consist of the ABSCISIC ACID RESPONSE ELEMENT motif in the promoter region (Skubacz et al., 2016). The Arabidopsis mutant for ABI5 genes exhibited a reduced ABA level and seed dormancy, while complementation of ABI5 rescues the expression of ABA-responsive genes and dormancy. Similarly, the exogenous application of ABA reduces the cold sensitivity of the ABI mutant of Arabidopsis (Wu et al., 2015). Phospholipase D (PLD) involved in ABA signaling is a key regular of plant growth, development, and abiotic stress in B. napus (Lu et al., 2019). In this study, PYR/PYL/RCAR (BnaA04g21960D) was significantly downregulated. Meanwhile, PP2C (BnaA09g49440D, BnaA10g04840D, BnaA10g11080D, BnaC05g41830D, and BnaC09g34350D), SnRK2 (BnaA06g22800D, BnaC01g00890D, and BnaC07g31800D), ABI5 (BnaA05g08020D, BnaC04g09030D, and BnaC07g44670D), and PLD gene (BnaC07g45790D) were found to be upregulated under LT stress (Figure 5C). These findings suggested that the ABA signaling pathway actively responds to LT stress in B. napus.




Figure 8 | ABA pathway.



The phytohormone ethylene (ET), C2H4, is an important regulator of the cold stress response. It is debated whether the effect of ET response to LT stress is negative or positive in plants (Hu et al., 2016). ET negatively affects freezing tolerance as the repression of ET biosynthesis enhances freezing tolerance in Medicago truncatula seedlings (Zhao et al., 2014). On the other side, ET accumulation positively regulates cold tolerance in grapevine (Sun et al., 2016). These results indicate that ET accumulation imparts LT stress tolerance in species-specific manners. The mechanism of the ethylene signaling pathway from ethylene recognition at the cellular membrane to transcriptional regulation in the nucleus and the post-transcriptional level was well reported (Yang et al., 2015; Ku et al., 2018). CTR1 modulates the ethylene signaling pathway through a direct interaction with ET receptors. Active CTR1 can repress EIN2, but EIN2 repression is rescued in the presence of ET. The EIN2 translocates from the cell membrane and activates EIN3/EIL1 in the nucleus. EIN3 and EIL1 are key TFs that modulate ET-responsive gene expression (Ju et al., 2012). The EIN3 targets the ETHYLENE RESPONSE FACTOR1 in Arabidopsis. The ubiquitin/proteasomal degradation system regulated the EIN3 and EIL1 levels in Arabidopsis. EIN2 is compulsory for mediating ethylene-induced EIN3/EIL1 expression and EIN3-binding F-box protein (EBF1/2) degradation (An et al., 2010). We observed several ET signal pathway-related genes—BnaC03g05820D, BnaA07g06360D, BnaC09g50850D, BnaC06g41440D, BnaA05g24390D, BnaC03g26480D, and BnaA06g01090D—which were differentially expressed and may participate in B. napus LT stress response (Figure 5C).

Plant steroids such as brassinosteroids (BR) bind to protein receptors in membranes, regulate membrane structure and growth, and enhance abiotic stress tolerance (Filek et al., 2017). Brassinosteroids enhanced cold stress tolerance in Medicago truncatula (Arfan et al., 2019). In this study, genes related to BR signal pathways were deduced, such as brassinosteroid insensitive 1 (BRI1) precursor (BnaC03g66580D), brassinosteroid biosynthesis (BnaC07g51130D, BnaC01g23810D, and BnaC08g49360D), and brassinosteroid resistant (BZR1/2) (BnaA06g13460D, BnaA05g05170D, and BnaA09g44210D), which were differentially expressed in LT-stressed B. napus (Figure 5C). BRI1 is a transmembrane receptor kinase. BRI1 is required for BR perception at the cell membrane surface and signal transduction via phosphorylation of brassinosteroid signaling kinase. BIN2 phosphorylates BZR1 and BZR2 to downregulate the BR-responsive genes (Zhang et al., 2014). In Arabidopsis, overexpression of BZR1 and knockdown of BIN2 genes enhanced the freezing tolerance via CBF-dependent and CBF-independent pathways (Li et al., 2017a).

Similarly, the phytohormone JA signaling pathway played a key role in signaling and activating the downstream CBF/DREB1 pathway during cold stress in Arabidopsis (Zheng et al., 2018). Exogenous JA effectively increased the freezing tolerance of Artemisia annua (Liu et al., 2017b). Various genes encoding the Jasmonate-zim domain (JAZ) protein (BnaC01g34620D, BnaA06g13250D, BnaC05g35610D, BnaC08g36840D, BnaA01g27170D, BnaC03g71460D, and BnaC02g20120D) were induced under LT stress in this study (Figure 5C). The JAZ proteins bind to the promoter’s region of TFs, such as MYC, to repress jasmonate signaling (Figure 6) (Katsir et al., 2008). CORONATINE INSENSITIVE 1 (COI1) works as a JA receptor and is an important part of the SCF–CoI1 ubiquitin E3 ligase complex. COI1 used the ubiquitin/proteasome pathway to degrade the JAZ protein. JA biosynthetic process genes (BnaA03g55570D, BnaC02g01760D, and BnaC09g48180D) are activated under LT stress (Figure 5C). These results implied that jasmonate signal pathways might function in B. napus LT response processes. In a nutshell, the LT stress response of B. napus variety C18 was a complicated network involving the ABA, JA, BR, and ET signal pathways.



Transcription factor: efficient regulators of genomes in response to LT stress

Different TF families played an important role in enhancing LT stress tolerance, such as APETALA2/ethylene response factor (AP2/ERF), bZIP, WRKY, and MYB in plants. The AP2/ERF TF family gene members are important regulators in stress response (Mizoi et al., 2012). In a previous study, 132 AP2/ERF TFs were found to differentially express and respond to LT stress in rapeseed (Du et al., 2016). The bHLH TF family is the second largest protein family in plants that respond to multiple stresses including drought, salt, and especially cold stress (Sun et al., 2018; Li et al., 2020). MYB TFs exhibited diverse roles in growth, development, anthocyanin accumulation, hormone responses, and cold stress tolerance (An et al., 2020). WRKY TFs played an active role in plant defense against biotic and abiotic challenges. The regulation of WRKY TF enhanced cold tolerance in grapevine, and the heterologous expression of WRKY enhanced Arabidopsis’ cold tolerance (Sun et al., 2019). A significant induction of WRKY TFs demonstrates the prominent roles of this family in B. napus LT stress response (Figure 4). Similarly, NAC TFs engaged in multiple biological processes, including signal transduction, development, and biotic and abiotic stress responses. The plant cold stress response of the NAC TF family was evident in Prunus mume (Zhuo et al., 2018), pepper (Hou et al., 2020), and rice (Pradhan et al., 2019). In previous studies, the role of bZIP TFs in cold stress tolerance was described, such as in B. oleracea (Hwang et al., 2016), Magnolia wufengensis (Deng et al., 2019), and rice (Pradhan et al., 2019). In addition, other TFs such as C2H2, G2-like, GATA, HSF, Trihelix, and ZF-HD, either up- or downregulated, were found in response to LT stress in B. napus. The relative expression of LT-stress-responsive TFs was verified by qRT-PCR (Figure 7). The differential expression of numerous TFs suggested that relatively complex networks activated in response to cold stress in B. napus are regulated at the transcriptional level to fine-tune various biological pathways to enhance LT stress tolerance.



Role of photosynthesis system in LT stress response

The chloroplast, a photosynthesis organ, is acutely sensitive to LT stress. Thus, LT stress halts the photosynthesis process in plants (Ma et al., 2018). Photosystem II (PSII) is a crucial component of a photosynthetic machinery that is actively inactivated under stress, and the accumulation of ROS halts the repairing mechanism of PSII in plants (Nishiyama and Murata, 2014). LT stress reduces the photosynthetic capacity by affecting the electron transfer in PSII and the efficiency of CO2 fixation to photosynthates (Paredes and Quiles, 2015). The repair mechanism of PSII involves the replacement of damaged D1 protein by newly synthesized D1 protein at the expense of ATP in the degradation and synthesis of D1 (Murata and Nishiyama, 2018). In this study, primarily genes related to the photosynthesis pathway were repressed, which indicated that LT stress halts the photosynthesis system in B. napus (Table 2). Accordingly, we also found that the maximum quantum efficiency of PSII Fv/Fm was reduced in LT-stressed seedlings, indicating a direct relationship with photosynthesis pathway genes (Figure 1C). Most of these genes are essential components of the light reaction and the Calvin cycle process of photosynthesis. During light reaction, sunlight was utilized by chlorophyll pigments to synthesize the high-energy compounds ATP and NADPH (Armbruster et al., 2017). The Calvin cycle is a light-independent redox reaction to fix carbon dioxide into the sugar glucose molecules and gaseous detoxification during photosynthesis (Sun et al., 2015; Nowicka and Kruk, 2018). Repression of genes involved in photosynthetic components were reported in tea (Shi et al., 2019), hibiscus (Paredes and Quiles, 2015), and rice (Liu et al., 2018b) under LT stress. Nonetheless, we also observed that numerous genes in the photosynthetic apparatus were induced during LT stress in B. napus. Among upregulated genes, genes were related to chlorophyll A–B-binding protein (BnaC01g22830D, BnaA01g19110D, and BnaA01g24440D), cytochrome P450, thylakoid membrane, photosynthetic reaction center protein (BnaC09g27520D), and ferredoxin I (BnaC07g49690D and BnaA03g39520D), while genes related to photosynthetic electron transport (BnaA03g39650D) were downregulated. Besides the abovementioned details, two gene families like chloroplastic chaperone protein dnaJ (BnaA01g29880D and BnaA02g15280D) and heat shock protein 70 (HSP70) members (BnaC03g61170D, BnaA03g59360D, and BnaA06g00870D) were induced. Under stress, DnaJ proteins function for protein homeostasis and protein complex stabilization. Transgenic tomato plants overexpressing DnaJ proteins exhibited maximum efficiency and stability of PSII and D1 protein complexes under cold stress conditions. During cold stress, HSP70 was discovered as the partner of DnaJ proteins (Kong et al., 2014). Ferredoxin molecules are sensitive to stress. Engineering of tobacco chloroplasts by an isofunctional protein of ferredoxin (a cyanobacterial flavodoxin) enhanced the tobacco plant tolerance to multiple stresses, including chilling (Zurbriggen et al., 2008). In our study, some genes related to glyceraldehyde-3-phosphate dehydrogenase (GAPDH)—such as BnaA05g33200D, BnaC05g47450D, and BnaC01g40210D—were induced (Table 2). GAPDH is involved in cellular metabolism and generates energy. GAPDH was induced in potato tubers under cold stress (Liu et al., 2017a). The ubiquitous enzyme adenylate kinase interacts with the chloroplast GAPDH, forming a stable complex that regulates the ATP/NADPH ratio inside the chloroplast to optimize the Calvin–Benson cycle in response to environmental stress (Zhang et al., 2018). Then, we performed qRT-PCR to verify the expression pattern of photosynthesis pathway-related DEGs, which further confirmed the reliability of the RNA-seq data (Figure 7). Thus, differential expression of photosynthetic system genes indicates that they may play vital roles in response to LT stress in B. napus. The exact mechanism of these factors remains unresolved and provides new directions for future LT stress studies.


Table 2 | Photosynthesis pathway genes.





Protein–protein interaction networks in LT stress response

Protein interaction networks regulate various cellular functions, such as signal transduction, metabolic pathways, organ formation, cell cycle regulation, and plant defense (Bray, 2006; Zhang et al., 2010). The protein–protein interactions of the sugar metabolism, hormone, antioxidant activity, transcription factors, and photosynthesis-related genes revealed that the protein domains physically interact through a complex network. Specifically, the SnRK2 family contains key regulators of cellular osmotic stress and ABA responses in plants. Here the SNF1-related protein kinase 2 (SnRK2), ABI, AOS, JAZ, and HSP families shared a maximum number of interaction lines (Figure 6). CYP707A1 encodes abscisic acid 8’-hydroxylases, which is indispensable for seed dormancy and germination in Arabidopsis (Okamoto et al., 2006). Similarly, ABI5 plays a significant role in the regulation of seed germination, seedling growth, development, and abiotic stresses (Zinsmeister et al., 2016). In the ABA signal pathway, the ABI5 protein directly interacts with CYP707A1, ABI2, PP2C phosphatases, PYR/PYL/RCAR receptors, and SnRK2 kinases. The interaction of these proteins suggested that the expression of these genes is tightly associated with LT stress response. Based on these findings, ABI5 is a hub protein under LT response in B. napus which directly or indirectly interacts with antioxidants, TFs, ABA signaling, and regulation of LT-stress-related genes along with various other proteins. In Arabidopsis, alginate oligosaccharide (AOS) induced resistance to the pathogen by a salicylic-acid-mediated signaling pathway (Zhang et al., 2019a). Jasmonate and related signaling compounds have a significant role in plant immunity and development. WRKY1 negatively regulates the ABA signal pathway through JAZ1 and ABI1 in drought response (Luo et al., 2020). Moreover, AOS functions in fine-tuning JA formation and improving LT stress tolerance (Pi et al., 2009; Liu et al., 2017b). In this study, the JAZ protein directly interacts with WRKY, AOS, and other essential genes. These results showed that a complex interactive network at the protein level was activated in response to LT stress response in B. napus. Within the network, some proteins act as a hub to activate or repress the function of other related proteins, which helped to cope with the LT stress in B. napus.




Conclusion

B. napus is the major oil crop with the largest planting area in China. However, its productivity and cultivation area are severely affected by LT stress. In the current study, the transcriptomic study helped to identify various LT-stress-responsive pathways and molecular events. A set of potential DEGs that respond to LT stress was discovered. Different expressions of the key systems indicated that they might play vital roles in response to LT stress in B. napus. It is noticeable that the B. napus response to LT stress is multiplex, not only regulating the genetic architecture but also activating the antioxidant and osmoprotectant system to improve the LT stress tolerance (Figure 9). A deep understanding of these molecular events will provide new avenues for LT stress tolerance improvement in B. napus.




Figure 9 | Mechanism of LT stress tolerance in rapeseed seedlings.
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To date, several studies have considered the phytotoxic impact of cosmetics and personal care products on crop plants. Nonetheless, data are scarce about the toxic impact of galaxolide [hexahydro-hexamethyl cyclopentabenzopyran (HHCB)] on the growth, physiology, and biochemistry of plants from different functional groups. To this end, the impact of HHCB on biomass, photosynthetic efficiency, antioxidant production, and detoxification metabolism of grass (wheat) and legume (faba bean) plants has been investigated. On the other hand, plant growth-promoting bacteria (PGPB) can be effectively applied to reduce HHCB phytotoxicity. HHCB significantly reduced the biomass accumulation and the photosynthetic machinery of both crops, but to more extent for wheat. This growth reduction was concomitant with induced oxidative damage and decreased antioxidant defense system. To mitigate HHCB toxicity, a bioactive strain of diazotrophic plant growth-promoting Rhodospirillum sp. JY3 was isolated from heavy metal-contaminated soil in Jazan, Kingdom of Saudi Arabia, and applied to both crops. Overall, Rhodospirillum mitigated HHCB-induced stress by differently modulating the oxidative burst [malondialdehyde (MDA), hydrogen peroxide (H2O2), and protein oxidation] in both wheat and faba beans. This alleviation was coincident with improvement in plant biomass and photosynthetic efficiency, particularly in wheat crops. Considering the antioxidant defense system, JY3 augmented the antioxidants in both wheat and faba beans and the detoxification metabolism under HHCB stress conditions. More interestingly, inoculation with JY3 further enhanced the tolerance level of both wheat and faba beans against contamination with HHCB via quenching the lignin metabolism. Overall, this study advanced our understanding of the physiological and biochemical mechanisms underlying HHCB stress and mitigating its impact using Rhodospirillum sp. JY3, which may strikingly reduce the environmental risks on agriculture sustainability.
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Introduction

The excessive use of cosmetics and personal care products has led to the accumulation of contaminants in the environment. Among these contaminants, galaxolide [hexahydro-hexamethyl cyclopentabenzopyran (HHCB)] and tonalide [6-acetyl-1,1,2,4,4,7-hexamethyltetraline (AHTN)] exemplify about 95% of the fragrance compounds used in the perfume industry (Ehiguese et al., 2021). Moreover, HHCB is the most common in various personal care products such as hand soaps, body lotions, laundry detergents, and toothpastes (Schmeiser et al., 2001; An et al., 2009b). In Europe, for instance, people use more than 1,800 tons of HHCB annually, as it is stable and cheap (Balk and Ford, 1999; Bester, 2004). Due to the incessant introduction of HHCB to the environment with no removal strategies, this compound is widely detected in the ecosystem and biological tissues (Díaz-Garduño et al., 2017). In this regard, significant amounts of HHCB are reported in sewage water, surface water, groundwater, soils, and sediments (McAvoy et al., 2002; Singer et al., 2002; Ricking et al., 2003). The levels of HHCB in the ecosystem cannot be overlooked particularly in the sludge in which the levels of HHCB were raised from 6.1 to 61.5 mg/L, the thing that inevitably imperils the health of our ecosystem (Kupper et al., 2004; Shek et al., 2008). In addition to the environment, food safety is also at risk due to the potential impacts of HHCB that in turn affect the public health of humans. To understand the harmful effects of such compounds, the scientific community gave special concern to their effects on aquatic and terrestrial biota. For instance, HHCB and tonalide impose a harmful impact on marine microalgae, invertebrates, and fish (Ehiguese et al., 2021). Moreover, HHCB caused a deleterious effect on the oxidative homeostasis and/or DNA of zebra mussel hemocytes (Binelli et al., 2009). However, little is known about the phytotoxic impact of such compounds on the growth, development, and productivity of economical crops. In this context, wheat growth and development were strikingly retarded by both triclosan and HHCB (An et al., 2009b). Moreover, higher levels of quaternary ammonium compounds including HHCB remarkably retarded the growth of Triticum aestivum by reducing shoot and root length and biomass and retarding photosynthetic efficiency and antioxidant homeostasis (Li et al., 2019).

Enhancing crop production deserves to be a major concern of the scientific community to meet human food demands. The intensive usage of agrochemicals strikingly impairs both the ecosystem and public health. To avoid the massive usage of such agrochemicals, several strategies have been used to preserve sustainable agriculture. Among these promising strategies is the use of diazotrophic plant growth-promoting bacteria (PGPB) via manipulating their microbiome (Hakim et al., 2021). Diazotrophic PGPB not only enhance plant growth but also alleviate the adverse effects of environmental stresses by augmenting plant stress tolerance and enhancing crop productivity (Kumar and Dubey, 2020). Diazotrophic PGPB can associate with several plant species and enhance their growth to cope with the hazards of environmental cues. These bacteria can augment plant growth either directly or indirectly (Silva Pankievicz et al., 2021). PGPB can directly  include the production of plant growth regulators, cell wall- degrading enzymes, and siderophores as well as they can fix nitrogen and produce antibiotics (Gopalakrishnan et al., 2018). They can improve plant growth by enhancing the production of phytohormones and antioxidants and phosphorous fertilization that in turn will reflect on plant physiology and metabolism (Inagaki et al., 2014; Gopalakrishnan et al., 2018; Van Deynze et al., 2018; Mandon et al., 2021; Silva Pankievicz et al., 2021). Furthermore, diazotrophic PGPB improved plant growth under different stressful conditions such as water scarcity (Aguiar et al., 2016; Matoso et al., 2021; Vocciante et al., 2022). Among the diazotrophic PGPB, Rhodospirillum sp. is considered as a promising biofertilizer. In this regard, Rhodospirillum is widely used in Asia for various biotechnological and agricultural applications such as aquaculture supplements, biofertilizers for plant growth, and bioremediators (Kim et al., 2004). Rana et al. (2016) revealed that Rhodospirillum rubrum showed good mineral solubilization and plant growth-promoting activities. Concerning its plant growth-promoting effect, Rhodospirillum has bioactive compounds and plant hormones expressing high physiological activities (Serdyuk et al., 1993). Therefore, being environmentally friendly organisms, as they naturally coexist in our ecosystem, Rhodospirillum can be used as a biological fertilizer. Rhodospirillum application is both environmentally safe and economically inexpensive.

To our knowledge, there is a lack of comprehensive data on the phytotoxic impact of HHCB upon plant species of different functional groups. Therefore, we aimed in this study to investigate whether HHCB implements a phytotoxic impact upon grasses (wheat) and legumes (faba beans). Furthermore, we investigated, for the first time, the hypothesis that changes that improved antioxidant and detoxification systems underlie the HHCB stress-mitigating effect of Rhodospirillum sp. JY3. Also, we test the idea that differences between species in plant responses to HHCB stress may be related to differences in redox metabolism.



Materials and methods


Isolation and morphological and biochemical characterization of the isolated strain

Rhizosphere soils of Trianthema portulacastrum plants were collected from Jazan, Kingdom of Saudi Arabia. The soils were serially diluted and plated on corn meal agar before incubation for 7 days at 40°C. Pale pink to reddish colonies were purified and maintained on nutrient agar. The purified isolate was designated as JY3, and it was preserved on agar slants at 4°C. Morphological properties including cell shape and motility, Gram reaction, mortality, shape, and colony color were determined using light microscopy. Growth and fermentation of carbon sources such as glucose, lactose, and sucrose were tested at 0.1 % (v/v) of growth media.



Molecular identification


Molecular phylogenic identification was done using 16s rDNA amplification

Purification and standard sequencing for PCR products were carried out by Macrogen Company (Seoul, Korea). Sequencing reactions were done by using ABI PRISM® BigDyeTM Terminator Cycle Sequencing Kits with AmpliTaq® DNA polymerase according to the protocols supplied by the manufacturer. The universal primer 27F [5’-AGAGTTTGATC(AC)TGCCTCAG-3’] (forward) primer was used. The fluorescence-labeled fragments were purified according to BigDye® XTerminator™ purification protocol. The sequences were searched for sequence similarity through BLAST (www.ncbi.nlm.nih.gov/BLAST/). The sequences were also compared to reference sequences [GenBank (www.ncbi.nlm.nih.gov/genbank/)].




Experimental setup and preparation of plant materials

Healthy and uniform seeds of wheat (T. aestivum cv. Giza 119) and faba beans (Vicia faba cv. Giza 82) were grown in pots (20 cm × 25 cm) filled with sterilized clay soil (0.5 kg; Tref EGO substrates, Nederland) to remove the other microorganisms. For inoculation, the soils were divided into two groups: 1) treated soil preincubated with 25 ml of log-phase Rhodospirillum sp. JY3 culture and 2) control soil that was preincubated with 25 ml of bacterium-free culture medium. Each group of soil was divided into two subgroups: soil treated with galaxolide (HHCB) (250 mg kg−1 soil) and untreated soil (control). The HHCB dosage used was chosen after preliminary investigation of different HHCB concentrations (0–500 mg/kg soil) on both seeds of grass and legume. Each of the two plant species were exposed to four treatments, and each treatment comprised three pots, each contains two plants. The three pots represent the three biological replicates per treatment. Plants were grown under controlled conditions in the growth cabinet (21°C/18°C, 16/8 h day/night cycle, 200 μmol Photosynthetic Active Radiation (PAR) m-2 s-1, and 56% humidity). The soil was watered twice a day and maintained at 58%. Both fresh weight (FW) and dry weight (DW) of shoots were assessed after 7 weeks of growth and stored at -80°C until biochemical analyses.



Growth rate and photosynthetic measurements

Light-saturated photosynthetic and respiration rates were measured using LI-COR LI-6400 (LI-COR Inc., Lincoln, NE, USA). Stomatal conductance (gs) was measured using Leaf Porometer (Model SC1, Pullman, WA, USA). The photochemical efficiency of PSII (Fv/Fm) for dark adapted leaves was calculated with a fluorimeter (PAM2000, Walz, Germany). The concentrations of pigments were assayed (Zhao et al., 2008).



Determination of oxidative stress markers

Hydrogen peroxide (H2O2) was measured as described in the methods of de Sousa et al. (2017). Malondialdehyde (MDA) level was determined in 0.1 g frozen tissue according to the method of AbdElgawad et al. (2016) and was calculated as described previously (Hodges et al., 1999). Protein carbonyl colorimetric assay kit was used to measure protein carbonyls (Cayman Chemical, Ann Arbor, MI, USA) (Levine et al., 1994).



Determination of molecular antioxidants

Total antioxidant capacity was measured by a modified Fe3+-reducing antioxidant power (FRAP) assay (de Sousa et al., 2017). Total phenolic content and flavonoids were extracted in ethanol (80%, v/v) and estimated as previously described (de Sousa et al., 2017). Tocopherol (Toco), glutathione (GSH), and ascorbate (ASC) levels were measured by reverse or forward High-performance liquid chromatography (HPLC) methods. For more detail, see de Sousa et al. (2017).



Determination of reactive oxygen species scavenging enzymes

The antioxidant enzymes, i.e., superoxide dismutase (SOD), ASC peroxidase (APX), peroxidases (POXs), guaiacol peroxidases (GPXs), catalase (CAT), monodehydro-ASC reductase (MDHAR), dehydro-ASC reductase (DHAR), GSH reductase (GR), and GSH-S-transferase (GST), were extracted in 50 mM K-PO4 buffer (pH 7.0) containing 10% (w/v) polyvinylpyrrolidone (PVP), 0.25% (v/v) Triton X-100, and 1 mM phenylmethylsulfonyl fluoride (PMSF). The SOD activity was determined by measuring the inhibition of nitro blue tetrazolium (NBT) reduction at 560 nm (de Sousa et al., 2017). APX, MDHAR, DHAR, and GR activities were measured as previously described (Murshed et al., 2008). GPX, GST, and POX activities were determined according to the method of de Sousa et al. (2017), and CAT activity was assayed according to the method of Aebi (1984). Glutaredoxin (Grx) was determined by following the reduction of 2-hydroxy-ethyldisulfide by glutathione in the presence of NADPH and yeast GR and the reduction of NADPH at 340 nm was measured. Thioredoxin (Trx) activity was determined by measuring the reduction of nicotinamide adenine dinucleotide phosphate (NADPH) at 340 (Buchanan et al., 1979). Peroxiredoxin (Prx) activity was determined by measuring the decrease in H2O2 content according to the method of Horling et al. (2003).



Detoxification metabolism

Total GSH concentrations were measured by the HPLC method after reduction with dithiothreitol (DTT) (Zinta et al., 2014). GST activity was measured according to the method described by Mozer et al. (1983). Metallothionein-containing protein (MTC) content was measured by using the electrochemical method (Diopan et al., 2008). Total phytochelatins (PCs) and total non-protein thiols in plant samples were extracted in sulfosalicylic acid (5%) and estimated by Ellman’s reagent at 412 nm (De Knecht et al., 1992) by measuring the difference between total non-protein thiols and GSH.



Lignin content and lignin biosynthetic enzymes

For lignin determination, 0.1 g DW of plant material was homogenized in 95% ethanol and centrifuged at 14,000 g at 4°C for 3 min. After washing with organic solvents at high temperatures, the pellet was mixed with 25% acetyl bromide in acetic acid (1:3, v/v) for 30 min at 70°C. After cooling, NaOH (0.2 ml) and 7.5 M hydroxylamine HCl (0.1 ml) were added and diluted up to 10 ml with acetic acid. After centrifugation at 1,000 g for 4.5 min, the absorbance was measured at 280 nm (Lin and Kao, 2001).

Phenylalanine ammonia lyase (PAL) was extracted in 1 ml of 200 mM sodium borate buffer pH 8.8 according to Koukol and Conn (1961) and assayed by measuring trans-cinnamic acid production at 290 nm. During cinnamyl alcohol dehydrogenase (CAD) analysis, 5 g frozen tissue powder was extracted (Tris : HCl buffer, 200 mM, pH 7.5) (Mansell et al., 1974). For assaying the CAD activity, the formation of coniferyl aldehyde from coniferyl alcohol was measured by the increase in absorbance at 400 nm at 37°C for 5 min. To assay 4-coumarate-coenzyme A ligase (4CL) activity, the method of Voo et al. (1995) was used, involving monitoring the increase in p-coumarate as substrate at 333 nm.



Statistical analysis

The data presented are the means of three replicates ± standard error (SE). The data were analyzed using SPSS v24.0 (SPSS, Inc.), and significant means were separated using Duncan’s multiple-range tests at P < 0.05.




Results


Rhodospirillum sp. JY3 inoculation alleviated the adverse effects of HHCB on the biomass and photosynthesis of both faba beans and wheat

The bacterial isolate coded as JY3 was identified morphologically, biochemically, and molecularly by using 16s DNA analysis (Figure 1). The cells of this isolate are Gram negative and mobile and give a negative gelatin activity test (Figure S1). It showed glucose, lactose, and sucrose fermentation activity. Enzymatic activities revealed that the bacterial isolate JY3 showed amylase, lipase, and protease activities (Table 1). According to molecular analyses, gene sequence analysis showed 90.86% similarity with Rhodospirillum sp. This bacterial isolate was previously used as a green fertilizer for agriculture. Thus, in our study, we have investigated the ability of this bacterium to improve plant stress tolerance via enhancing the growth and biomass production of two different plant species, grasses (wheat) and legumes (faba beans), under control and HHCB contamination conditions.




Figure 1 | An amplified 16S rRNA gene fragment from the isolated JY3 was sequenced and blast searched through the NCBI database. Closely related sequences were downloaded and aligned using MEGA. The isolate of JY3 was presented in the same clade with Rhodospirillum sp. strain MJS4 16S ribosomal RNA gene, partial sequence (90.86%).




Table 1 | Morphological and biochemical characterization of selected isolate.



Our findings revealed that treatment with HHCB has resulted in a significant reduction in FW of both wheat and faba beans (63.76% and 33.34% reduction, respectively); meanwhile, a similar reduction was observed in the DW of wheat and faba beans by about 67.28% and 28.38%, respectively (Figures 2A, B). On the other hand, treatment with Rhodospirillum sp. JY3 slightly enriched the FW and DW of wheat with more increment in those of faba beans as compared with untreated control plants. Interestingly, coapplication of Rhodospirillum and HHCB had a flourishment impact on both FW and DW of wheat (~46% for each) and faba beans (~13% and 52%, respectively).




Figure 2 | Effect of HHCB (hexahydro-hexamethyl cyclopentabenzopyran) either alone or in combination with Rhodospirillum sp. JY3 on (A) Fresh weight, (B) Dry weight, (C) photosynthesis, and (D) RuBisco activiy of both wheat and faba beans. Three biological replicates were used to detect each value. The bars on the columns represent error bars (SE). One-way ANOVA test was use to determine the significant difference between the groups. Similar letters on the bars indicate no significant difference between treatments. Fresh weight (FW), dry weight (DW), ribulose-1,5-bisphosphate carboxylase-oxygnase (RuBisco).



To understand the observed increases in growth, the photosynthetic activity of treated plants was measured (Figure 2C). It is known that the photosynthetic activity could be induced by growth-promoting bacterial treatment, while the use of some contaminants such as HHCB could negatively affect photosynthesis (Abdelgawad et al., 2020). In this regard, our results demonstrated that photosynthesis was greatly reduced by HHCB treatment in wheat and faba beans (by about 56% and 33%, respectively) relative to the control plants. Such reductions were recovered when wheat and faba beans were treated with Rhodospirillum sp. JY3 as compared with untreated control plants (Figure 2C). Under the combined effect of Rhodospirillum sp. JY3 and HHCB, both plants showed higher increases in photosynthetic activity, whereas wheat plants have exhibited a dramatic increase (3-fold increase) but to less extent in faba beans (only 44% increase) as compared with contaminated untreated plants.

To further understand the effect by Rhodospirillum sp. JY3 and/or HHCB on the photosynthetic activity, we additionally measured the activity of ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO), a key enzyme involved in carbon fixation for sugar production (Figure 2D). The results revealed a severe decrease in RuBisCO activity in both wheat and faba beans (~65% and 29% reduction, respectively) relative to their counter control plants. These reductions have been recovered when the two plant species were inoculated with Rhodospirillum sp. JY3 where the activity of RuBisCO increased by 26% and 33%, respectively) in comparison to the untreated control plants. Furthermore, the coapplication of Rhodospirillum sp. JY3 and HHCB resulted in higher increments in RuBisCO activity, particularly in wheat (~73% increase), when compared with the control plants. Thus, improving the photosynthetic machinery considered one of the key roles of Rhodospirillum sp. JY3 that increased the tolerance level of both wheat and faba beans against contamination with HHCB.



Inoculation with Rhodospirillum sp. JY3 reduced the oxidative damage caused by HHCB

Under stress conditions, plants might be subjected to higher levels of reactive oxygen species (ROS), which consequently might result in the destruction of membrane lipids, leading to lipid peroxidation. This could induce MDA and protein oxidation that are also associated with H2O2 generation. In the present study, the changes in oxidative stress markers of wheat and faba beans grown under different treatments with Rhodospirillum sp. JY3 and/or HHCB have been investigated (Figure 3). Single treatment with HHCB induced significant increases in the amounts of H2O2 and MDA, as well as protein oxidation in faba beans with much more increment in wheat plants when compared with the untreated control plants. These differential responses to HHCB indicated a species-specific response to oxidative damage. On the other hand, the oxidative damage was significantly ameliorated when both species under investigation were treated with Rhodospirillum sp. JY3 (Figure 3). Interestingly, the mitigative impact of Rhodospirillum sp. JY3 on HHCB has been positively reflected on the noticeable reduction in the levels of oxidative markers (H2O2, MDA, and protein oxidation) in wheat and faba beans either alone or in combination with HHCB as compared with their respective control plants (Figure 3).




Figure 3 | Effect of HHCB either alone or in combination with Rhodospirillum sp. JY3 on the oxidative markers; (A) Hydrogen peroxide (H2O2), (B) Monoaldehyde (MDA) and (C) Protein oxidation of both wheat and faba beans. Three biological replicates were used to detect each value. The bars on the columns represent error bars (SE). One-way ANOVA test was used to determine the significant difference between the groups. Similar letters on the bars indicate no significant difference between treatments.





Interactive effect of HHCB and Rhodospirillum sp. JY3 on the levels of antioxidant metabolites in both faba beans and wheat

In order to mitigate oxidative damages under stress factors, plants tend to upregulate their defense system (Shabbaj et al., 2022). To this end, the wide array of non-enzymatic antioxidants was measured in wheat and faba beans (Figure 4). The antioxidant defense system could be detected through the total antioxidant capacity (TAC); thus, we measured TAC by using the FRAP assay (Figure 4A). When both plants were treated with HHCB, a species-specific response was observed in TAC, as it significantly reduced in wheat (~13% reduction) with much more reduction in faba beans (~16% reduction) as compared with their counter control plants. On the other hand, Rhodospirillum sp. JY3 significantly enhanced TAC in wheat and faba beans. Rhodospirillum sp. JY3 further increased the effect of HHCB on TAC, particularly in wheat and to less extent in faba beans (by 37.59% and 14.32%, respectively).




Figure 4 | Effect of HHCB either alone or in combination with Rhodospirillum sp. JY3 on (A) the total antioxidant capacity (TAC), (B) glutathione (GSH), (C) polyphenols, (D) flavonoids, (E) ascorbate (ASC), and (F) tocopherols of both wheat and faba beans. three biological replicates were used to detect each value. the bars on the columns represent error bars(SE). One-way ANOVA test was used to determine the significant difference between the groups. Similar letters in the bars indicate no significant diffidence between treatments.



Furthermore, to understand the mechanism behind the changes in TAC, we evaluated the changes in individual antioxidants, either the soluble antioxidants, i.e., flavonoids, polyphenol, GSH, and ASC, or the insoluble antioxidants, i.e., Toco (Figure 4). In this context, HHCB has no significant influence on the measured molecular antioxidants except for Toco in wheat that accumulated by about 37% and polyphenols and GSH in faba beans that decreased by 38% and 25%, respectively, as compared with uncontaminated, uninoculated control plants (Figures 4B, C). On the other hand, treatment of wheat and faba beans with Rhodospirillum sp. JY3 alleviated the adverse effects of HHCB by increasing the levels of flavonoids, polyphenols, and Toco when applied either alone or in combination with HHCB relative to their counter control plants. It is worth observing that Toco accumulation was noticeable in faba beans and wheat plants as compared with contaminated plants grown in Bactria free soils (61% and 35%, respectively), the thing that highlights a species-specific response to bacterial treatment. Except for ASC in faba beans, significant increases were also observed in GSH levels of both wheat and faba beans and ASC only in wheat plants after treatment with Rhodospirillum that grew in soils contaminated with HHCB (Figures 4B, E). A further increment was observed in both ASC and GSH of both wheat and faba beans. Meanwhile, the interaction between HHCB or Rhodospirillum sp. JY3 increased the GSH content of wheat and faba beans (32.33% and 97.29%, respectively) but decreased the ASC content in both plants. Also, comparable increases in the soluble antioxidants (Toco content) were also observed in both plants under all of the single and combined treatments with HHCB and Rhodospirillum sp. JY3.



Coinoculation with Rhodospirillum sp. JY3 differently improved antioxidant enzyme activities, particularly under the challenge of galaxolide contamination

In order to understand how Rhodospirillum sp. JY3 reduced the stress induced by HHCB, it was essential to investigate the changes that occurred in the activities of antioxidant enzymes (Figure 5). Therefore, we measured the enzymes that had direct scavenging activity. The current results showed that HHCB treatment almost decreased or did not change the POX, CAT, and SOD activities in wheat, while the activity of SOD was slightly increased in faba beans as compared with the control plants. Meanwhile, treatment with Rhodospirillum caused remarkable increments in the activities of POX, CAT, and SOD in both wheat and faba beans relative to control plants. Further increments in POX, CAT, and SOD were observed when using a combination of HHCB and Rhodospirillum sp. JY3 (by 46.42%, 42.59%, and 35.20%, respectively, in wheat and by 61.39%, 50.18%, and 51.85%, respectively, in faba beans) as compared with uninoculated contaminated control plants.




Figure 5 | Effect of HHCB either alone or in combination with Rhodospirillum sp. JY3 on the antioxidant defense system of both wheat and faba beans. Three biological replicates were used to detect each value. The bars on the columns represent error bars (SE). One-way ANOVA test was used to determine the significant difference between the groups. Similar letters on the bars indicate no significant difference between treatments. SOD; Superoxide dismutase, APX; ascrobate peroxidase, POX; peroxidases, GPX; guaiacol peroxidases, CAT; catalase, MDHAR; monodehydro-ASC reductase, DHAR; dehydro ASC reductase, GR; glutathione reductase, and GST; glutathione-S-transferase, Grx: Glutaredoxin, Trx; thioredoxin and Prx; Peroxiredoxin.



Concomitantly, we also measured the ASC-related enzymes in the ASC-GSH cycle, i.e., APX that reduced H2O2 to water by using ASC and the enzyme DHAR that plays a role in the reduction of dehydroascorbate through using GSH. In addition, MDHAR is known to be incorporated in the reduction of monodehydro-ASC. According to our results, treatment of both plants with HHCB reduced or did not change the activities of APX and DHAR, while MDHAR activity was significantly enhanced in wheat and faba beans (37.96% and 64.05%, respectively) when compared with the control plants (Figure 5). Likewise, the activities of all of the detected enzymes were enhanced in response to inoculation with Rhodospirillum sp. JY3. Moreover, the interaction between HHCB and Rhodospirillum sp. JY3 triggered the activities of APX and DHAR in both wheat (~40.63% and 51.72%, respectively) and faba beans (~63.89% and 63.75%, respectively) as compared with control plants (Figure 5).

Furthermore, the activities of GPX and GR were investigated, whereas both enzymes play a crucial role in ASC-GSH cycle. Under HHCB stress, the activities of GR and GPX were increased by 14.66% in wheat and by 74.92% and 89.53% in faba beans, respectively. The inoculation with Rhodospirillum sp. JY3 significantly increased GR and GPX activities in faba beans (19.73% and 22.95%, respectively) but decreased these activities in wheat plants. The interactive impact of HHCB and Rhodospirillum sp. JY3 has been negatively reflected on GR and GPX activities in both plants.

The response of the antioxidant defense system to the impact of HHCB and/or Rhodospirillum sp. JY3 upon the enzymes’ activity was further investigated by measuring the activities of Grx, Trx, and Prx in HHCB-stressed plants (Figure 5). These enzymes incorporated in scavenging of free radicals that are involved in the reduction of H2O2. Except for Grx, single treatment with HHCB or Rhodospirillum sp. JY3 increased the activities of Trx and Prx in both plant species when compared with the control plants. On the other hand, coapplication of HHCB and Rhodospirillum sp. JY3 caused a significant increment in Grx, Trx, and Prx in both plant species under investigation as compared with the control samples.



Detoxification metabolism was increased in wheat and faba beans in response to the inoculation with Rhodospirillum sp. JY3 under HHCB stress

In our study, we also evaluated heavy metal-binding ligands, such as metallothioneins (MTCs), PCs, and the metal-detoxifying enzyme GST, which are synthesized by the plant to overcome heavy metal toxicity (Figure 6). Under treatment with HHCB, all of the measured parameters were significantly increased in both wheat and faba beans, particularly PCs in faba beans (about 2-fold increase). It is worth noting that individual treatment with Rhodospirillum sp. did not affect the levels of such parameters as compared with their counter control plants (Figure 6). However, under HHCB treatment, Rhodospirillum sp. JY3 caused a significant enhancement in the contents of PCs and MTCs in wheat plants (98% and 32%, respectively) and in faba beans (13% and 26%, respectively), while the activity of GST was reduced in both plants when compared with the control plants.




Figure 6 | Effect of HHCB either alone or in combination with Rhodospirillum sp. JY3 on (A) metallothionein (MTC), (B) phytochelatins (PCs), (C) glutathione-s-transferase (GSH), (D) total glutathione (TGSH)  of both wheat and faba beans. three biological replicates were used to detect each value. the bars on the columns represent error bars(SE). One-way ANOVA test was used to determine the significant difference between the groups. Similar letters in the bars indicate no significant diffidence between treatments.



Moreover, the redox status of GSH (tGSH) was concomitantly retarded in both wheat and faba beans under contamination conditions (Figure 6D). This retardation had been enhanced in both plant species when inoculated with Rhodospirillum sp. as compared with uncontaminated control plants. Furthermore, inoculation with Rhodospirillum alleviated the phytotoxic impact of HHCB by accumulating the levels of tGSH as compared with contaminated uninoculated control plants (Figure 6D).



Lignin metabolism was increased in HHCB-stressed wheat and faba beans in response to Rhodospirillum sp. JY3 inoculation

Lignin plays a fundamental sustaining and protective role in plants to cope with various environmental anomalies. Therefore, we interestingly investigated the levels and the biosynthetic enzymes of lignin in both wheat and faba beans (Figure 7). Except for the activities of PAL in faba beans, contamination with HHCB significantly reduced the activities of lignin biosynthetic enzymes and accordingly lignin biosynthesis in both wheat and faba beans as compared with their respective untreated control plants. On the other hand, inoculation with Rhodospirillum sp. tremendously augmented the accumulation of lignin by activating its biosynthetic enzymes (4CL, CAT, and PAL). Interestingly, coapplication of Rhodospirillum sp. with HHCB caused further increment in the activities of 4CL, PAL, and CAD.




Figure 7 | Effect of HHCB either alone or in combination with Rhodospirillum sp. JY3 on (A) lignin, (B) phenylalnine ammonia lyase (PAL), (C) cinnamyl alcohol dehydrogenase (CAD), (D) 4-coumarate-coenzyme A ligase (4CL)  of both wheat and faba beans. three biological replicates were used to detect each value. the bars on the columns represent error bars(SE). One-way ANOVA test was used to determine the significant difference between the groups. Similar letters in the bars indicate no significant diffidence between treatments.






Discussion

HHCB compounds are widely detected in our environment and biological tissues. These accumulations in the ecosystem cannot be ignored, especially in water, as this will impair the health of the environment. Therefore, our objective in this study is to understand the impacts of the environmentally pertinent concentrations of HHCB on the growth as well as antioxidant homeostasis and detoxification mechanism of two economically important crops (wheat and faba beans). Moreover, we applied Rhodospirillum sp. JY3 as an environmentally safe tool to mitigate the harmful impact of HHCB on both wheat and faba beans.


Rhodospirillum sp. JY3 greatly mitigated the phytotoxic effect of HHCB on the growth and photosynthesis of both wheat and faba beans

Our results revealed that HHCB caused a noticeable reduction in the growth and biomass of both wheat and faba beans. It is worth mentioning that the personal care products including HHCB are considered as harmful compounds on plant growth and development. In this context, personal care products can implement a significant phytotoxic effect including retardation in their growth and development (Christou et al., 2016; Bartrons and Peñuelas, 2017; Sun et al., 2018). These findings suggest that personal care products such as HHCB can implement retardational effects on plant growth and development including vascular tissue development (Barooah et al., 2022) and cell cycle (DNA replication) (Grzesiuk et al., 2018). As the photosynthetic efficiency of plants is considered one of the most crucial determinants of plant growth, the retarded photosynthetic efficiency of HHCB-stressed plants could be another explanation of the decline in the growth and biomass. In line with our findings, T. aestivum seedlings showed a striking inhibition in the photosynthetic efficiency in response to treatment with both HHCB and triclosan (An et al., 2009b). Additionally, cucumber seedlings experienced a remarkable reduction in the biosynthesis of photosynthetic pigments when treated with different pharmaceuticals and personal care products (Sun et al., 2018). Personal care products including HHCB can also affect photosynthetic processes such as the Calvin cycle and DNA replication (Grzesiuk et al., 2018). On the other hand, treatment with Rhodospirillum sp. JY3 caused a significant improvement in the biomass of wheat and faba beans either alone or in combination with HHCB. Besides having a characteristic plant growth-promoting activity, Rhodospirillum sp. JY3 is the best biofertilizer that has the ability to induce the highest Vigor Index (990) value (Vareeket and Soytong, 2020). Rhodospirillum sp. JY3 can also produce plant hormones as bioactive compounds that expressed high physiological activities (300%–330%) in the cytokinin bioassay (Smith et al., 2008). Moreover, Rhodospirillum sp. JY3 has a high ability to solubilize minerals that consequentially increases nutrient availability (Vareeket and Soytong, 2020). Therefore, these findings in addition to our results could explain the mitigating impact of Rhodospirillum sp. JY3 against HHCB toxicity.



Rhodospirillum sp. differentially mitigated the phytotoxic impact of HHCB via relieving the oxidative damage in wheat and faba beans

It is well known that the overproduction of ROS leads to cell damage and is the final concern of oxidative stress. Our results revealed a differential accumulation of ROS in both wheat and faba beans that is embodied in the elevation of both protein oxidation and lipid peroxidation in response to HHCB treatment (Figure 3). On the other hand, it is worth noting that the activities of most antioxidant enzymes either were not changed or became low in both wheat and faba beans that might be due to the hormesis effect of HHCB on the plant, the thing that could mitigate the oxidative stress induced by HHCB (Ehiguese et al., 2021). This negative impact of HHCB on antioxidant enzymes, especially POX, SOD, and CAT, could explain the obvious increments in the levels of H2O2. Therefore, by comparing the results of the biomass and oxidative markers (H2O2, protein oxidation, and MDA) as well as the activities of antioxidant enzymes, we can find that both wheat and faba beans cannot withstand the adverse effects of HHCB for long periods. This is because the level of HHCB-induced oxidative stress may exceed the capacity of the antioxidant enzymatic pool. This different action indicated a species-specific response toward contamination with HHCB. In line with our findings, Christou et al. (2016) showed that alfalfa leaves exposed to treatment with pharmaceutical products experienced a noticeable lipid peroxidation. To a lesser extent, treatment with different pharmaceutical and personal care products showed a remarkable elevation in lipid peroxidation with a concomitant increase in the activities of SOD that in turn caused noticeable oxidative damage in cucumber plants (Sun et al., 2018). Additionally, the authors found that the root of cucumber exhibited a remarkable oxidative damage with a concomitant elevation in the activities of SOD due to the treatment with pharmaceutical and personal care products. Moreover, treatment of wheat seedlings with quaternary ammonium salts caused an obvious triggering for oxidative damage and lipid peroxidation (Li et al., 2019). Other studies reported that treatment with water pollutants at high levels caused a remarkable increment in their MDA levels in many economically important crops (Cheng, 2012; Liu et al., 2013; Pawłowska et al., 2017). On the other hand, SOD activity significantly decreased due to treatment with triclosan and HHCB (An et al., 2009b), while it increased as a result of treatment with paracetamol in wheat seedlings (An et al., 2009a). In line with these findings, the activities of antioxidant enzymes were strikingly increased with a concomitant increase in both O2⋅- and H2O2 levels in wheat plants treated with different types of quaternary ammonium compounds (Li et al., 2019). It is worth mentioning that lipid peroxidation caused by such contaminants can further accelerate cell apoptosis, the main cause of cell damage (Wang et al., 2021). Moreover, antioxidants (e.g., SOD, POX, and the enzymatic system of the ASC/GSH cycle) are engaged to trap the overproduced ROS (Shabbaj et al., 2022). Therefore, the changes in the activities of the antioxidant enzymes indicate oxidative stress. Overall, our findings suggested that exposure to HHCB can trigger responses concerning the antioxidants and redox homeostasis and make the plants fail to scavenge the overproduced ROS (Figures 2, 4).



How Rhodospirillum sp. JY3 reduces HHCB-induced oxidative stress by augmenting the antioxidant enzymes

As an environmentally safe tool, treatment with Rhodospirillum sp. JY3 strikingly alleviated the adverse impact of HHCB on both wheat and faba beans. The mitigative impact appeared as enhancing the antioxidant defense arsenal. ASC, for instance, can be used by the cell as a reductant that can reduce H2O2 into H2O, a reaction that was catalyzed by APX that was considered as the key step in the ASC/GSH cycle (Madany et al., 2020). Therefore, the elevation in the activity of APX in both wheat and faba beans under the combined effect of both HHCB and bacterial treatment may be attributed to the functioning of ASC-GSH cycle in detoxifying H2O2 and thus preventing more damage (Paradiso et al., 2008). In addition to APX, CAT has the ability to scavenge the excess ROS induced by stress (Sun et al., 2018). Therefore, the noticeable enhancement in the activity of CAT in wheat and faba beans treated with bacteria reaffirmed that Rhodospirillum sp. JY3 can enhance their antioxidant homeostasis to cope with the adverse effects of HHCB. Besides APX and CAT, POX and GST were other key antioxidant enzymes that can scavenge toxic ROS compounds (Karuppanapandian et al., 2011). The enhancement in the activity of such enzymes due to treatment with Rhodospirillum sp. JY3 highlights its ability to trigger the detoxifying agents that can detoxify HHCB. Interestingly, it was found that POX can degrade 2,4-dicholophenol in the cell culture of Brassica napus (Agostini et al., 2003). Additionally, Xia et al. (2009) implied that the chlorpyrifos-induced activity of GST was accompanied by the formation of glutathione (GSH) S-conjugates to degrade the plant’s insecticide. Moreover, diclofenac was oxidized by oxidases and GSH conjugation in Typha latifolia (Huber et al., 2016). In addition to our results, the aforementioned studies clearly suggested that both POX and GST enzymes play a crucial role in the transformation and conjugation of HHCB in the crop plants. Besides being a mandatory antioxidant in plant cells, GSH can provide a common pathway for plants to detoxify environmental pollutants via conjugation with xenobiotics (Neuefeind et al., 1997). This process consumes excessive amounts of reduced GSH that acts as an electron donor that in turn leads to the overproduction of oxidized GSH (GSSG) to help in the detoxification of xenobiotic compounds (Sun et al., 2018). These variations in GSH levels, particularly the estimated ratio of reduced to oxidized (GSH/tGSH), makes it play a pivotal role in plant tolerance responses (Shabbaj et al., 2022). In this regard, Zhang et al. (2017) gave a detailed account on the role of thiols such as GSH in the detoxification of atrazine in higher plants. Recently, it was reported that GSH triggered the detoxification and promoted the metabolism of the residual fungicide chlorothalonil (CHT) via augmenting UDP-glycosyltransferase genes in tomato plants (Yu et al., 2022a). Additionally, the ASC-GSH pathway not only played a pivotal role in detoxifying CHT residue via nitric oxide signaling but also enhanced the gene expression of antioxidant metabolites, promoting the detoxification-related enzymes in tomato plants (Yu et al., 2022b). Therefore, if we consider the observed prevalence of GSH conjugates in pesticides–plant interaction, it is likely that contaminants like HHCB could be similarly detoxified by GSH conjugation.



Rhodospirillum sp. JY3 quenched the detoxification system of both wheat and faba beans to cope with the challenge of HHCB

Another route to enhance the GSH detoxification pathway is the involvement of detoxifying metabolites such as melatonin, PCs, and Grx. In this study, the detoxification metabolism was triggered in response to treatment with HHCB in both wheat and faba beans with further enhancement when treated with Rhodospirillum sp. JY3. This improvement in the detoxification metabolism in the presence of these environmental threats is considered as a good strategy that makes the plant able to cope with these cues. In this context, melatonin can alleviate the oxidative damage in cucumber triggered by imidacloprid, a leaf-spraying insecticide (Liu et al., 2021). Moreover, Zimeri et al. (2005) suggested that MTC was essential for Cd tolerance and detoxification in Arabidopsis thaliana. More interestingly, the accumulation of metal-binding PCs was detected in cell suspension cultures of Rauvolfia serpentina and Arabidopsis seedlings in response to arsenic pollution (Schmoger et al., 2000). Additionally, it was reported that GST plays a pivotal role in arsenic detoxification in different plant species (Kumar and Trivedi, 2018). Recently, we found that elevated CO2 greatly enhanced the accumulation of detoxifying metabolites such as PCs, MTC, GSH, and TGSH in both C3 and C4 plants to cope with the threat of contamination with indium oxide nanoparticles (Shabbaj et al., 2022). These findings revealed the regulatory role of such detoxifying metabolites in regulating the ROS homeostasis in plants under the challenge of environmental cues. It is worth mentioning that the metal-binding protein MTC regulates the transport of plant metals, while GST manipulates the GSH-metal conjugation (Kumar and Trivedi, 2018). In addition, the cumulation of PCs and GSH oligomers will aid in binding water pollutants and insulate them to the vacuole (Sharma et al., 2016). Overall, our findings highlight the role of Rhodospirillum sp. JY3 in enhancing the detoxifying systems in both wheat and faba beans to cope with the challenge of HHCB water contamination.



Rhodospirillum sp. JY3 and lignin metabolism in wheat and faba beans under treatment with HHCB

In addition to the detoxifying system, water contaminants involved metabolic alterations in plant systems such as lignin metabolism. This will in turn disturb lignin as a bioindicator and an efficient line of defense against environmental anomalies. These environmental cues induce the phenylpropanoid pathways by triggering the signaling network via extracellular ATP (eATP) and dinucleotide polyphosphates to form several metabolites including lignin (Bhardwaj et al., 2014). Our results revealed an increment in the levels of lignin and its biosynthetic enzymes in response to treatment with HHCB with further increment on treatment with Rhodospirillum sp. JY3. The ameliorative role of Rhodospirillum sp. JY3 could be attributed to its potentiality to trigger the pathway of phenolic biosynthesis by regulating the levels of H2O2 and APX under the challenge of HHCB, resulting in the accumulation of lignin in both wheat and faba beans. In this context, the biosynthesis of extracellular lignin and flavonoids was triggered by H2O2 signal transduction (Rao and Dixon, 2018). Moreover, the formation of monolignol radicals was regulated by APX to detoxify H2O2, indicating a possible correlation between lignin biosynthesis and H2O2 biosynthesis (Gou et al., 2018).




Conclusion

Overall, our study provides a new insight about the adverse impact of HHCB on the growth, photosynthesis, and the antioxidant homeostasis of two important crops and how treatment with Rhodospirillum sp. JY3 ameliorated this negative impact. Moreover, this study elucidated the oxidative stress that may reflect the severity of HHCB treatments and the sensitivity of plant species to these HHCB, so it can be used as an indicator for the plant interaction with water pollutants introduced into the agroecosystem. Furthermore, the crop plants could detoxify HHCB via different metabolic strategies including augmented antioxidant defense systems to cope with the oxidative burst and improving the activities of xenobiotic metabolizing enzymes. These strategies ensure the maintenance of cellular integrity via manipulating plant biochemical, physiological, and molecular traits. The endpoints of these strategies can be used as biomarkers for forecasting the phytotoxic impact triggered by HHCB and similarly other water pollutants introduced to the ecosystem.
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Stemphylium leaf blight, caused by Stemphylium vesicarium, is a very important fungal disease in onions since its epidemics are able to affect both the bulb yield and the seed quality. The aim of this study was to screen onion genotypes at stage I (seed to bulb) and further screen the identified resistant and susceptible genotypes at stage II (bulb to seed). One hundred and fifty-seven genotypes were screened against SLB under artificially inoculated field conditions. Results revealed a significant variation among the morphological and biochemical traits studied. Correlation studies revealed a significant and negative correlation between percent disease incidence (PDI), pseudostem width, neck thickness, and dry matter. Fifteen genotypes were identified as moderately resistant, and the rest were categorized as susceptible. Bulbs of the genotypes, identified as moderately resistant, were again screened for resistance in stage II. All the genotypes were categorized as moderately susceptible. Biochemical analysis revealed that total foliar phenol content, pyruvic acid, catalase, and peroxidase increased up to 20 days after inoculation (DAI) and thereafter declined. Protein content was highest in the initial stage and declined at 10, 20, and 30 DAI. The higher biochemical activity was observed in moderately resistant category genotypes compared with the susceptible ones. Correlation analysis showed a highly significant and negative correlation of PDI with total foliar phenol content (TFPC), pyruvic acid, catalase, peroxidase, and protein content. To conclude, it was observed that screening against SLB should be done at both the stages (stage I and Stage II) to identify resistant onion genotypes. Direction selection for genotypes with high dry matter, higher phenols, and enzymes may be an alternative pathway to select genotypes for a robust resistance breeding program.
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Introduction

Onion (Allium cepa L.), an indispensable vegetable, is used as the main ingredient in almost every cuisine throughout the world. It belongs to the family Amaryllidaceae and is a high-value bulbous cum spice vegetable crop. Onions contain diverse bioactive compounds, such as organosulfurs, flavonols, polysaccharides, phenolic compounds, and saponins which exhibit bactericidal, anticancer, and antioxidant activities (Javadzadeh et al., 2009; Zhao et al., 2021). India is the largest producer of onion in the world with an output of 23.73 million tons from an area of 1.43 million ha and accounts for more than 30% of total world production (FAOSTAT, 2020). In 2020, India exported 1.57 mMT of fresh onions to the world with a forex earning value of US$ 378.49 million (APEDA, 2020). Despite being the largest producer, India is far behind in terms of productivity (18.64 t/ha) when compared with other onion-producing countries like the Republic of Korea (79.61 t/ha), USA (71.09 t/ha), and Australia (54.66 t/ha) (FAOSTAT, 2020). Various biotic (purple blotch, Stemphylium blight, Anthracnose, Fusarium basal rot, thrips, iris yellow spot virus, etc.) and abiotic (high rainfall, drought, salinity, temperature stress) factors are known to severely hamper the productivity and nutritional potential of the onion, the most prominent being the diseases caused by phytopathogens. Onions are highly susceptible to several foliar, bulb, and root pathogens that tremendously reduce the yield and nutritive value of the crops (Khar et al., 2022).

Stemphylium vesicarium (Wallr.) E. Simmons is the most common destructive foliar fungus which causes Stemphylium leaf blight disease (SLB) of onions worldwide. This pathogen also infects other economically important crops of the Amaryllidaceae family such as garlic (Allium sativum L.) and leek (Allium ampeloprasum L.). In particular, Stemphylium vesicarium is a hemibiotrophic fungal pathogen with a broad range of host crop species such as vegetable, field, ornamental, and tree fruit crops (Hay et al., 2021). SLB has emerged as a major bottleneck for achieving the full genetic potential of both bulb and seed crops (Dangi et al., 2019). In terms of yield and quality, SLB is reported to cause 90% losses in onion (Raghavendra Rao and Pavgi 1975; Miller et al., 1978; Lorbeer, 1993). It causes severe necrosis and defoliation of the foliage resulting in the reduction of the photosynthetic area. Consequently, bulbs remain small sized and underdeveloped, and upon maturity, tops of bulbs may not lodge which later undergo decay by soil microbes (Raghavendra Rao and Pavgi, 1975). In severe conditions, SLB can also result in premature mortality of plants (Hoepting, 2017). Infection on onion leaves can occur at wide ranges of temperature from 10°C to 26°C (Basallote-Ureba et al., 1999). A high relative humidity (RH) of more than 85%, temperatures ranging from 18°C to 22°C, and leaf wetness for at least 8 h are favorable for disease development in onion crops (Suheri and Price, 2000). Disease severity is more on seed crops compared with bulb crops (Tomaz and Lima, 1988), and sometimes it can cause up to 100% loss in seed production (Singh et al., 1992).

SLB is primarily managed through the frequent application of fungicides (single-site mode of action) that can lead to resistance development among pathogen populations (Hay et al., 2019). Insensitivity or lesser efficacy of common and popular fungicides for SLB management has been reported (Hay et al., 2019). A higher level of pesticide residues in onions is also a major concern for onion exports. India has a huge potential for exporting onion to markets of European nations and countries like USA and Canada. Indian onion must possess certain standards especially in terms of quality and pesticide residues that should not be more than the prescribed levels to capture these markets. Onion growers are in need of resistant cultivars as an important preventative step of integrated plant management (IPM) so that the best quality and minimum pesticide residue can be ensured in export-oriented onion cultivation. Resistance/tolerance and susceptibility among plants are mediated by a complex network of biochemical and molecular events. Plants intrinsically contain natural chemical compounds such as enzymes, phenols, sugars, and other secondary metabolites like alkaloids, cucurbitacin, flavonoids, glycosides, and terpenoids that prevent the proliferation of disease-causing pathogens inside them (Koul and Walia, 2009; Hussein et al., 2018).

Currently, not a single commercial onion variety resistant to SLB disease is available in the market worldwide. In previous studies, it has been found that with different degrees of susceptibility, almost all the commercial varieties succumb to S. vesicarium infection (Foster et al., 2019; Dangi et al., 2019; Hay et al., 2021). Several workers have reported a moderate level of resistance in their studies against Stemphylium leaf blight. Sharma and Sain (2003) developed a variety RO-1 which was found to be moderately resistant against blight. In another study, three moderately resistant cultivars were reported by Behera et al. (2013). Dangi et al. (2019) reported two cultivars, Red Creole 2 (onion) and Pusa Soumya (Bunching-type onion), as moderately resistant. Genetic studies revealed a possible dominant gene control of the resistance trait, but F2 generation did not follow the Mendelian segregation because of sterility issues in F1 hybrids (Pathak et al., 2001).

SLB creates havoc as a foliar disease in both the seed-to-bulb stage (stage I) and bulb-to-seed stage (stage II). Hence, the aim of this study was i) to screen the genotypes, in stage I and stage II, under artificially inoculated conditions for Stemphylium leaf blight, ii) to assess the morphological and biochemical parameters, iii) to identify whether genotypes resistant to SLB in stage I remain resistant in stage II also, and iv) to assess the relationship between PDI and biochemical traits.



Materials and methods


Isolation, identification, and purification of pathogens

Onion leaves showing SLB symptoms were collected from the field of the Division of Vegetable Science, ICAR-Indian Agricultural Research Institute, New Delhi. The infected leaves were washed properly under running tap water to remove dirt and soil. Surface sterilization of the diseased leaves was performed by immersing them in sodium hypochlorite (NaOCl) solution at 2% (v/v) solution for 1–2 min and then washed twice with sterile distilled water. After drying on sterilized tissue paper, leaves were fragmented into small pieces of approx. 5–6 mm2. Fragments of leaves were cultured on sterile potato dextrose agar media (PDA, HiMedia) in plastic petri plates (90 mm dia × 15 mm depth) and incubated at 25 ± 2°C for 24–48 h. Emerging fungal colonies were closely monitored for their growth pattern, and with the help of a sterile needle, the hyphal tip of the fungal colony was subcultured on the fresh potato dextrose agar media. These subcultured Petri plates were kept at 25 ± 2°C temperature for 7–10 days under a 14-h light and 10-h dark period. The fungus was identified based on morphological characteristics (conidia and conidiophore shape and size; Ellis, 1971) and the internal transcribed spacer (ITS) sequence. DNA was extracted from the fungal mycelial mat using the CTAB method (Cullings, 1992), and the ITS region was amplified using primers ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (White et al., 1990). The amplified product was sequenced directly by outsourcing (Barcode Biosciences, New Delhi) and identified using NCBI BLAST. The sequence was submitted to NCBI, and the GenBank number was obtained. The pure culture of S. vesicarium was utilized for the preparation of 1 × 105 ml−1 spore suspensions for inoculation.



Field screening (seed-to-bulb stage) through artificial inoculation and experimental layout

The field screening experiment through artificial inoculation was conducted by spraying the spore suspension in the experimental field of the Division of Vegetable Science, ICAR-IARI, New Delhi (77°09′27″E, 28°38′23″N, and altitude 228.61 m above the mean sea level). Seeds of 157 onion accessions, consisting of breeding lines, landraces, open-pollinated varieties (OPVs), and hybrids (Supplementary Table 1), were sown in the nursery during the second week of October 2020. The transplanting of plants to the experimental plot was done on the third week of December 2020 in a randomized complete block design with three replications. Sixty plants per accession were transplanted with a row spacing of 15 cm and a plant spacing of 10 cm. Recommended cultural practices were followed, and a nitrogen: phosphorus: potassium (NPK) fertilizer was applied at 110:40:60 kg/ha. Plants of highly susceptible accession number AKON068 were planted in every third row and around the border of the experiment plot for an additional source of inoculum for infection. For ensuring uniform soil moisture throughout the experimental plot, flood irrigation was applied at 7–10-day intervals throughout the experimentation period. Manual removal of weeds was carried out at 15-day intervals until the neck-fall stage. The experimental plot was surrounded by a 2.50-m-high translucent plastic sheet, and the application of fungicides was restricted in and around the experimentation site.



Morphological and biochemical traits under stage I

Morphological traits such as plant height (PH, cm), leaf length (LL, cm), leaf width (LW, cm), number of leaves per pseudostem (NOL), pseudostem length (PsL, cm), pseudostem width (PsW, mm), polar diameter (P, mm), equatorial diameter (E, mm), neck thickness (N, mm), bolting percentage, days to maturity (DTM), average bulb weight (ABW, g), gross yield (GW, t/ha), and marketable yield (MY, t/ha) were recorded. Gross yield was calculated according to the following formula: Yield (tons/ha) = (Yield in kg per plot × 666.67)/Number of plants planted. Marketable yield was calculated using the same formula, and bulbs having an equatorial diameter greater than 3.50 cm were counted as marketable. The dry matter (DM) of the bulbs was assessed according to Nieuwhof et al. (1973) and expressed in percentage (%). Total soluble solids (T.S.S) were determined by using a hand refractometer (model, PAL-3) and expressed in °B.



Screening the bulb-to-seed stage under controlled conditions (stage II)

Genotypes showing a moderately resistant and susceptible reaction were identified under field conditions (Supplementary Table 2). Bulbs of the same genotypes were screened for Stemphylium blight under controlled conditions since SLB is also a devastating disease for seed crop too. The experiment was conducted inside the automated greenhouse of the Division of Vegetable Science, ICAR-Indian Agricultural Research Institute, New Delhi. This experiment comprised 20 previously identified genotypes (15 moderately resistant, four susceptible, one highly susceptible) during the field screening. The experiment was laid out in a completely randomized design with two replications. Five bulbs of each accession were planted in each pot filled with sterilized cocopeat, perlite, and vermiculite in the ratio of 2:1:1, respectively. The onion plants were kept at 18°C–22°C temperature under ambient light conditions and watered every 3–5 days. Plants were fertilized after 15 days of planting. Thereafter, every week a water-soluble fertilizer (NPK 19:19:19) at the rate of 5 g/l was applied.



Inoculation of fungus S. vesicarium under field and controlled conditions

For field screening, onion plants were inoculated 60 days after transplanting. A conidial suspension of 1 × 105 ml−1 was prepared by serial dilution technique and sprayed using a knapsack sprayer in the evening followed by flood irrigation to maintain the optimum relative humidity (RH). Onion plant leaves were sprayed with fine mist of water twice after 8–10 h of inoculum spraying to maintain leaf wetness for facilitating better conidium germination. The field was irrigated repeatedly at 2-day intervals until the disease appeared. The fungus was re-isolated from the infected leaves, and its identity was confirmed through morphological observations. In greenhouse screening, a similar concentration of conidial suspension was used as mentioned. For maintenance, a relative humidity of<90% and leaf wetness for 8–10 h using automated misters were applied.



Disease assessment (scoring the incidence of disease)

Scoring of the disease incidence was done by using a 0–5-point scale (Table 1) (Sharma, 1986). Disease assessment was done by taking 10 plants per accession and per replicate into consideration at an interval of 10 days after the inoculation and repeated thrice. The infected areas of each leaf were observed visually. Percent disease incidence (PDI) was calculated (Wheeler, 1969) using the following formula:


Table 1 | Stemphylium leaf blight interactions and phenotypic classes used for the evaluation of onion genotypes (Pathak et al., 1986).



	

where N1 to N5 represent the total number of leaves falling under the 1–5 scales, respectively. Based on their PDI values, each onion accession was classified into six disease reaction classes: immune (I<5), resistant (5.1 ≤R≥ 10.0), moderately resistant (10.1 ≤MR≥ 20.0), moderately susceptible (20.1 ≤MS≥ 40.0), susceptible (40.1 ≤S≥ 60.0), and highly susceptible (HS >60.0) (Pathak et al., 1986). The area under the disease progress curve (AUDPC) was calculated using the trapezoidal method according to a formula given by Madden et al. (2007).

	

where yi is an assessment of a disease (percentage) at the ith observation, ti is the time (in days) at the ith observation, and n is the total number of observations.



Biochemical characterization under stage II

For biochemical analyses, leaves were collected from onion bulbs grown in pots under greenhouse conditions. To perform biochemical analyses in leaf tissues, leaf samples were frozen in liquid nitrogen. Leaf samples were collected before inoculation and later on 10-day intervals at 10, 20, and 30 days after inoculation with the S. vesicarium pathogen.



Total foliar phenol content

The total phenolic content of onion leaf was estimated spectrophotometrically using the Folin–Ciocalteu (FC) reagent method developed by Singleton and Rossi (1965). Absorbance was taken using a UV-1900i UV-Vis double-beam spectrophotometer (SHIMADZU, Japan) at 750 nm. Total phenol content was expressed in ‘mg gallic acid equivalent (GAE)’ per g of fresh weight.



Pyruvic acid

Pyruvic acid was estimated spectrophotometrically through the method of Anthon and Barrett (2003). Standards were prepared by using sodium pyruvate solution. The reading was carried out in a spectrophotometer at 515 nm using the UV-1900i UV-Vis double-beam spectrophotometer (SHIMADZU, Japan). Pyruvic acid was expressed as µmole g−1 sample.



Catalase

Catalase activity estimation was done according to Aebi (1984). The H2O2 oxidation was assayed spectrophotometrically at 240 nm every 30 s for 2 min, and activity was computed by calculating the amount of H2O2 decomposed. A standard curve drawn with the known concentration of H2O2 was used to determine the initial and final contents of hydrogen peroxide. Catalase activity was measured in μmol H2O2/min/mg protein.



Guaiacol peroxidase

The peroxidase activity was assayed by using guaiacol as the substrate by following the method described by Chance and Maehly (1955). The guaiacol peroxidase activity was determined spectrophotometrically by measuring the increase in absorbance at 470 nm by the conversion of guaiacol to tetraguaiacol due to its oxidation. The molar extinction coeffcient of tetraguaiacol was taken as 26.6 mM−1 cm−1. One unit of enzyme activity is defined as the formation of 1 µmol product of tetraguaiacol by the enzyme-catalyzing action per minute at 30°C.



Protein content

Total soluble protein estimation was done by the Bradford reagent method (Bradford, 1976). The absorbance was recorded using a spectrophotometer at 595 nm (Bradford Protein assay, USA) and expressed in mg per gm of fresh weight. For the preparation of protein standard, 1 mg/ml bovine serum albumin was dissolved in distilled water and utilized as the stock solution.



Statistical analysis

The analysis of variance and comparison of means were analyzed using HAU-OPSTAT software (http://hau.ernet.in/OPSTAT). Genetic parameters including the genotypic and phenotypic variance, genotypic and phenotypic coefficients of variance, heritability (broad sense), and expected genetic advance (GA) were performed using package variability 0.1.0 (Popat et al., 2020) through R software (ver. 4.2.1). The mean data for the recorded traits were used for calculating Pearson’s correlation coefcient by using ggplot 2 (R 2016) in R Studio (2021).




Results


Symptomatology and morphological and molecular identification of Stemphylium vesicarium

The infected onion leaves started to exhibit initial symptoms of SLB after 7–10 days of inoculation under field conditions. Initial symptoms included small tan to brown water-soaked, oval lesions on the tips and center of outer leaves. Necrosis started from the top and advanced downward on both sides of the lesions. Sometimes only tan necrosis occurred on the tip of leaves, which is not associated with any lesion formation and progressed toward the bottom of the leaves. In later stages, these symptoms advanced to dark-brown to black sporulation and were more evident on older plants. On outer leaves, black and purple target spot lesions with black sporulation were also evident occasionally (Figure 1). The isolate was identified as Stemphylium vesicarium on the basis of cultural characteristics and morphology of conidia and conidiophores. Whitish with light gray center, filiform, whitish margin colonies of Stemphylium vesicarium were observed on PDA medium (Figure 2). The observed conidia were light brown to brown in color, ovoid to oblong with zero to five transverse septa and one to five longitudinal septa, ranging 15–23 × 40–49 μm (Figure 3). Conidiophores were straight or occasionally one-branched with a swollen apex. The obtained ITS sequence showed 100% sequence homology with NCBI accessions of S. vesicarium (MZ452063). The generated sequence was submitted to the NCBI database (OP473965).




Figure 1 | Symptoms of Stemphylium leaf blight. (A) Initial brown oval lesions formed on the leaf tip. (B) Lesions and their progression toward center. (C) Brown oval lesions formed in the center. (D) Complete drying of leaves. (E) Severe infection and breaking of floral stalk.






Figure 2 | Isolation and purification of Stemphylium vesicarium. Whitish to light gray center, filiform, whitish margin, and septate mycelia observed on PDA media.






Figure 3 | Spores of Stemphylium vesicarium on PDA media. (A) Conidia. (B) Conidia with conidiophores.





Morphological and biochemical traits (stage I)

Descriptive statistics of 16 morphological and biochemical traits indicated the presence of significant variation among onion genotypes under disease pressure (Supplementary Table 2). Approximately, a normal distribution was observed for most of the traits apart from bolting percentage and days to maturity (Figures 4A, B). Among various morphological traits, the plant height varied from 44.16 to 86.70 cm with a mean value of 70.31 cm (Supplementary Table 1). The plant height was recorded maximum in genotype SBO023 (86.70 cm) whereas the minimum was observed in SBO157 (44.16 cm). Similarly for leaf length, SBO023 (75.79 cm) recorded the highest value and minimum leaf length was recorded in SBO157 (35.43 cm). The leaf width was maximum in genotype SBO115 (2.07 cm) and minimum in SBO046 (0.53 cm) followed by SBO057 (0.54 cm). The number of leaves was maximum in SBO078 (11.11) and minimum in SBO083 (5.51). The genotype SBO091 (21.82 mm) followed by SBO109 (19.16 mm) exhibited the highest value for pseudostem length, whereas SBO06 (8.84 mm) had minimum pseudostem length. For trait pseudostem diameter, the maximum value was recorded for SBO038 (17.98 mm), whereas the minimum was observed in SBO132 (4.75 mm). Minimum neck thickness was recorded in SBO056 (0.38 cm), whereas the maximum was found in SBO080 (1.27 cm). The equatorial diameter of bulb was maximum in SBO148 (60.41 mm) and minimum in SBO091 (39.05 mm) with an average value of 51.20 mm. The genotype SBO148 (58.04 mm) was found have the highest value for polar diameter, whereas the minimum value was recorded for SBO131 (37.72 mm). A wide variability for average bulb weight was observed. The average bulb weight varied from 39.20 to 99.80 g with an average of 69.71 g. The highest average bulb weight was recorded in SBO148 (99.80 gm), whereas the lowest was observed in SBO038 (39.20 gm). The gross yield was recorded maximum in SBO020 (41.61 t/ha), whereas the lowest was observed in SBO076 (10.11 t/ha) followed by SBO116 (11.44 t/ha) and SBO138 (13.44 t/ha). The average marketable yield varied from 6.00 to 38.00 t/ha with an average of 22.22 (t/ha). The highest marketable yield was recorded in SBO071 (38.00 t/ha) followed by SBO120 (37.28 t/ha), and the least was recorded in SBO119 (6.00 t/ha). The minimum days to maturity were recorded for two genotypes SBO044 (97.00 days) and SBO073 (97.00 days), whereas the maximum days to maturity were observed for genotype SBO124 (131.00 days) followed by SBO116 (130.50). TSS ranged from 6.82 to 15.88 (°B) and showed a significant variation among genotypes. Maximum TSS was recorded in genotype SBO069 (15.88°B), whereas the minimum was found in genotype SBO145 (6.82°B). The average values of dry matter content was 10.76%. Maximum dry matter content was found in genotype SBO025 (15.26%) followed by SBO138 (14.96%), whereas the minimum dry matter content was recorded in genotype SBO090 (5.75%). Nearly 80 genotypes were present in a set of 157 genotypes which did not bolt at all, whereas the maximum bolting percentage was found in three genotypes SBO093, SBO118, and SBO119 (17.50%).




Figure 4 | (A) Frequency distribution of onion genotypes for various morphological traits. (B) Frequency distribution of onion genotypes for morphological, biochemical, and yield traits.





Analysis of variance and estimates of genetic parameters

The analysis of variance was estimated for all the 17 traits which showed highly significant mean squares at P< 0.01 and 0.001, indicating variation among the 157 onion genotypes (Table 2). A wide range of values among the genotypes for all traits under consideration also indicates the presence of variation. Moreover, mean, standard errors, and coefficients of variation were also estimated which again confirmed considerable genetic variability among the genotypes. The phenotypic variance (σ2P) for all the traits was higher than the genotypic variance (σ2G). The phenotypic variance ranged from 0.03 (NT) to 128.94 (ABW), whereas the genotypic variance ranged from 0.03 (NT) to 126.93 (ABW). PCV and GCV values more than 20% are regarded as high, values ranging between 10% and 20% as medium, and values less than 10% as low (Deshmukh et al., 1986). GCV values ranged from 5.35% (Polar diameter) to 142.33% for the trait percent bolting. Similarly, the PCV values ranged from 8.28% for polar diameter to 150.03% for percent bolting. GCV values were lower than those of PCV values for all the traits. Traits such as leaf width, pseudostem diameter, neck thickness, percent bolting, gross yield marketable yield, and percent disease incidence were recorded with high GCV and PCV values. The highest GCV was observed for trait percent bolting (142.33%) followed by leaf width (29.57%) and PDI (28.70%). The medium GCV was recorded for traits such as leaf length, number of leaves, pseudostem length, total soluble solids, dry matter content, and average bulb yield. The plant height, equatorial diameter, polar diameter, and days to maturity were grouped under the traits having low GCV. The lowest GCV was recorded for polar diameter (5.35%) followed by equatorial diameter (7.11%) and days to maturity (8.52%). Similarly for traits such as percent bolting (150.03%), leaf width (29.68%), marketable yield (33.32%), gross yield (29.95%), PDI (29.14%), neck thickness (27.31%), and pseudostem diameter (24.38%), a high PCV was observed, whereas four traits, viz., plant height (9.63%), equatorial diameter (8.57%), polar diameter (8.28%), and days to maturity (8.57%), were recorded with the lowest PCV values. Medium PCV was recorded in five traits, namely, leaf length, number of leaves, pseudostem length, total soluble solids, dry matter content, and average bulb weight. The traits including polar diameter, percent bolting, gross yield, and marketable yield recorded a high difference among GCV and PCV values as compared with the rest of the traits which have a very small (<1) difference in their GCV and PCV values. Heritability values higher than 80% were considered as very high, values between 60% and 79% were moderately high, 40%–59% were medium, and values less than 40% were low (Singh, 2001). Heritability in a broad sense was also estimated for all traits, which ranged from 41.77% (polar diameter) to 99.51% (pseudostem width). Traits such as plant height, leaf length, leaf diameter, number of leaves, pseudostem length, pseudostem width, neck thickness, total soluble solids, dry matter content, bolting percentage, average bulb weight, days to maturity, and PDI were observed to have the highest heritability. Only one trait, i.e., equatorial diameter, was recorded with moderately high heritability. The remaining traits such as polar diameter, gross yield, and marketable yield were found to have medium heritability. Estimation of genetic advance for various traits ranged from 0.35% to 23.39% and was found highest for average bulb weight (23.39%). Moderate genetic advance was observed for traits such as days to maturity, PDI, plant height, and leaf length, whereas all the remaining traits were found to have low genetic advance.


Table 2 | Genetic variability of 16 morphological and two biochemical traits of onion genotypes.





Screening the seed-to-bulb stage under field conditions (stage I)

Field evaluation at 10, 20, and 30 DAI showed a wide phenotypic response. The mean values for the percent disease incidence of SLB among the 157 genotypes at 30 DAI ranged from 13.20% to 68.00% (Supplementary Table 3). The highest SLB incidence was observed in SBO131 (68.00%), and the lowest was recorded in SBO113 (13.20%). Only four categories of disease reaction existed among the 157 onion genotypes (Figure 5A). Out of 157 genotypes, 16 genotypes (10.20%) exhibited moderately resistant reactions whereas 107 genotypes (68.10%) were found to be moderately susceptible. Thirty-three genotypes (21.00%) were categorized as susceptible, and one (SBO131) genotype (0.70%) was found to be highly susceptible at 30 DAI (Figure 5B). None of the genotypes were found to be immune or resistant against SLB in this study. Out of 16 moderately resistant genotypes, three were open pollinating varieties (OPV), five were inbred lines, seven were breeding lines, and one was hybrid. The maximum numbers of moderately resistant (7), moderately susceptible (36), and susceptible (13) genotypes were found among breeding lines. Among all genotypes belonging to OPVs, breeding lines, inbred lines, and hybrids, only one genotype belonging to the OPV group exhibited a highly susceptible reaction (Table 3). The area under the disease progress curve ranged from 230.00 to 1012.00 and was recorded minimum in SBO113 (230.00) and maximum in SBO131 (1012.00) (Figures 6A, B). The results for the lowest and highest mean values of PDI and AUDPC were similar, but they were not identical in ranking of the genotypes, e.g., ‘SBO076’ had a PDI of 14.80 and was ranked in second place on PDI basis but was ranked fourth based on the AUDPC scale (Supplementary Table 3).




Figure 5 | (A) Frequency distribution of onion genotypes based on percent disease incidence (PDI). (B) Reaction of onion genotypes based on percent disease incidence (PDI) to infection caused by Stemphylium leaf blight.




Table 3 | Percent disease incidence (PDI) categories of 157 onion genotypes against Stemphylium vesicarium.






Figure 6 | (A) Frequency distribution of onion genotypes based on the area under the disease progress curve (AUDPC). (B) Reaction of onion genotypes based on the area under the disease progress curve (AUDPC).





Pearson’s correlation coefficient under stage I

Concerning the phenotypic correlation coefficient, the results revealed that there was a significant positive correlation present between PDI and AUDPC (p< 0.0001). On the other hand, PDI was found to be significantly negatively correlated with leaf length (r = -0.20*), number of leaves (r = -0.17*), pseudostem width (r = -0.31***), neck thickness (r = -0.21**), and dry matter (r = -0.29***) (Table 4). The correlation between plant height and leaf length was highly significant and positive (r = 0.94***). Traits like leaf width, number of leaves, neck thickness, pseudostem length, pseudostem width, equatorial diameter, polar diameter, gross yield, and marketable yield were also found to be significantly positively correlated with plant height. A significant but very low positive correlation was observed among leaf length and traits such as leaf width, number of leaves, pseudostem width, neck thickness, polar diameter, average bulb weight, marketable yield, and gross yield. Leaf width was found to be significantly positively correlated with number of leaves, pseudostem length, pseudostem width, neck thickness, average bulb weight, and days to maturity. A significant positive correlation was recorded among number of leaves and traits like pseudostem width, neck thickness, days to maturity, and gross yield. Pseudostem length was found to be significantly negatively correlated with equatorial diameter (r = -0.17*), whereas pseudostem width was observed to have a significant positive correlation with neck thickness and days to maturity. Neck thickness and days to maturity were recorded to have a significant positive correlation among them. Equatorial diameter and polar diameter of bulb were significantly positively correlated with average bulb weight, gross yield, and marketable yield. A negative correlation was also found among polar diameter and TSS (r = -0.23**). The average bulb weight showed a significant positive correlation with traits like marketable yield (r = 0.57**) and gross yield (r = 0.56**), whereas it was found to be negatively correlated with TSS (r = -0.21**). A significant positive correlation was observed among TSS and dry matter content (r = 0.35**), whereas TSS was found to be negatively correlated with marketable yield (r = -0.23**) and gross yield (r = -0.30**). The bolting percentage was also recorded as significantly negatively correlated with marketable yield (r = -0.27**) and gross yield (r = -0.28**).


Table 4 | Pearson’s correlation coefficient of PDI with morphological and biochemical traits.





Screening the bulb-to-seed stage under controlled conditions (stage II)

For screening and biochemical characterization at different intervals under controlled conditions, 20 genotypes were selected. Genotypes were selected based on their phenotypic response to SLB under artificial inoculated field conditions. The results pertaining to the screening and biochemical characterization at different day intervals under controlled conditions are presented in Table 5. The leaves showed initial symptoms of SLB after 7 days, and the first observation was recorded at 10th DAI. The lowest PDI was recorded in genotype SBO113 (4.73%), whereas the highest was observed in SBO131 (11.56%) at 10 DAI. Similarly at 20 DAI, genotype SBO113 (10.66%) followed by SBO097 (11.15%) and SBO116 (13.28%) showed minimum values for PDI, whereas the maximum PDI was recorded in SBO131 (30.51%) followed by SBO100 (25.33%). At 30 DAI, genotypes SBO113 (22.86%) followed by SBO097 (25.12%) exhibited the lowest PDI values, whereas SBO131 (62.22%) followed by SBO132 (59.54%) was recorded with the highest PDI. Biochemical compounds were also estimated before inoculation and after inoculation at the 10-day interval up to 30 days (Table 5). The accumulation of different biochemical compounds showed an increasing trend and was found highest at 20 days except protein content (Figure 7). Protein content was highest at the initial stage, but it kept on decreasing after inoculation. Before inoculation, the total foliar phenol ranged from 0.96 to 1.45 mg GAE/gm fw. The maximum accumulation of total foliar phenol content was recorded in genotype SBO023 (1.45), and the minimum was observed in SBO112 (0.96). Pyruvic acid in leaves was estimated highest in SBO116 (2.68 μmol/gm fw), whereas the lowest was recorded in SBO112 (1.05 μmol/gm fw). The catalase activity was found to be maximum in SBO113 (2.18 μmol H2O2/min/mg Prot.), whereas the minimum was observed in SBO134 (0.61 μmol H2O2/min/mg Prot.). Peroxidase activity was recorded maximum in genotype SBO097 (7.76 μmol/min/mg Prot.), and minimum activity was observed in SBO077 (3.21 μmol/min/mg Prot.). The maximum total protein level in leaves was recorded in genotype SBO041 (5.60 mg/gm fw). After 10 days of inoculation, the maximum total foliar phenol was observed in SBO041, and the minimum was recorded in SBO100. The genotype SBO097 showed the highest accumulation of pyruvic acid (4.45) and peroxidase (9.58). Accumulation of pyruvic acid and peroxidase activity was found to be minimum in SBO132. Catalase activity and total protein were recorded maximum in SBO113, whereas the lowest values for catalase activity were recorded in SBO131, and for total protein, it was observed in SBO134. The genotype SBO113 showed the highest accumulation for total foliar phenol, catalase, and protein, whereas genotype SBO131 recorded the lowest accumulation of the same at 20 days. Also, concentrations of pyruvic acid and peroxidase were found maximum in genotype SBO097, whereas the minimum was observed in SBO132. Similarly at 30 DAI, genotype SBO113 was found to have the highest concentration of total foliar phenol, catalase, and total protein. The pyruvic acid and peroxidase accumulation was also recorded maximum in SBO097. The genotype SBO131 recorded the lowest concentration of total foliar phenol, catalase, and peroxidase, whereas genotypes SBO132 and SBO134 were observed with the lowest accumulation of pyruvic acid and total protein, respectively.


Table 5 | Mean activity of biochemical compounds, before inoculation and after inoculation, at different day intervals.






Figure 7 | Box plot representation for mean activity of biochemical compounds, before inoculation and after different days intervals.





Correlation studies between PDI and biochemical parameters (stage II)

The Pearson correlation coefficient revealed a significant negative correlation between PDI and biochemical parameters during stage II (Figure 8). A significant negative correlation was found between PDI and TFPC (r = -0.64**). On the other hand, a significant positive correlation was found among the biochemical parameters. TFPC exhibited a highly significant correlation with protein content (r = 0.82***) and catalase (r = 0.71***) in the positive direction. Pyruvic acid content was found to have a highly significant positive correlation with guaiacol peroxidase (r = 0.80**) and catalase (r = 0.75***). Catalase was found to be significantly positively correlated with guaiacol peroxidase (r = 0.58**) and protein content (r = 0.71**). The correlation between guaiacol peroxidase and protein content was found to be non-significant in this study.




Figure 8 | Correlation matrix (Pearson’s method) of different biochemical parameters in response to Stemphylium vesicarium incidence.





Change in PDI between two stages (seed to bulb versus bulb to seed)

During the seed-to-bulb stage (stage I), under artificially inoculated field conditions, 15 genotypes were selected as moderately resistant and the PDI ranged from 13.20 to 19.20 whereas five genotypes with a PDI range of 49.20–68.00 were selected. These genotypes, in bulb form, were again screened under controlled conditions to assess their resistance ability under the bulb-to-seed stage. It was observed that all the genotypes categorized as moderately resistant (MR) in the first stage were categorized as susceptible in the bulb-to-seed stage. PDI ranged from 22.86 to 35.27 in the genotypes categorized as MR earlier. In the susceptible category, the PDI range was 49.20–68.00 in the seed stage, and in the bulb stage, the PDI ranged from 51.20 to 62.22 (Figure 9).




Figure 9 | Comparison among percent disease incidence (PDI) of selected genotypes under stage I and stage II.






Discussion

Stemphylium leaf blight has emerged as a serious constraint for onion production across major onion-growing areas throughout the world (Hay et al., 2021). The disease not only poses a significant threat to winter/rabi bulb crop but also has a negative impact on the onion seed yield too. Stemphylium leaf blight is also known to cause premature leaf senescence, which makes harvested onion crop more prone to postharvest losses (Paibomesai et al., 2012). Since no effective resistance exists in commercial varieties or cultivars, the disease has been extensively managed through fungicide application. Management of SLB through frequent fungicide applications has been associated with several major concerns such as resistance development among pathogens for a particular fungicide or a group of fungicides (Brown, 2006; Hay et al., 2021), environmental pollution, and human health hazard (Kumar, 2007). The evident impacts of these hazardous chemicals on the bee population could lead to a drastic reduction in pollination potential of honey bees for hybrid seed production in onion (Gillespie et al., 2014; McArt et al., 2017). In the current study, firstly a pure culture of Stemphylium vesicarium was isolated and artificial field inoculation was carried out on onion plants. Small tan to brown water-soaked, oval lesions were observed, and leaf samples were collected for microscopic and molecular identification. The microscopic observation revealed the presence of ovoid to oblong, brown color conidia, and these morphological observations coincided with the previous reports (Dangi et al., 2019; Gedefaw et al., 2019; Hassan et al., 2020). Also, the amplified product of the internal transcribed spacer (ITS) sequence, identified using NCBI BLAST, had 100% similarity with previously submitted sequences. Stemphylium vesicarium belongs to the Pleosporaceae family which is a very large group of fungi, and Stemphylium has a broad host range.

For various morphological traits including yield, significant variations have been reported (Mallor Giménez et al., 2011; Solanki et al., 2015; Dangi et al., 2019). In the present experiment also, different morphological traits including yield showed a significant variation among genotypes. The genotypes SBO071 (38 t/ha) followed by SBO120 (37.27 t/ha) recorded the highest marketable yield. Both SBO071 and SBO120 are F1 hybrids. F1 hybrids yield higher than open pollinated varieties and are known to be moderately resistant to insect pest and diseases due to their heterotic potential. Despite the higher Stemphylium leaf blight incidence, these genotypes gave superior yield performance and also possessed high total soluble solids and dry matter content. Hence, they can be recommended for cultivation in Stemphylium leaf blight-affected areas until new sources of resistance are identified.

Genotypic coefficients of variance coupled with heritability estimates provide better understanding about the variability present among genotypes and amount of advance to be expected from selection for various quantitative traits under consideration (Burton and Devane, 1953; Khosa and Dhatt, 2013; Dangi et al., 2018). GCV values were less than the PCV values for all the traits, which shows that the environment has a significant role in trait expression. Higher values for PCV than the value for GCV have been reported earlier (Khosa and Dhatt, 2013; Arya et al., 2017; Santra et al., 2017; Dangi et al., 2018). In agreement with our findings, the highest GCV and PCV were reported for leaf width, pseudostem diameter, neck thickness, percent bolting, gross yield marketable yield, and percent disease incidence (Khosa and Dhatt, 2013; Solanki et al., 2015; Dangi et al., 2018), whereas medium GCV and PCV were observed for traits such as leaf length and number of leaves (Khosa and Dhatt, 2013; Dangi et al., 2018), pseudostem length, total soluble solids, dry matter content, and average bulb yield (Awale et al., 2011; Solanki et al., 2015; Santra et al., 2017). The lowest GCV and PCV for plant height, days to maturity, equatorial diameter, and polar diameter (Khosa and Dhatt, 2013; Chattopadhyay et al., 2013; Santra et al., 2017) have been reported and are in agreement with our results. Population under study, environment, and the method used are the three major factors required for the estimation of heritability of a trait (Fehr, 1987). Broad-sense heritability was recorded very high for traits such as plant height, number of leaves, leaf diameter, pseudostem length, pseudostem width, neck thickness, total soluble solids, dry matter content, bolting percentage, average bulb weight, days to maturity, and PDI, and results are in agreement with others (Khosa and Dhatt, 2013; Santra et al., 2017; Dangi et al., 2018; Bagchi et al., 2020).

Out of 157 genotypes belonging to the Allium cepa group, 16 were classified as moderately resistant. Among them, genotype SBO113 exhibited the lowest percent disease incidence. None of the genotypes belonging to the Allium cepa group was found to be immune or completely resistant against Stemphylium leaf blight. Most of the genotypes were found to be moderately susceptible or susceptible, and only one genotype was classified as highly susceptible, i.e., SBO131. In previous studies also, only moderate resistance was reported in Allium cepa and none of the accessions were found to be completely resistant against Stemphylium leaf blight (Pathak et al., 2001; Behera et al., 2013). Dangi et al. (2019) screened 57 onion accessions against Stemphylium leaf blight and reported one onion accession ‘Red Creole 2’ as moderately resistant and rest were susceptible.

Pearson’s correlation coefficient depicted a significantly positive correlation between total soluble solids and dry matter content, which is in conformity with the observation of other authors (Jaime et al., 2001; Dangi et al., 2019). A significant correlation between soluble solids and dry matter content has been reported by other researchers also (Nieuwhof et al., 1973; Sinclair et al., 1995). A highly significant negative correlation was observed for dry matter content and PDI. Dangi et al. (2019) also demonstrated a significant negative correlation between PDI and dry matter content. A negative correlation of traits such as leaf length, number of leaves, and pseudostem width with PDI was also observed. Positive and significant correlations between equatorial diameter, polar diameter, and average bulb weight have been observed by other researchers in onion (Aliyu et al., 2007; Singh et al., 2010). Results of correlation coefficients are in agreement with Trivedi and Dhumal (2010); Dewangan and Sahu (2014) for the correlations between average bulb weight and marketable yield.

In the current study, genotypes having higher total foliar phenols showed slower disease progression which ultimately resulted in lower infection as compared with genotypes which have lower total phenolic contents upon inoculation under controlled conditions. The accumulation of phenolic compounds at the infection site may obstruct the disease infection or slow down pathogen spread due to the toxic activity of these compounds against pathogens or by increasing the mechanical strength of the host cell wall (Benhamou et al., 2000; Dangi et al., 2019). Also, the higher phenolic acid levels may cause changes in pH of plant cell cytoplasm, which results in the inhibition of pathogen development and ultimately enhance the level of resistance (Ojalvo et al., 1987; Mahmoodi-Khaledi et al., 2015). Medina-Melchor et al. (2022) reported that upon infection with S. vesicarium, the concentration of pyruvic acid increased in the bulb, roots, and leaves of onion plants. Likewise, in our study also pyruvic acid in leaf tissue increased from before inoculation and was found maximum at 20 days after inoculation in genotypes having low disease incidence. Pyruvic acid can be utilized by S. vesicarium as a source of nutrition for its growth. The genotypes with lower incidence were able to resist the Stemphylium vesicarium proliferation due to higher pyruvic acid concentrations. In genotypes with high incidence, the fungus proliferated profusely by utilizing pyruvic acid, which acts as source of nitrogen, ultimately resulting in lower pyruvic acid content. Infection with Magnaporthe grisea also leads to an increase in pyruvic acid in host plant species after 3 days. Parker et al. (2009) suggested that this increase in pyruvic acid and other alterations in the carbohydrate metabolism and TCA cycle allow the growth of pathogens in living plant cells. In fungi, the destination of pyruvate is the TCA cycle in mitochondria, which is the energy-yielding metabolic route for ATP production by oxidative phosphorylation (Walker and White, 2017).

In the context of enzyme evaluation, the catalase activity exhibited an increase in its accumulation before inoculation to 20 days after inoculation. An increment of 2.5-fold has been recorded before inoculation to 20 days after inoculation in genotypes which have lower PDI values, and thereafter it declined. The increment of catalase was sharp in genotypes with lower PDI values as compared with genotypes with higher PDI values. This increase in the activity of the catalase enzyme in genotypes (SBO113) having the lowest PDI values might be due to the natural defense response of the genotype. The infection caused by plant pathogens leads to excess H2O2 production in the cell peroxisomes because the oxidases are involved in the oxidation of fatty acids, photorespiration, and purine catabolism (Ahmad et al., 2010). Toxicity due to higher levels of H2O2 can result in plant cell damage, whereas at lower concentrations, it plays a very important role in signal transduction in the plant which is under attack (Scandalios et al., 2000; Pittner et al., 2019). However, under the action of catalase, it is converted to H2O and O2 and prevents the further cell damage (Debona et al., 2012). Several studies reported the role of the peroxidase enzyme in plant resistance mechanism against pathogens by eliminating the reactive oxygen species and catalyzing the oxidoreduction of various substrates using hydrogen peroxide (Kawaoka et al., 2003; Almagro et al., 2009). The results pertaining to peroxidase enzyme in the present study recorded a steady increase irrespective of the genotypes, up to 20 days. Enzyme activity was recorded almost 1.5 times higher among genotypes having lower values for disease incidence, as compared with genotypes having higher disease incidence values. Plant pathogen infection stimulated the peroxidase accumulation in plants upon infection, which was recorded higher in resistant plants compared with the susceptible ones (Mydlarz and Harvell, 2007). These reports are in agreement with the present study findings, which showed that the peroxidase activity was maintained at a higher level in the leaves of genotypes with lower disease incidence. The involvement of total protein content in plant defense mechanisms against fungi and bacteria has also been reported among different crops (Carvalho et al., 2006; Ashfaq et al., 2021). In the current study, a decreasing trend in total protein content irrespective of the genotypes as disease progresses was observed. However, the rate of total protein content decline was higher in genotypes with higher disease incidence. Proteins being a major component of the plant cell cannot explain the total variation in phenotype, but it may be associated in the host defense mechanism against pathogens (Ashfaq et al., 2021). In previous reports also, phenolic compounds, pyruvic acid, and antioxidant enzymes such as catalase and guaiacol peroxidase were found higher in Alternaria porri-infected plants as compared with control (Khandagale et al., 2022). In the current study, total foliar phenolic content was found to be positively correlated with pyruvic acid content, protein content, and antioxidant enzymes (CAT and POX). Higher phenolic content may induce the production of host pathogenesis-related (PR) proteins, which prevent the reproduction and further spread of pathogen in infected leaf tissue (Ozdal et al., 2013; Awan et al., 2018). A significant positive correlation was also recorded in between catalase, peroxidase, and protein under disease stress (Awan et al., 2018).

It was also observed that the PDI of moderately resistant genotypes under stage I was categorized as susceptible in stage II. This depicts that the screening of onions should be done separately at both the seed-to-bulb stage (stage I) and bulb-to-seed stage (stage II). Accessions which are categorized as resistant in stage I may or may not be resistant in stage II. SLB attacks onions in both the stages. Hence, a screening strategy to identify resistant accessions in both the stages is important.



Conclusion

Onions are the second most important vegetable crop after tomato used throughout the world for food and medicinal purposes. Production and productivity losses due to biotic and abiotic factors impede the economic survivability of farmers. Stemphylium leaf blight has emerged as a major foliar disease affecting 90% of the bulb and seed crops in the epidemic state. Management of SLB through fungicides is a short-term strategy. Moreover, it leads to resistance buildup in pathogens and loss of foraging insects. The sustainable way is to develop resistant varieties that are in harmony with nature. Screening of 157 onion genotypes resulted in the identification of 15 moderately resistant genotypes in stage I. In stage II, these selected genotypes were screened again to confirm their resistant status. Although the selected genotypes were able to withstand the disease, they were categorized as susceptible. Genotypes characterized as susceptible or highly susceptible in stage I recorded an almost similar reaction in stage II also. Our hypothesis is that the identification of SLB-resistant onions should be done at two stages: one at the seed-to-bulb formation stage (stage I) and other screening at bulb-to-seed stage (stage II). Screening at one stage will not be sufficient to identify the Stemphylium leaf blight-resistant material. In morphological traits, leaf length, number of leaves, pseudostem width, and neck thickness showed a significantly negative correlation and selection of genotypes with lower values for these traits should be selected. High dry matter, phenol content, pyruvic acid, peroxidase, catalase, and protein content are the potential biochemical traits for identification of tolerant/resistant genotypes. These traits can serve as biomarkers for high-throughput screening of genotypes at the initial phase of the resistance breeding program. A comprehensive strategy involving the identified morphological and biochemical traits in stage I and stage II will be an effective strategy to devise an SLB-resistant program in onions.
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The interest in sustainable horticulture has recently increased, given anthropogenic climate change. The increasing global population will exacerbate the climate change situation induced by human activities. This will elevate global food demands and the vulnerability of horticultural systems, with severe concerns related to natural resource availability and usage. Sustainable horticulture involves adopting eco-friendly strategies to boost yields while maintaining environmental conservation. Biochar (BC), a carbon-rich material, is widely used in farming to improve soil physical and chemical properties and as an organic substitute for peat in growing media. BC amendments to soil or growing media improve seedling growth, increase photosynthetic pigments, and enhances photosynthesis, thus improving crop productivity. Soil BC incorporation improves abiotic and biotic stress tolerance, which are significant constraints in horticulture. BC application also improves disease control to an acceptable level or enhance plant resistance to pathogens. Moreover, BC amendments in contaminated soil decrease the uptake of potentially hazardous metals, thus minimizing their harmful effects on humans. This review summarizes the most recent knowledge related to BC use in sustainable horticulture. This includes the effect of BC on enhancing horticultural crop production and inducing resistance to major abiotic and biotic stresses. It also discuss major gaps and future directions for exploiting BC technology.
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Introduction

Horticulture is a vital multidisciplinary sector that differs from common agriculture in terms of crops, more intensive production systems, and final profit margins. Horticultural crops include fruits and nuts, vegetables and herbs, ornamental flowering plants, trees and shrubs, lawns, and medicinal plants. Some crops are grown in containers on substrates or in growing media in greenhouses. Container substrates largely comprise organic matter, including peat moss, pine bark, coconut fiber (coir), and composted materials (Chen and Wei, 2018). Some crops are grown in soils under protected culture, and others are grown in open fields. The sector is progressively moving toward “sustainable intensification,” producing more biomass or food while maintaining environmental sustainability. Horticultural intensification is urgently needed as the global food demand between 2010 and 2050 is projected to increase by 35%–56% (van Dijk et al., 2021). Moreover, climate change is expected given the planet’s steadily growing human population. Therefore, advanced restoration approaches are required because various anthropogenic activities have increased greenhouse gas (GHG) emissions and temperatures, resulting in abnormal precipitation patterns and other climate disturbances (Sharma et al., 2022).

In recent years, renewable energy use has increased due to changing climatic conditions and energy demands (Zhang et al., 2022). Climate change has brought new challenges to horticulture since the quality of horticultural crops depends on several climatic factors (Sharma et al., 2022). For example, how to produce high-quality horticultural produce sustainably, improve crop tolerance to high (heat), chilling, or freezing temperatures, sustain crop growth under drought stress, reduce peat moss use in container substrates as peat mining releases considerable GHGs (Cleary et al., 2005), and maintain crop productivity with minimal damage from insects or pathogens (Gregory et al., 2009)—all of which require new strategies to improve food production to ensure global food security (Zhang et al., 2022). Producing horticultural crops by amending soils or container substrates with selected BC has great potential for counteracting the challenge of climate change and producing horticultural products in an environmentally friendly manner.

Biochar is a solid charcoal-like carbonaceous material produced through a thermochemical conversion process of organic biomass under the quasi-absence of oxygen at temperatures ranging from 350 to 900°C, a process referred to as pyrolysis (Lehmann and Joseph, 2009; Fan et al., 2021). This process converts the agricultural, industrial, or urban organic matter into different fractions of solid (biochar), gas (syngas), and liquid (bio-oil) products (Figure 1). The physical and chemical properties of BC vary substantially depending on feedstocks, temperatures, pyrolysis methods, and feedstock modifications (Yu et al., 2019). The physical properties of BC include surface area, density and porosity, pore size and volume, hydrophobicity, and water-holding capacity. In general, surface area, porosity, and pore volume increase with increased pyrolysis temperature. Biochar surface area ranges from 100 to 800 m2/g, and porosity ranges from 50% to 70%. Bulk density is rather low, <0.6 g/cm3 (Yu et al., 2019). Hydrophobicity is associated with surface function groups, and water-holding capacity depends on porosity. Chemical properties of BC include pH, cation exchange capacity, elemental composition, and surface functionality. Biochar pH and cation exchange capacity increase with increasing pyrolysis temperatures. Biochar pH varies from 5.9 to 12.3 (average 8.9). The elemental composition of BC depends on feedstock and pyrolysis temperature. The BC surface is important as various biological and chemical activities are related to surface functional groups, free radicals, surface charge, and structure-related functionality (Yu et al., 2019). Functional groups include acyl, amido, azyl, carbonyl, carboxyl, ether, ester, hydroxyl, and sulfonic (Yang et al., 2019), with critical roles in regulating pH, cation exchange capacity, nutrient and gas adsorption, contaminant degradation, and soil microbial community interactions.




Figure 1 | Illustration of biochar (BC) manufactured from various solid waste materials (left) and the transformation of these waste materials into useful products via pyrolysis (middle) and the associated horticultural benefits (right).



Biochar has a multifunctional role, including GHG sequestration, improving soil properties, seed germination, crop yield and quality of horticulture produce, and increasing crop tolerance to abiotic and biotic stresses (Kochanek et al., 2016; Almaroai and Eissa, 2020; Zulfiqar et al., 2021a; Zulfiqar et al., 2021b; Ibrahim et al., 2022; Ji et al., 2022; Taqdees et al., 2022) (Figure 2). This review summarizes current progress on using BC to improve soil and substrate properties, seed germination, root growth, water and nutrient absorption, photosynthesis, crop yield, and tolerance to plant pathogens. The review also illustrates how BC can mitigate the adverse impacts of abiotic stresses on horticultural crops under climate change and discusses research gaps and the prospects of BC use for achieving high-quality maximum yields.




Figure 2 | Multifunctional role of BC in horticulture sector demonstrates a positive impact of BC for ensuring food security under the threat of climate change.





Biochar application sequestrates greenhouse gases, improves soil properties, and reduces peat moss use in substrates


Sequestration of greenhouse gases

Production of BC reduces CO2 in the atmosphere because the decay or decomposition of organic materials naturally omits CO2 into the atmosphere, while converting those materials into carbon-neutral products eliminates the decomposition process. Figure 3 illustrates how BC is made from different agricultural materials. Woolf et al. (2010) showed that sustainable implementation of BC could offset up to 12% of global anthropogenic CO2. Composting manure is a major GHG source, but incorporating 10% (w/w) BC during composting reduced GHG emissions substantially (Yin et al., 2021). Application of BC to soil facilities for carbon capture and storage (CCS) is associated with carbon sequestration, soil, and water remediation, decreased GHG emissions, improved soil fertility, crop production, and waste management and recycling (Haider et al., 2022). Compared to other organic materials, the internal structure of BC has a remarkably high degree of stability, providing long-term soil fertility (Agegnehu et al., 2017). Mixing BC in soil at 13.5 t/ha (3% of the upper 30 cm layer) can provide carbon storage space for two centuries (Matovic, 2011). Biochar application to horticultural fields will also contribute to CCS. However, one study showed that BC application increased soil CO2 fluxes and reduced N2O fluxes with no effect on CH4 fluxes (He et al., 2017). The variable results could be attributed to multiple factors, including the differences in physical and chemical properties of BC and soil, variations in crop species in the tested field, climate differences, and the duration of the reported studies. The incorporation of BC into horticultural substrates mitigates CO2, CH4, and N2O emissions. In a microcosm incubation study, total CO2, CH4, and N2O emissions decreased by 50%, 21%, and 66%, respectively, in a substrate amended with biochar compared to one without BC (Lévesque et al., 2018).




Figure 3 | Various biochars made from agricultural waste material in a pyrolysis reactor.





Improved soil physical, chemical, and biological properties

Biochar application can improve soil physical, chemical, and biological properties (Yu et al., 2019) (Figure 4). A meta-analysis indicated that BC amendment decreased soil bulk density by 3%–31% (mean 7.6%) in 19 of 22 soils (Omondi et al., 2016). Fruit production usually occurs in hilly and low mountain areas where soil compaction is a problem. Peake et al. (2014) reported that BC addition reduced soil compaction by more than 10%. Soil bulk density is negatively associated with soil porosity, so a decreased bulk density increases soil porosity. Biochar application can increase soil porosity by 8.4% (Omondi et al., 2016) and improve soil structural quality and aggregation (Blanco-Canqui, 2017). In general, soil water retention improves with reduced bulk density, increased porosity, and improved structural quality.




Figure 4 | A visual demonstration of biochar impacts on soil properties.



Biochar application can increase pH in acidic soils, improve soil organic carbon, increase nutrient holding capacity due to the role of functional groups, reduce the adverse effects of heavy metal adsorption, and increase the nutrient elements supplied by the BC (Yu et al., 2019; Chang et al., 2021). A meta-analysis of 59 reports published from 2012 to 2021 showed that BC application increased soil pH, cation exchange capacity, and organic carbon by 46%, 20%, and 27%, respectively (Singh et al., 2022). Biochar application to soils also increased the relative abundance of bacteria involved in soil carbon and nitrogen cycles, soil organic carbon decomposition, and plant disease suppression and significantly increased invertase and catalase activities (Li et al., 2021). Biochar application resulted in favorable conditions for soil microorganisms, improving microbial biomass carbon (Cmic) (Luo et al., 2014). Biochar application has been reported to relate to unique characteristics of BC, including altered root growth strategy, rhizosphere soil nutrient availability (Liu et al., 2022), and improved soil enzyme activities (Li et al., 2022a).



Biochar as a component of container substrates

Peat is commonly used for horticultural purposes. However, the resultant depletion of peatlands has led to an increasing environmental concern about non-renewable resource peat extraction (Zulfiqar et al., 2019a; Zulfiqar et al., 2019b). Hence, there is a continuous search for sustainable growing media substitutes, such as biochar (Figure 5). Ferlito et al. (2020) evaluated conifer wood BC as a growing medium component for citrus nurseries. The authors found that BC (25%) could be used in growing media comprising 50% sandy volcanic soil and 25% black peat or combined with compost (1:1) for healthy citrus production. In Lavandula angustifolia potted plants, Fascella et al. (2020) incorporated different BC concentrations (0, 25, 50, 75, and 100%, by volume) into peat mixtures. The treatments with 25, 50, and 75% BC improved agronomic traits and flower production in L. angustifolia. In lettuce (Lactuca sativa), Mendez et al. (2017) replaced 10% (by vol.) of peat with sewage sludge BC, improving biomass production by 184%–270% compared with 100% peat-based substrate due to enhanced microbial activities and NPK concentrations. Choi et al. (2018) reported that growing medium mixes comprising 20% pine bark and 80% BC (by vol.) boosted fresh and dry weights in chrysanthemum (Chrysanthemum nankingense) compared to the control with no BC. In the potted houseplant Syngonium podophyllum, Zulfiqar et al. (2019b) reported that BC incorporation (up to 20%) improved plant growth by improving leaf gas exchange, NPK concentrations, total soluble proteins, and soluble phenolics in leaves. Lévesque et al. (2020) reported improved growth of tomato and sweet pepper in peat-based growing media incorporating 10% or 15% (v/v) BC, with improved plant water use efficiencies, N and P uptake efficiencies, and increased fruit dry weights. In potted Alpinia zerumbet, Zulfiqar et al. (2021b) evaluated the impact of BC incorporation in a peat–perlite-based growing medium; growth improved with 30% BC (v/v) alone or in combination with 5% compost by regulating NPK uptake and leaf gas exchange traits. In Rhododendron delavayi Franch., Bu et al. (2022) evaluated the impact of two BC (v/v) applications in peat-based growing media, reporting improved plant and root growth, photosynthesis, and contents of carotenoids, polyphenols, and anthocyanins. The authors suggested using peat-based substrates containing 20% wood chip BC or 30%–40% rice husk BC for good growth.




Figure 5 | Biochar inclusion as an organic component of growing media could replace the non-renewable resource (peat), resulting in a sustainable and environmentally friendly soilless growing media.



Leaching nutrients, particularly N and P, from container substrates is a concern in ornamental plant production (Chen and Wei, 2018), as continuous leaching year-round can cause surface and/or groundwater contamination. Engineered Mg-enriched biochar can adsorb >100 mg P/g substrate (Yao et al., 2013), and Mg- and Fe-enriched LDH (layered double hydroxide) biochar can adsorb nitrate close to 25 mg/g (Xue et al., 2016). Biochar application to soil can reduce nitrate and ammonium leaching (Karhu et al., 2021). Thus, selected biochars could be used to sustain nutrients in substrates and soils and reduce leaching.




Biochar improves seed germination of horticultural crops

Seed germination is an integral process in horticultural production, defining initial crop growth vigor and plant density to achieve optimal production and profit margins (Zulfiqar, 2021). Studies related to BC impacts on germination vary from inhibitory to stimulatory in nature depending on feedstock, pyrolysis temperature, quantity used, and crop species. Generally, positive impacts are related to low rather than high BC doses (Bai et al., 2022). Incorporating BC into soil or growing media can improve or alter porosity and water-holding capacity, enhancing seed germination via improved water availability. Salts and phytotoxins in BC negatively affect seed germination by inducing osmotic stress. BC triggers seed germination by releasing karakins, or germination hormones (Kochanek et al., 2016). BC incorporation also affects the physio-chemical properties of soil, promoting seed germination. For example, Jabborova et al. (2021b) reported that seed germination of sweet basil (Ocimum basilicum) doubled with 1% BC incorporation, while 2% and 3% BC increased germination by 28%–30%, compared with the control without BC. Not only pure BC but BC combined with various nanoparticles also promotes seed germination. Taqdees et al. (2022) reported that BC enriched with silicon nanoparticles (Si-BC) and zinc nanoparticles (Zn-BC) enhanced the seed germination of salt-stressed radish. Thus, BC can play a vital role in the seed germination of different horticultural crops under normal and stressed conditions. However, the extent of seed germination improvement depends on BC application rate, BC type, plant species, and environmental conditions.



Biochar regulates plant water, nutrient relations and enhances root growth of horticultural crops

Plant water relations, such as water potential, osmotic potential, and turgor potential, depend on water availability and uptake and the quantity of soluble solutes. Moreover, the addition or application of organic or inorganic solutes may alter plant water relations. For example, Guo et al. (2021a) reported improved root hydraulic conductance and leaf water potential (Ψl) in water-stressed tomato grown on a sandy loam soil incorporated with miscanthus straw BC. In another study, Langeroodi et al. (2019) reported improved leaf relative water content in pumpkin in response to BC application under water deficit irrigation. Furthermore, tomato plants under deficit and partial root-zone drying irrigation supplemented with BC increased relative water content and water use efficiency (Akhtar et al., 2014). Despite the results above, further investigations are needed to confirm whether BC supplementation alters plant water relations parameters.

BC incorporation into soils and soilless growing media for horticultural crops sensitive to nutritional deficiencies can be an effective strategy to improve plant nutrition under non-stressed and stressed conditions. In drought-stressed faba bean (Vicia faba L.), BC application improved leaf N, P, K, and Ca2+ contents and decreased leaf Na+ content and the Na+/K+ ratio (Abd El-Mageed et al., 2021). Leaf and root mineral nutrients increased in response to BC application in cabbage (Brassica oleracea var. capitata) under deficit irrigation (Yildirim et al., 2021). Yang and Zhang (2022) reported that BC supply affected soil nitrogen cycling by inhibiting related bacteria, leading to enhanced N, P, K, and Mn uptake in Chinese cherry (Prunus pseudocerasus). In the tea plant (Camellia sinensis Kuntze), BC improved leaf and stem P, K, and Mg concentrations while reducing heavy metals such as Mn and Cu by altering soil pH (Yan et al., 2021). Under deficit and partial root-zone drying irrigation, BC increased the leaf C:N ratio in tomato plants but had no significant impact on N and C (Akhtar et al., 2014). The enhanced nutrient uptake by plants could be attributed to the increased nutrient supply provided by applied BC, BC-mediated changes in the rhizosphere that improved soil microbial communities, and increased bioavailability of nutrient elements.

Incorporating BC in soil and soilless growing media positively affects root growth traits. Chiomento et al. (2021) reported improved root size and biomass of strawberry (Fragaria × ananassa Duch.) treated with the combined application of BC and Claroideoglomus etunicatum compared to untreated plants. Likewise, in sweet basil, Jabborova et al. (2021b) reported that BC application enhanced total root length, root surface area, root volume, and root diameter compared with control plants. Biochar application increased root and shoot weights, root length and volume, and root/shoot ratio of summer savory (Satureja hortensis L.) under normal and salt-stressed conditions (Mehdizadeh et al., 2020). Improved root length was also reported in salt-stressed cowpea (Vigna unguiculata (L.) Walp.) in response to BC application (Farooq et al., 2020). Similarly, Wang et al. (2019) studied the impact of BC on apple seedlings, reporting higher root surface area (58%), root length (57%), and root volume (63%) than control plants. Moreover, apple seedling root respiration increased with increasing rates of BC application, with 745, 863, 960, and 1,239 nmol O2/min/g FW in the 0, 5, 20, and 80 g/kg BC treatments, respectively. The above-mentioned studies indicate that BC application affects root growth, a vital trait for promoting overall plant growth. However, how BC metabolically affects root growth remains unknown and requires further research.



Biochar alters phytohormones and improves the photosynthesis of horticultural crops


Altering phytohormones in horticultural crops under normal and stressed conditions

Applied BC can interact with plant growth regulators, enhancing plant growth. In a study conducted with Chinese cherry “Manaohong” (P. pseudocerasus), BC application increased indoleacetic acid (IAA), gibberellin A3 (GA), and zeatin levels and decreased abscisic acid (ABA) levels compared to non-treated plants. Moreover, high-throughput sequencing analysis showed the activation of IAA and inactivation of ABA signal transduction at the gene level, revealing that BC improves plant growth by regulating phytohormone signaling (Yang and Zhang, 2022). Langeroodi et al. (2019) reported that BC application decreased ABA in pumpkin seedlings under deficit irrigation relative to control plants. Akhtar et al. (2014) reported that a cotton seed shell and Oryza sativa husk BC mixture decreased ABA in potted tomato plants subjected to deficit and partial root-zone drying irrigation. While more research is needed, the positive interactions of BC with IAA, GA, and zeatin may indicate that phytohormone availability could increase plant growth.



Influencing biosynthesis of photosynthetic pigments

Photosynthetic pigments affect plant photosynthetic rates and are vital determinants of healthy growth and productivity. Application of BC to horticultural crops enhances photosynthetic pigments and rates under normal and stressed conditions. For instance, Yang and Zhang (2022) reported increased chlorophyll content of the ornamental plant Centaurea cyanus L. in response to BC supplementation relative to control plants. Likewise, BC and humic acid treatments improved chlorophyll content in calendula (Calendula officinalis L.) compared to controls (Karimi et al., 2020). In fenugreek (Trigonella foenum-graecum), Jabborova et al. (2021a) reported that BC increased chlorophyll pigments by 30% and carotenoids by 60%. In Berberis integerrima, BC applications recovered the chlorophyll contents in Cd-stressed plants compared to non-treated plants. Jabborova et al. (2021c) also reported that BC increased chlorophyll pigments by 35% in ginger (Zingiber officinale) compared to the control. In salt-stressed cowpea (V. unguiculata (L.) Walp.), BC improved chlorophyll content by 6% and by 76% when combined with osmopriming (Farooq et al., 2020). In drought-stressed perennial ryegrass (Lolium perenne L.), rice husk BC improved chlorophyll content and drought stress tolerance. S. podophyllum plants grown in soilless growing media amended with BC had increased chlorophyll content compared to the non-amended control (Zulfiqar et al., 2019b). In tomatoes, Massa et al. (2019) reported decreased chlorophyll SPAD values under normal and nutritional stress conditions using BC. Similarly, Zulfiqar et al. (2021b) reported decreased chlorophyll content in A. zerumbet in response to BC supplementation in a soilless growing medium. SPAD values were also higher in tea plants in response to BC application than in untreated plants (Yan et al., 2021). In sweet basil, BC applications, especially at higher concentrations (2% and 3%), improved chlorophyll contents compared to low concentrations (1%) and control plants (Jabborova et al., 2021b). In sum, BC applications can improve photosynthetic pigments in different plants. However, further studies are needed to elucidate the specific mechanism involved.



Improving leaf gas exchange characteristics

As mentioned above, BC application generally increases photosynthetic pigment contents and thus enhances leaf gas exchange characteristics. For example, Guo et al. (2021b) showed that BC application to tomato plants under deficit irrigation improved leaf gas exchange, as exemplified by the higher Pn, Tr, and gs than control plants. Wang et al. (2021) reported that BC significantly improved Pn, Tr, gs, and water use efficiency in field-grown peanut. In cabbage seedlings under water deficit, a low BC concentration (5%) enhanced gs, Pn, Ci, and Tr more than a high BC concentration (10%). A wheat straw-based BC application upregulated leaf gas exchange traits (gs, Pn, Ci, and Tr) and carboxylation use efficiency in A. zerumbet grown in a sandy loam soil (Zulfiqar et al., 2021a). In tea, BC application improved the photosynthetic rate by 17% compared to untreated control plants (Yan et al., 2021). Langeroodi et al. (2019) reported that BC improved leaf gas exchange traits in pumpkin (Cucurbita pepo) relative to control plants. Likewise, cotton seed shell and rice husk BC increased the leaf photosynthetic rate in potted tomato plants subjected to deficit and partial root-zone drying irrigation (Akhtar et al., 2014).




Biochar improves horticultural crop growth, yield, and produce quality

Plant growth and development rely on the health of initial starting materials, such as seeds or propagules, soil water and nutrient availability, water and nutrient absorption, and photosynthesis under the required light and temperature conditions. Biochar application to soil or growing media at an appropriate rate improves seedling growth, affects some phytohormones, and increases photosynthetic pigments and photosynthesis. As a result, studies have shown that exogenous BC application improves growth and yield in plants grown under non-stressed or stressed conditions. For example, Zulfiqar et al. (2021b) reported improved growth characteristics (plant height, tiller number, shoot diameter, and leaf number) in an important medicinal plant, A. zerumbet, in response to wheat straw-based BC alone and combined with compost. Jabborova et al. (2021a) found that BC application improved plant height, leaf length, leaf number, and leaf width in sweet basil relative to control plants. Wang et al. (2019) reported improved plant height, root and shoot dry weights, and root/shoot ratio in apple seedlings in response to different BC doses. Moreover, BC application to sandy soil improved the growth, dry matter, and pod yield of green pea (Pisum sativum L.) under low water availability (Youssef et al., 2018). In a field study, 2,544–2,625 kg/ha of BC-based fertilizer improved fertilizer efficiency and provided economic benefits in eggplant production relative to traditional fertilization practices (Zhang et al., 2022). However, the optimum BC application rates for economic profit are site- and crop-specific. For example, in a 3-year field experiment on sugar beet production, 10 t/ha BC had the maximal economical profit, increasing net profit by 6.94 billion dollars compared with no BC application (Li et al., 2022b). BC incorporation into soilless growing media is increasing due to environmental concerns associated with peat use in potted plant production. Incorporating up to 50% BC maintains the growth of containerized plants and reduces peat use (Regmi et al., 2022). Biochar not only improves plant growth and yield under normal, non-stressed conditions but also under different stresses, as discussed in the next section.

Despite improving crop growth and yield, BC also improves product quality. In tomato, cotton seed shell, and O. sativa husk BC increased fruit quality in terms of titratable acidity in potted tomato plants subjected to deficit and partial root-zone drying irrigation. Similarly, Agbna et al. (2017) reported increased titratable acidity, vitamin C content, and sugar/acid content ratios in tomato fruits in response to BC addition under different irrigation levels without affecting total soluble sugars. In another study, Suthar et al. (2018) reported that bamboo biochars pyrolyzed at 300 °C and amended at 3% or 450 °C and amended at 1% promoted tomato plant growth and significantly increased glucose, fructose, soluble solids, and ascorbic acid contents and sugar-to-acid ratios in fruits compared to other treatments, including the control with no biochar. Improved growth and fruit quality were related to higher concentrations of NO3, P, Ca, and Mg in the growing medium. In polluted soil, BC application increased the total acidity, total soluble sugars, vitamin C, and lycopene in tomato fruit compared to no biochar (Almaroai and Eissa, 2020). Application of BC increased total sugars and flavonoids by 8% in sweet basil compared to control plants (Jabborova et al., 2021b). In field experiments, BC-based fertilizer amendments increased eggplant yield and quality, including vitamin C and soluble sugar contents (Zhang et al., 2022).



Biochar enhances the stress tolerance of horticultural crops

Environmental conditions such as drought, salt, heavy metals, low or high temperatures, and acidic stress impair plant growth and productivity, adversely affecting overall agricultural sustainability and threatening global food security. Biochar supplementation is an efficient and cost-effective management tool for improving crop productivity in terms of increasing yield and quality. A few studies have focused on the application of BC to plants grown under stress conditions, reporting the beneficial effects of BC on regulating the myriad metabolic processes involved in growth promotion (Table 1). Figure 6 is a schematic illustration of the positive effects of BC on horticultural crops under abiotic stress.


Table 1 | The ameliorative effect of biochar on horticultural crops grown under different environmental stresses.






Figure 6 | Positive impact of BC incorporation on plants under normal and stressed conditions.




Enhancing drought tolerance

Incorporating BC into growing media or soil can improve crop tolerance to drought stress. Wood pellets BC added to a growing medium (30% v/v) improved tomato seedling tolerance to drought (Mulcahy et al., 2013). Agbna et al. (2017) reported that water-stressed tomato plots amended with 25 t/ha of wheat straw BC had similar fruit yields as unstressed control plots, accompanied by increased plant height, leaf numbers, and fresh and dry plant weights. Egamberdieva et al. (2017) evaluated BC-based Bradyrhizobium inoculum on the growth of drought-stressed lupin (Lupinus angustifolius L.), noting improved drought tolerance associated with revived growth, increased nutrient uptake, and improved symbiotic performance. Li et al. (2018) reported that 30 t/ha BC and deficit irrigation saved water without affecting total tomato productivity in a field experiment. In the same experiment, increasing the maize straw BC application rate from 10 to 40 t/ha increased plant dry biomass and fruit yield. However, higher BC application rates had no positive effect or decreased plant growth and yield. Moreover, a cost–benefit analysis showed that BC applications of 10, 20, and 40 t/ha positively affected net profit. In contrast, 60 t/ha negatively affected net profit compared with the unamended control. A quadratic function fitting net profit and BC application rate showed an optimal application rate of 27 t/ha (Li et al., 2018).

In a two-year study on pumpkin (C. pepo) under reduced irrigation, Langeroodi et al. (2019) reported that BC-amended plants had decreased ROS, an elevated antioxidant defense system, and improved photosynthesis and overall growth relative to unamended plants. Egamberdieva et al. (2020b) evaluated the impact of maize BC on drought-stressed broad beans (V. faba L.), reporting improved growth, yield, and nutrient uptake relative to unamended plants. Abd El-Mageed et al. (2021) studied the impact of acidified BC on drought-stressed V. faba under field conditions in a two-year experiment, reporting that BC addition improved plant growth relative to unamended soil. Biochar application to drought-stressed cabbage plants ameliorated the adverse effects of drought stress by increasing leaf water relative content and photosynthetic activities, with a 5% BC application improving shoot and root fresh and dry weights compared to unamended control plants (Yildirim et al., 2021). Abd El-Mageed et al. (2021) reported a 39% increase in seed yield of drought-stressed V. faba in BC-amended soil under field conditions compared with unamended soil. In a greenhouse experiment, Akhtar et al. (2014) reported that 5% (w/w) cotton seed shell and O. sativa husk BC increased the fruit yield of potted tomato plants subjected to 30% deficit and partial root-zone drying irrigation by 6% and 13%, respectively, compared to fully irrigated control plants. Improved drought tolerance with BC application could be attributed to increased porosity and pore volume in BC-amended soil, increasing the capacity to hold available water under drought stress. Further research is needed to address the effect of different soil porosities and pore volumes with BC application on crop growth under drought stress.



Enhancing salt tolerance

An estimated 831 million ha of arable land globally is affected by salinity and is expected to increase due to ongoing irrigated farmland growth and climate change (Wu et al., 2022). Growing crops on saline soils in locations where water supply is frequently limited is necessary to fulfill the food demands of an expanding population (Zulfiqar, 2021). Biochar incorporation into soil can help ameliorate the adverse impacts of salt stress on plants (Egamberdieva et al., 2022). For example, Mehdizadeh et al. (2020) reported that BC application improved growth and leaf mineral nutrients and decreased leaf Na+ and Cl– contents in salt-stressed summer savory. In cowpea (V. unguiculata (L.) Walp.), BC application improved salt stress tolerance by elevating chlorophyll content, amylase activity, and total soluble sugars and decreasing Na+ and MDA contents and total antioxidant activity (Farooq et al., 2020). In salt-stressed spinach, combined Trichoderma and BC ameliorated the adverse effect of salt stress by decreasing ROS, altering phytohormones, and improving the physiological condition of plants (Sofy et al., 2021). Ghassemi-Golezani and Farhangi-Abriz (2021) reported enhanced salt tolerance in safflower (Carthamus tinctorius L.) in response to BC-based metal oxide nanocomposites of manganese (Mn) and magnesium (Mg), with improved root growth, root density, plant height, plant biomass, leaf area, chlorophyll content, branch and flower numbers, potassium, Mg, and Mn contents, duration of the reproductive stage, and seed and oil yields and decreased Na+ content. BC can also improve plant’s ability to cope with salt-induced oxidative stress. For example, Song et al. (2022) recently reported that organic amendment incorporation, including BC, to salt-affected soil reduced oxidative stress and improved morpho-physiological conditions by promoting Na+ exclusion and K+ accumulation in hybrid Pennisetum, relieving stomatal restriction, increasing leaf pigment levels, electron transport efficiency, net photosynthesis, and root activity, and reducing oxidative damage.

In another study, Ghassemi-Golezani and Abdoli (2022) evaluated the impact of BC-based rhizobacteria for mitigating salt stress in rapeseed (Brassica napus L.), reporting improved nutrient contents, non-enzymatic antioxidants, main and lateral root lengths and weights, main/lateral root length ratio, specific root length, root diameter, shoot length and weight, leaf area, chlorophyll content, and seed and oil yields, and reduced sodium contents, ROS generation, lipid peroxidation, and enzymatic antioxidant activities in plant tissues. Ghassemi-Golezani and Rahimzadeh (2022) tested BC-based nutritional nanocomposites for improving salt stress tolerance in dill (Anethum graveolens), reporting decreased sodium contents that reduced the levels of osmolytes, antioxidant enzyme activities, ROS, lipid peroxidation, NADP reduction, ABA, jasmonic acid, and salicylic acid in leaves. Moreover, BC addition, particularly BC-based nanocomposites, to salt-affected soil enhanced plant organ biomass, photosynthetic pigments, leaf K, Fe, and Zn contents, leaf water content, hill reaction, ATPase activities, oxygen evolution rate, endogenous indole-3-acetic acid, and essential oil yield (Ghassemi-Golezani and Rahimzadeh, 2022). Ekinci et al. (2022) also observed BC-induced salt stress tolerance in cabbage seedlings (B. oleracea var. capitata), decreasing malondialdehyde (MDA), hydrogen peroxide (H2O2), proline, and sucrose contents while increasing leaf and root nutrient contents of cabbage seedlings (except Na and Cl) and regulating ABA contents. BC incorporation also causes osmotic adjustments in plants under salt stress. For instance, BC application ameliorated salt stress in borage (Borago officinalis L), a moderately salt-tolerant medicinal plant, by improving plant water status and osmotic adjustment capacity linked to increased photosynthetic pigments, antioxidant activation, osmolyte accumulation, and increased K+ content and K+/Na+ ratio (Farouk and AL-Huqail, 2022). Biochar-ameliorated salt stress tolerance could be due to: (1) BC increasing the available water holding capacity of soil and improving soil chemical properties by limiting Na availability to plant roots; (2) BC generally contains high K; and (3) both factors leading to increased K uptake and decreased Na uptake, ameliorating the adverse effects of Na. However, molecular research on BC-mediated salt tolerance is needed to provide more detailed information on salt stress tolerance driven by BC amendment.



Enhancing tolerance to heavy metals

Heavy metal pollution in soil has become more challenging with increasing urbanization and rapid improvements in agricultural and industrial technologies, posing major threats to human health and the environment. Biochar has gained popularity as a potential substance for successfully immobilizing heavy metals in polluted soil and, thus, reducing their uptake by plants. Controlling metal absorption in horticultural crops is critical for human consumption and maintaining the productivity and quality of horticultural produce. In this context, many studies have found that BC helps reduce heavy metal stress in horticulture crops. Quartacci et al. (2017) reported that BC addition to contaminated soil restored flavonoids and antioxidant activity and increased phenolic acids, total phenols, and anthocyanins compared to the control. Almaroai and Eissa (2020) reported that BC decreased the transfer of heavy metals (Pb and Cd) from non-edible parts to edible parts of tomato (Solanum lycopersicum) grown in metal-polluted soil, increasing tomato yield by 20%–30%. Ibrahim et al. (2022) tested three BC types (Casuarina, mango, and Salix as feedstocks) for their impact on summer squash (C. pepo L.) grown in contaminated soil. Casuarina-based BC applied at low concentration (2%) had the highest growth rate, while the high concentration (4%) decreased root and shoot uptake of Cd, Co, Cr, Cu, Ni, Pb, and Zn by regulating soil pH, organic matter, and electrical conductivity. Moreover, the 4% Casuarina-based BC had the highest reduction in the bioconcentration and translocation factors of these heavy metals. Thus, BC amendment in contaminated soils can improve yield and the quality of produce by reducing the uptake of heavy metals such as Cd, Cu, and Zn (Tahervand et al., 2022), presenting a novel phytoremediation strategy for contaminated soils by phytostabilizing toxic metals in situ while reducing their bioavailability to crops and leaching into groundwater.



Enhancing tolerance to acidic soils

Acidic soils are known for their lower crop productivity than neutral or alkaline soils, which is attributed to poor fertility, mineral toxicity (e.g., Al, Mn, and Fe), and other nutrient deficiencies. Some horticultural fruit crops and landscape plants often grow in acidic soils, significantly affecting their growth. Biochar can elevate soil pH due to its alkalinity. A BC amendment can also increase plant tolerance to soil acidity. For example, Yan et al. (2021) reported that BC application improved the growth of tea plants by enhancing leaf area, photosynthesis, and mineral nutrients in acidic soil. Yin et al. (2022) compared the effects of BC and hydrochar made from cow manure and reed straw on the growth of lettuce under acid soil conditions, reporting that cow manure-based BC amendments improved lettuce growth by increasing soil pH, P and available K contents, soil bacterial activity, and the abundance of beneficial bacteria compared to reed straw and hydrochar.




Biochar improves plant disease resistance

Biochar application can improve plant tolerance and resistance to plant pathogens. BC contains butyric acid, ethylene glycol, 2-phenoxyethanol, benzoic acid, quinines, o-cresol, hydroxyl-propionic acid, and propylene glycol that impact soil microbiota growth. Soil amendments with low BC concentrations can suppress susceptible disease-causing species through the compounds mentioned above, which ultimately improve plant resistance and crop productivity (Graber et al., 2010; Frenkel et al., 2017). Soil BC amendment can lead to disease resistance and vulnerability in horticultural crops due to changes in plant metabolic pathways (Ji et al., 2022). BC-induced disease suppression or resistance is highly dose-dependent and BC-specific. As a strong absorbent of organic compounds from soil, BC alleviated root rot disease in Chinese ginseng (Panax ginseng) (Liu et al., 2022). In another study, BC addition to soil decreased Botrytis cinerea-induced fungal diseases of Capsicum annuum and S. lycopersicum (Mehari et al., 2015). In tomatoes, Rasool et al. (2021) noted that BC induced the expression of defense-associated genes, including jasmonic acid related PI2, TomloxD, salicylic acid-related PR1a, PR2, and ethylene-responsive Pti4, phenolics, CAT, and POX, to ameliorate infection-induced damage from Alternaria solani in tomatoes. Liu et al. (2022) reported that a BC amendment increased apple seedling growth through the absorption of apple replant disease-causing abiotic factor (phloridzin) from soil. Exogenously applying BC to F. ananassa improved resistance against B. cinerea, Podosphaera apahanis, and Colletotrichum acutatum (Meller Harel et al., 2012). Furthermore, in Asparagus officinalis, BC supplementation to soil decreased Fusarium root rot infection by 50% more than unamended soil (Głuszek et al., 2017).

Egamberdieva et al. (2020a) reported that the combined effect of BC and endophytic bacteria improved growth and controlled root rot disease incidence in Fusarium-infested narrow-leafed lupin (L. angustifolius L.). Molecular analysis revealed that BC application to tomato plants provided resistance against root rot and Fusarium crown by exerting a priming effect on gene expression. The study showed that BC application upregulated the pathways and genes associated with plant defense and growth, such as auxins, brassinosteroids, cytokinins, jasmonic acid, and the synthesis of cell walls, flavonoids, and phenylpropanoids (Jaiswal et al., 2020). In another study, Jaiswal et al. (2019) reported pre-emergence damping-off disease control with BC application in nursery plants. Improved disease resistance is often associated with improved soil bacterial communities (Wang et al., 2019). Application of peanut shell and wheat straw biochars to soil significantly reduced the disease index of bacterial wilt caused by Ralstonia solanacearum by 28.6% and 65.7%, respectively (Lu et al., 2016). Biochar can offset fungal and bacterial diseases and thwart viral diseases. For example, Luigi et al. (2022), using the RT-qPCR technique and −ΔΔCt analysis, noted that BC addition to soil reduced spotted wilt virus and potato spindle tuber viroid (PSTVd) infection rates and virus replication in tomato.



Conclusions and prospects

Horticultural intensification is urgently needed to feed the increasing global human population. In the post-pandemic-induced financial crisis, increased horticultural production is also needed to keep the industry profitable under the challenges of climate change and poor sustainability. Biochar is an organic material with huge potential for use as a sustainable material to meet such urgent targets in horticulture. This review discusses recent studies on the possible positive outcomes of BC in horticulture, especially those related to plant physio-biochemical mechanisms. However, studies are needed to evaluate different feedstocks at different concentrations and functional group modifications to meet specific needs for BC application. Moreover, molecular studies are needed to better understand BC-induced positive impacts on different plants. Most studies have been performed in pots; hence, future studies should be field-oriented and across more than one growing season to better evaluate BC-induced outcomes. Nano-forms of BC should be tested in horticulture. Using raw BC in soils or growing media is financially unrealistic due to the high initial costs; hence, appropriate technology needs to be developed for economic BC production to meet the long-term horticultural industry’s needs. Moreover, the increase in industrialization has exacerbated the heavy metal issue, and BC strategies should be designed to minimize the uptake of hazardous materials in fruits and vegetables. Moreover, in most developing countries, vegetable production is often close to major towns to meet local market needs and reduce transportation costs. However, it frequently relies on town sewage water, a source of heavy metals and pollutants. Hence, testing BC with sewage water for the safe production of horticultural produce would be a breakthrough technology. In addition, BC in a processed form, such as BC-based slow-release fertilizers or peat alternative growing media, should be commercialized for sustainable horticulture. Studies should also be carried out combining BC application with microbial and non-microbial bio-stimulants to open new opportunities for enhancing horticultural production. In summary, the horticulture sector can increase productivity with profitability and sustainability using BC-amendment technologies.
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High soil pH is one of the main abiotic factors that negatively affects blueberry growth and cultivation. However, no comprehensive evaluation of the high soil pH tolerance of different blueberry cultivars has been conducted. Herein, 16 phenotypic and physiological indices of 15 blueberry cultivars were measured through pot experiments, and the high-pH soil tolerance coefficient (HSTC) was calculated based on these indices to comprehensively evaluate the high-soil-pH tolerance of plants. The results demonstrated that high soil pH stress inhibited blueberry 77.growth, and MDA, soluble sugar (SS), and soluble protein (SP) levels increased in leaves. Moreover, in all cultivars, CAT activity in the antioxidant system was enhanced, whereas SOD activity was reduced, and the relative expression levels of the antioxidant enzyme genes SOD and CAT showed similar changes. In addition, the leaf chlorophyll relative content (SPAD), net photosynthetic rate (Pn), transpiration rate (E), and stomatal conductance (Gs) decreased, while changes in the intercellular CO2 concentration (Ci) were noted in different cultivars. Finally, according to the comprehensive evaluation value D obtained from the combination of principal component analysis (PCA) and membership function (MF), the 15 blueberry cultivars can be divided into 4 categories: high soil pH-tolerant type [‘Briteblue’ (highest D value 0.815)], intermediate tolerance type (‘Zhaixuan 9’, ‘Zhaixuan 7’, ‘Emerald’, ‘Primadonna’, ‘Powderblue’ and ‘Chandler’), low high soil pH-tolerant type (‘Brightwell’, ‘Gardenblue’, ‘Plolific’ and ‘Sharpblue’) and high soil pH-sensitive type [‘Legacy’, ‘Bluegold’, ‘Baldwin’ and ‘Anna’ (lowest D value 0.166)]. Stepwise linear regression analysis revealed that plant height, SS, E, leaf length, Ci, SOD, and SPAD could be used to predict and evaluate the high soil pH tolerance of blueberry cultivars.
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Introduction

Blueberry, genus Vaccinium (family Ericaceae), is one of the most economically valuable fruit crops in the world and has been certified as one of five healthy fruits by the Food and Agriculture Organization (FAO) (Zang et al., 2022). Blueberry fruit has high levels of anthocyanins and other nutritional and healthcare-related functional substances that have strong antioxidant activity (Wu et al., 2022b). These substances can prevent cardiovascular disease (Cassidy et al., 2016), regulate immune ability (Kim et al., 2021), and intestinal microbial balance (Si et al., 2021), alleviate visual fatigue (Yao et al., 2015), and reduce blood glucose levels (Tian et al., 2021). These edible and health functions of blueberries have resulted in the continual expansion of their cultivation areas and scope globally (Wu et al., 2022a). By 2020, the cultivation area of blueberries in China has reached 66,400 ha (approximately 32.28% of the world’s cultivation area) (Yu et al., 2020). Nowadays, cultivated blueberries are mainly divided into three types according to plant growth size: highbush blueberry (V. corymbosum), rabbiteye blueberry (V. virgatum), and lowbush blueberry (V. angustifolium). Among them, highbush blueberry plant include southern highbush, northern highbush, and semi-highbush (hybrid type of highbush and lowbush blueberry) cultivars (Ghosh et al., 2018). Overall, southern highbush blueberries are the most widely planted in the world (Kumarihami et al., 2021).

Normally, blueberries are well known to grow best in acidic soil environments (optimal pH between 4.0 and 5.5) with high organic matter content and good drainage (Caspersen et al., 2016). Paradoxically, most field soil pH levels exceed the range suitable for blueberry growth (generally greater than 5.5) (Chen et al., 2019); thus, the high soil pH is a major abiotic stress factor for cultivated blueberry growth. In commercial production, high pH soil improvement is the basic requirement for the growth of cultivated blueberries; and high soil pH is currently reduced mainly by sulfur or acidic fertilizers, which are costly, poorly sustainable and environmentally unfriendly; overall, soil improvement is not an effective solution for field blueberry cultivation. Exploring the tolerance of different blueberry cultivars in high pH soils, as well as screening and cultivating blueberry cultivars that can grow in high pH soils, can effectively solve this problem.

Plant resistance is genetically related to the various morphological and physiological characteristics of the plant (Huseynova et al., 2016). Related studies have shown that high soil pH can cause plant chlorosis and inhibit phenotypic growth by reducing trace element absorption (El-Fouly et al., 2001; Turner et al., 2020). Meanwhile, high soil pH can cause oxidative stress in plants by increasing reactive oxygen species (ROS) and MDA contents while decreasing the activity of antioxidant enzymes (Kim et al., 2007; Valipour et al., 2020). Several studies have shown that high soil pH can damage blueberry plants’ photosynthetic, antioxidant, and osmotic adjustment systems, affect element absorption and transport, inhibit plant growth, delay flowering and flower bud differentiation, and reduce fruit yield and quality (Jiang et al., 2017; Jiang et al., 2019; Yang et al., 2022). Currently, many studies on the use of morphological and physiological indicators for plant resistance evaluation and cultivar screening have been reported. According to related studies, several blueberry cultivars have varying levels of tolerance for high soil pH (Darnell et al., 2015). However, a comprehensive evaluation of the tolerance of different blueberry cultivars to high soil pH has not been reported. Although some early studies involved evaluations of the high pH tolerance of blueberry plants (Chad et al., 1991) or in vitro screenings of blueberry plants with high pH tolerance levels (Finn et al., 1993; Tsuda et al., 2014; Yang et al., 2016; Darnell et al., 2020; Li et al., 2021), these studies were based on a single growth index.

The expression of stress resistance traits is a complex metabolic process controlled by multiple factors, and different plants have different levels of stress resistance. Therefore, it is difficult to accurately identify plant resistance based on a single trait parameter. However, when considering multiple indicators, there is a certain correlation between different indices, and the information will overlaps. Through a membership function (MF) combined with principal component analysis (PCA), the original related and complex indices can be transformed into simple, independent and comprehensive indices without losing the original information to evaluate the resistance of plants more objectively and comprehensively. This method has been widely used in plant resistance evaluation, superior plant identification, and screening (Sun et al., 2021; Weng et al., 2021; Zhao et al., 2022).

In the present study, a total of 15 blueberry cultivars, including southern highbush (5), northern highbush (4) and rabbiteye (6) cultivars, were selected for high soil pH stress tests. The tolerance of different blueberry cultivars to high soil pH levels was comprehensively evaluated based on 16 growth and physiological indices, and blueberry cultivars with strong resistance levels were screened. Furthermore, the physiological characteristics of different blueberry cultivars in response to high soil pH stress were investigated. This work aimed to provide a reference for blueberry cultivation and screening of resistant cultivars and lay a foundation for the rapid development of the blueberry industry.



Materials and methods


Plant materials

One-year-old cutting seedlings of 3 types of blueberry cultivars (n=15) suitable for planting and promotion in Jiangsu Province, China, were selected as the experimental materials, and detailed information is shown in Table 1. The plants were obtained from the Lishui Baima Blueberry Test Base in Nanjing, Jiangsu Province (31°36′5.66″N, 119°11′49.39″E), and the right to use the plants for these experiments was approved by Prof. Wu, a study collaborator.


Table 1 | List of the 15 blueberry cultivars investigated.





Plant cultivation and experimental design

This experiment was conducted in a plastic high tunnel (with an automatic sprinkler system, without walls) at the nursery base of Jiangsu Institute of Botany, Chinese Academy of Sciences (32°3′16.01′′N, 118°49′51.44′′E) from November 2020 to September 2021. The experimental site is located in the north subtropical monsoon climate zone with an average annual temperature of 14.7°C, an average annual rainfall of 1000.4 mm, and an average frost-free period of 237 d. The climate changes in the test area during the test period are shown in Figure 1.




Figure 1 | Climatic conditions of the test area from October 2020 to September 2021. Red, yellow and green represent the highest, lowest and average daily temperatures, respectively.



In November 2020, cutting seedlings of 15 blueberry cultivars with similar growth and no pests were transplanted into plastic pots (top diameter 17 cm, bottom diameter 12 cm, and height 14 cm), and the cultivation medium consisted of coarse peat, fine peat and perlite mixed in a 3:3:1 volume ratio with 0.5 kg medium used per pot. Two soil pH treatments were established in this experiment: the high soil pH stress treatment (pH 7.0) was prepared by mixing a specific amount of CaCO3 in the matrix, and the control treatment (pH 5.2) was prepared without the addition of CaCO3. Each treatment included 4 replicates, and each pot contained one blueberry cutting. All treatments were completely randomized. One month after transplantation, all the plants were uniformly pruned (only approximately 12 cm of the main stem remained). During the entire experimental period, tap water (pH ≈7.7) was used as the water source (maintaining the relative water content of the potting soil at 60% ± 5%). From November 2020 to March 2021, 400 mL of 1‰ blueberry-specific compound fertilizer solution was applied to each plant once a month. In addition, NaOH and C6H8O7·H2O aqueous solutions were used to maintain the pH at 5.2 (control) or at 7.0 (treatment), and the soil pH was regularly measured (pH meter AS-PH8, Aicevoos, China). The specific method was as follows: 400 mL of the corresponding pH solution was applied to each treatment every 3-5 days, and the soil pH changes were regularly measured to ensure that the pH error range remained within ± 0.1. At the end of August, the growth, and photosynthetic indices of the blueberry plants under different treatments were measured, and mature fresh leaves at the top of the plants were collected for physiological index analysis.



Growth and leaf phenotypic indices

The plant height, crown width and main basal diameter of all blueberry cultivars in each treatment group were measured with a tape measure and digital Vernier calipers respectively. Five leaves with uniform growth in the middle of the primary lateral branches of blueberries were collected, with a total of 20 leaves collected from each treatment group, and the characteristics of the blueberry leaves (leaf length, width, and thickness) were measured with a digital Vernier caliper.



Chlorophyll and photosynthetic characteristic indices

The relative chlorophyll content (SPAD value) in the top 3-5 mature leaves of the blueberry plants in each treatment group (a total of 10 leaves) was measured using a portable leaf chlorophyll meter (SPAD-502 plus, Minolta, Japan). In addition, three blueberry plants from each treatment group were randomly selected (a total of 8 leaves) for the determination of photosynthetic characteristics using a portable photosynthesis system (LI-6800, LI-COR Biosciences, U.S.) on September 6-9, 2021 (8:00-11:30 AM). For each plant, mature leaves with the top fully unfolded were selected to measure photosynthesis in a 2 cm2 fluorescence leaf chamber, and the parameters of the fluorescence leaf chamber were set as follows: the photosynthetically active radiation (PAR) was 1500 μmol·m2·s-1, the reference CO2 concentration was 400 μmol·mol-1, the leaf chamber temperature was 26°C, and the leaf chamber air humidity was 55%. In addition, the measurement indices included the net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular CO2 concentration (Ci), and transpiration rate (E).



Physiological indices

Lipid peroxidation in stressed leaves was assessed by measuring malondialdehyde (MDA) through the thiobarbituric acid (TBA) method (Zeng et al., 2020). The Coomassie brilliant blue method (Bradford, 1976) and anthrone colorimetric method (Seifter & Dayton, 1950) were used to measure the contents of the osmotic regulator substances, including SP and SS, in the blueberry leaves under different treatments. For the extraction of leaf antioxidant enzymes, 0.1 g fresh leaves and 0.9 mL phosphate buffer (pH 7.4, 0.1 M) were mechanically homogenized in an ice-water bath and centrifuged at 10,000 rpm at 4°C for 10 min, and the supernatant was collected for testing. Superoxide dismutase (SOD) and catalase (CAT) activities in blueberry leaves were determined using the hydroxylamine and ammonium molybdate methods (Li et al., 2013). The amount of SOD corresponding to an SOD inhibition rate of 50% per g of tissue in 1 mL of the reaction solution was one SOD activity unit (U), and the amount of 1 μmol of H2O2 decomposed per mg of tissue protein per second was one CAT activity unit (U). Three biological replicates were performed for each measurement.



High soil pH adaptability analysis

To eliminate the difference in measurement indices for the cultivars, high-pH soil tolerance coefficients (HSTCs) were used to comprehensively evaluate and analyze the tolerance of 15 blueberry cultivars to high soil pH stress (Szira et al., 2008). Then, the comprehensive index (CI) coefficient was obtained via factor analysis of the HSTCs, and each index was standardized to calculate the CI values for the different blueberry cultivars under high soil pH stress. The calculation formula was as follows:





where XpH 7.0 and XpH 5.2 are the values of the trait for different blueberry cultivars evaluated under soil pH 7.0 and pH 5.2 (CK), respectively. CI is the comprehensive index value, Bj is the standardized value of the HSTCs for each index, and prin(m)i is the coefficient of the CI value.

Based on the PCA results and the CI value, the MF value and weight value of each CI were calculated based on Sun et al. (2021) and Niu et al. (2022). Finally, the comprehensive evaluation (D) value of the resistance of blueberry cultivars to high soil pH stress was calculated according to the method of Ding et al. (2018). The calculation formula was as follows:







Ci is the ith CI value, and Cmax and Cmin are the maximum and minimum values of one given CI for all tested blueberry cultivars, respectively. Wi is the importance of the ith CI in all CIs; Pi is the contribution rate of the ith CI of each blueberry cultivar. The D value represents the comprehensive evaluation value of blueberry resistance under high soil pH stress.



Gene expression analysis

The total RNA of frozen fresh blueberry leaves was extracted using a BioTeke Plant Total RNA Extraction Kit (RP3301, Beijing, China) and reversed into cDNA using PrimeScript RT Master Mix (Perfect Real Time) (TaKaRa, Japan). Then, quantitative real-time PCR was carried out with an Applied Biosystems 7500/7500 Fast Real-Time PCR System (Thermo Fisher Scientific) to evaluate the expression of VcSOD1, VcSOD2, VcSOD3, VcCAT1, VcCAT2 and VcCAT3 using TB Green Premix Ex Taq II (Tli RNaseH Plus) (TaKaRa, Japan) in a 15 µL reaction system. Primer sequence information is shown in Supplementary Table 1. The qRT−PCR reaction procedure was 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and 60°C for 34 s. GAPDH was selected as the reference gene and the relative gene expression was calculated using the 2−ΔΔCt method (Livak & Schmittgen, 2001). Three biological replicates were used in this experiment.



Statistical analysis

One-way analysis of variance (ANOVA) of all the test data was performed SPSS 25.0 software (IBM Corp., Armonk, NY, USA), and Duncan’s multiple comparisons test was used to test the significance of differences. For each cultivar, the mean HSTCs were used for a subsequent PCA and MF calculation. The D value of blueberry resistance was analyzed using a systematic clustering method. Pearson correlation analysis and linear regression analysis were used to determine the relationship between the D value and the HSTCs. All statistical data were plotted and constructed using GraphPad Prism 8 software (GraphPad Software, San Diego, CA, USA) and Origin 2022 (Origin Lab Inc., USA).




Results


Plant growth index of blueberry

The results showed that high soil pH stress inhibited the growth of blueberry cultivars to varying degrees (Figure 2). In a high soil pH of 7.0, the plant height of cultivars decreased significantly except that of ‘Zhaixuan 9’, and the plant height of ‘Baldwin’, ‘Legacy’ and ‘Anna’ decreased by 64.48%, 63.67% and 63.33%, respectively (Figure 2A). The main basal diameter growth of ‘Baldwin’, ‘Briteblue’, ‘Zhaixuan 9’ and ‘Bluegold’ was inhibited under the soil pH stress treatment, but no significant difference from the CK treatment was observed. Of the cultivars, ‘Legacy’ had the smallest main basal diameter (4.75 mm), and ‘Anna’ and ‘Plolific’ had large decline rates of 28.03% and 30.23%, respectively (Figure 2B). The crown growth of blueberry cultivars significantly decreased under high soil pH stress treatment; ‘Powderblue’ had the largest crown (43.13 cm) followed by ‘Briteblue’ and ‘Zhaixuan 9’. Moreover, the crown growth of ‘Primadonna’, ‘Gardenblue’, ‘Legacy’, ‘Baldwin’ and ‘Anna’ all decreased by greater than 50% (range, 50.12% to 54.23%) (Figure 2C).




Figure 2 | Effects of high soil pH stress on the growth characteristics of 15 blueberry seedling cultivars. The plant height (A), main stem diameter (B), and crown width (C). Columns with different letters significantly (p<0.05) differed based on Duncan’s multiple range test.





Blueberry leaf morphological features

Based on the leaf morphology feature analysis, the leaf length decreased in all cultivars under high soil pH stress except ‘Emerald’ and ‘Zhaixuan 9’. ‘Bluegold’ had the shortest length (34.05 mm), and the leaf growth decline rate of ‘Anna’ was the greatest (33.54%) (Figure 3A). In addition, the leaf width of blueberry cultivars showed different degrees of reduction under a high soil pH of 7.0. ‘Baldwin’ had the smallest leaf width (20.23 mm), which decreased by 39.72% (Figure 3B). Regarding leaf thickness, under high soil pH stress, the leaf thickness of ‘Legacy’ and ‘Zhaixuan 7’ increased, but that of the other cultivars decreased. In addition, the leaf thickness of ‘Chandler’ and ‘Anna’ decreased significantly by 35.07% and 27.80%, respectively (Figure 3C).




Figure 3 | Effects of high soil pH stress on the leaf traits of 15 blueberry seedling cultivars. The leaf length (A), leaf width (B), and leaf thickness (C). Columns with different letters significantly (p < 0.05) differed based on Duncan’s multiple range test.





Blueberry leaf physiological characteristics

High soil pH stress resulted in a significant increase in MDA content in blueberry leaves compared to leaves under CK conditions (Figure 4A). Among the cultivars, ‘Anna’ had the highest MDA content (7.05 μmol/g FW), and ‘Zhaixuan7’ had the lowest MDA content (1.97 μmol/g FW). The MDA content in ‘Sharpblue’ was 1.30 times that noted in leaves in the CK group; the MDA content in ‘Gardenblue’, ‘Powderblue’ and ‘Legacy’ increased by 97.25%, 87.15% and 84.78%, respectively, whereas values in ‘Chandler’ and ‘Zhaixuan 9’ increased gradually (14.05% and 14.25%, respectively). The above analysis analyses revealed that different blueberry cultivars experienced significantly different degrees of membrane lipid damage under high soil pH stress, resulting in different degrees of damage to their leaves.




Figure 4 | Effects of high soil pH stress on the leaf physiological characteristics of 15 blueberry seedling cultivars. The content of MDA (A), soluble protein (B), and soluble sugar (C), the enzyme activity of CAT (D) and SOD (E). Columns with different letters significantly (p < 0.05) differed based on Duncan’s multiple range test.



Under high soil pH stress treatment, the SP content in leaves of ‘Gardenblue’, ‘Plolific’ and ‘Legacy’ decreased compared with levels in CK group leaves, and the other cultivars showed different degrees of increase (Figure 4B). ‘Plolific’ had the highest SP content (3.32 mg/g FW), and ‘Chandler’ had the lowest SP content (0.35 mg/g FW). The SS contents in ‘Primadonna’, ‘Anna’ and ‘Bluegold’ leaves were 8.86, 3.28 and 1.27 times higher than that in CK leaves, respectively. The SS content in ‘Chandler’ and ‘Briteblue’ increased significantly (67.77% and 41.30%, respectively). No significant differences were noted among ‘Baldwin’, ‘Brightwell’, ‘Anna’ and ‘Bluegold’ between high soil pH 7.0 and CK conditions (Figure 4C). The above analyses showed that osmoregulatory substances were related to the ability of different blueberry cultivars to adapt to high soil pH stress.

In comparison to CK conditions, in the high soil pH stress treatment, the CAT activity of blueberry leaves of different cultivars increased (Figure 4D), whereas SOD activity was inhibited (Figure 4E). ‘Briteblue’ showed the highest CAT activity (7.58 U/mg pro FW), and ‘Powderblue’ had the lowest CAT activity at 0.89 U/mg pro FW. The SOD activity in ‘Anna’ and ‘Bluegold’ leaves decreased significantly by 27.64% and 29.26%, respectively, and the ‘Brightwell’ decrease rate was the lowest at 8.35%, whereas moderate values were noted for the other cultivars. The above analyses showed that these two antioxidant enzymes played a specific role in blueberry adaptation to a high soil pH environment.



Blueberry leaf photosynthetic and physiological characteristics

Overall, high soil pH stress inhibited the photosynthesis in blueberry plants (Table 2). The SPAD value for blueberry plants decreased under high soil pH stress compared with that for plants in the CK group, and the decreased rates for ‘Bluegold’, ‘Anna’, ‘Baldwin’ and ‘Legacy’ were more than 35%. ‘Plolific’ had the lowest reduction rate at 17.23%. Under high soil pH stress, the Pn of blueberry plants was inhibited to different degrees. ‘Chandler’ (66.66%) and ‘Brightwell’ (65.02%) had greater reduction rates, whereas that of ‘Emerald’ was the lowest (26.63%). The E and Gs values increased in ‘Primadonna’ compared with those parameters in CK plants, and in other cultivars, those values were lower than in CK plants. Finally, the E values for ‘Baldwin’, ‘Brightwell’ and ‘Legacy’ were significantly lower than that for CK (p<0.05), and the rate of decrease exceeded 70%. However, ‘Zhaixuan 7’ and ‘Briteblue’ showed smaller decreases in E (8.79% and 11.68%, respectively). The Ci in ‘Legacy’ increased by 20.76% compared with that in CK plants, while the Ci in ‘Briteblue’ decreased by 27.75%. The above analyses showed that different blueberry cultivars experience different degrees of damage to their photosynthetic systems under high soil pH stress.


Table 2 | Effects of high soil pH stress on the leaf photosynthetic physiological characteristics of 15 blueberry seedling cultivars.





Correlation analysis

To eliminate the differences among the different indices and better understand the relationship between the different effects of high soil pH stress on blueberry cultivars, HSTCs were used for data analysis. Significant differences were found in the responses of different blueberry cultivars to high soil pH stress, except for the MD value (Table S2). Under high soil pH stress, blueberry PH was positively correlated with the MD, E, Ci, and Gs (Figure 5). SP was positively correlated with E and Gs but negatively correlated with LW, LL, and CW. SS was significantly positively correlated with SPAD, E, Ci, and Gs and negatively correlated with MDA. Ci was also negatively correlated with MDA. The above analyses shows that blueberry growth is closely related to osmotic adjustment substances, the antioxidant system and photosynthesis. The synergistic effect of these systems can improve the adaptability of blueberries in high soil pH environments.




Figure 5 | Correlation matrix of the HSTCs of the growth and leaf physiological indices of 15 blueberry seedling cultivars under high soil pH stress. The results were derived from the Pearson correlation analysis. PH, plant height; MD, main stem diameter; CW, crown width; LL, leaf length; LW, leaf width; LT, leaf thickness; SP, soluble protein; SS, soluble sugar; MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; SPAD, chlorophyll relative content; Pn, net photosynthetic rate; E, transpiration rate; Ci, intercellular CO2 concentration; Gs, stomatal conductance. The circle size and color intensity are proportional to the value of each correlation coefficient. Positive and negative correlations are displayed in purple and red, respectively. * represents a significant correlation at the 0.05 level, and ** represents a significant correlation at the 0.01 level.





PCA of 16 physiological growth indices

PCA was used to extract the relative values of 16 physiological growth indices. Based on eigenvalues greater than 1, 5 principal components (PCs) were extracted. The sum of their eigenvalues was 13.14, and the cumulative variance contribution rate was 82.12% (Table 3). PC1 (25.59%) mainly reflected the effect of high soil pH stress on the growth indices of PH, CW, LL, LW (positive loading) and SP (negative loading). PC2 (19.66%) was significantly correlated with the photosynthetic indices Pn, E and Gs with positive loading. PC3 (16.12%) included MD and Ci with significantly positive loading and MDA with negative loading. PC4 (13.85%) included SS, CAT, and SPAD with positive loading. PC5 (9.89%) included LT and SOD with positive loading.


Table 3 | PCA based on the HSTCs of the growth and leaf physiological indices of 15 blueberry seedling cultivars under high soil pH stress.





Comprehensive evaluation of high soil pH stress tolerance

To comprehensively evaluate the tolerance of 15 blueberry cultivars to high soil pH levels, the CI values of 5 PCs were calculated via PCA, and the CI values were transformed using the MF calculation formula. The D value of blueberry resistance under high soil pH stress was obtained by a weight calculation (Table 4). The greater the D value, the stronger the tolerance. The results showed that the 15 blueberry cultivars were ranked as follows: ‘Briteblue’ > ‘Zhaixuan 9’ > ‘Zhaixuan 7’ > ‘Emerald’ > ‘Primadonna’ > ‘Powderblue’ > ‘Chandler’ > ‘Brightwell’ > ‘Gardenblue’ > ‘Plolific’ > ‘Sharpblue’ > ‘Legacy’ > ‘Bluegold’ > ‘Baldwin’ > ‘Anna’.


Table 4 | Comprehensive index value (Ci), membership function value (Ui), weight (Wi), comprehensive evaluation value (D value) and ranking of resistance ability for each comprehensive index value for 15 blueberry seedling cultivars under high soil pH stress.



The Euclidean distance method and hierarchical clustering method were used to analyze the D value (Figure 6). The results showed that the 15 tested blueberry cultivars can be divided into four types based on a Euclidean distance of 5: the high soil pH tolerance type (‘Briteblue’), the intermediate type (‘Zhaixuan 9’, ‘Zhaixuan 7’, ‘Emerald’, ‘Primadonna’, ‘Powderblue’ and ‘Chandler’), the low high soil pH tolerance type (‘Brightwell’, ‘Gardenblue’, ‘Plolific’ and ‘Sharpblue’) and the high soil pH sensitivity type (‘Legacy’, ‘Bluegold’, ‘Baldwin’ and ‘Anna’). Overall, under high soil pH stress, the expression of the antioxidant-related enzyme genes VcSOD1, VcSOD2 and VcSOD3 in the four-tolerant blueberry types decreased, while the expression of VcCAT1, VcCAT2 and VcCAT3 increased (Figure 7), indicating that the antioxidant system had a certain effect on blueberry adaptation to stress.




Figure 6 | Euclidean distance cluster analysis to evaluate the resistance of 15 blueberry seedling cultivars to high soil pH stress. Blue circle C1 includes one high soil pH-tolerant blueberry cultivar, green circle C2 includes six intermediate high soil pH-tolerant blueberry cultivars, yellow circle C3 includes four low high soil pH-tolerant blueberry cultivars, and red circle C4 includes four high soil pH-sensitive blueberry cultivars.






Figure 7 | Effects of high soil pH stress on antioxidant system gene expression levels (SOD and CAT) in four types of high soil pH-tolerant blueberry leaves (6 cultivars). C1 represents high soil pH-tolerant blueberry cultivars, C3 represents low high soil pH-tolerant blueberry cultivars, C4 represents high soil pH-sensitive blueberry cultivars, and C2 represents intermediate blueberry cultivars. Values are expressed as the means ± SDs after 3 repetitions. * represents a significant difference at p<0.05, ** represents a significant difference at p<0.01, and **** represents a significant difference at p<0.0001, determined by Tukey’s test.



Using the D value as the dependent variable and the relative ratio of the 16 indices as the independent variable, stepwise regression analysis was performed to establish the D regression equation of blueberry cultivar resistance to high soil pH stress: D=1.299+0.359X1+0.216X2+0.208X3+0.521X4+0.307X5+0.261X6+0.275X7 (R2 = 0.997). X1, X2, X3, X4, X5, X6, and X7 represent plant height, SS, E, leaf length, Ci, SOD, and SPAD, respectively. The above seven indices had significant effects on the D value of blueberry tolerance to high soil pH levels.




Discussion

As one of the important physical and chemical properties of soil, soil pH is the key factor in controlling soil nutrient availability, soil microbial diversity and plant growth and development (Slessarev et al., 2016; Wielgusz et al., 2022; Yang et al., 2022). Different plants have different soil pH requirements. Blueberries are acid-loving soil plants, but high soil pH has been the primary abiotic stress factor limiting the growth of blueberry cultivation. Abiotic stress has adverse effects on plant phenotype, growth, biomass accumulation and yield (Holzapfel et al., 2004; Li et al., 2017; Sanoubar et al., 2020; Seleiman et al., 2021; Xu et al., 2022). Previous studies have shown that high soil pH levels cause iron deficiency and chlorosis in blueberry leaves, affect the absorption and transportation of mineral elements in plants, and inhibit plant growth and biomass accumulation (Jiang et al., 2017; Tamir et al., 2019; Tamir et al., 2021). High pH levels also affect the growth and development processes of blueberry flower bud differentiation and flowering phenology and reduce the yield and quality of fruits (Austin & Bondari, 1992; Yasuyuki et al., 2004; Kovaleski et al., 2015). Similar results were also found in our study. Compared with the CK treatment, the high soil pH stress treatment inhibited the growth of the 15 blueberry cultivars to different degrees (Figure 2), and leaf morphology showed different changes among cultivars (Figure 3). Overall, the growth inhibition of ‘Briteblue’ was low, while that of ‘Anna’ was the most severe. These results indicated differences in the tolerance of blueberry cultivars to high soil pH stress. Studies have confirmed that different blueberry cultivars have different tolerances to soil pH levels (Finn et al., 1993; Lyrene, 1997; Tsuda et al., 2014). Moreover, Paya-Milans et al. (2017) found that blueberry plants mainly adapt to a high soil pH environment by changing their nutrition, detoxification and cell wall gene networks and by effectively regulating related transcripts, as determined through transcriptome studies.

Abiotic stress not only affects the morphological growth of plants but also affects the photosynthesis and physiological metabolism of plants. Many studies have shown that plant physiological metabolism and photosynthesis are closely related to plant resistance (Chen et al., 2016; Arif et al., 2020; Nikoleta-Kleio et al., 2020; Li et al., 2022; Xiong et al., 2022). Osmotic regulation is an important physiological mechanism of plant stress resistance. Stress promotes the accumulation of cellular reactive oxygen species (ROS) and accelerates membrane lipid peroxidation to produce MDA and other toxic substances that destroy the cellular osmotic regulation system. MDA is an important indicator of the degree of damage plants experience under stress (Kaushik & Aryadeep, 2014; AbdElgawad et al., 2016). When osmotic balance is disrupted, plants maintain cellular osmotic pressure by accumulating substances, such as SS and SP (Xiong & Zhu, 2002; Kanu et al., 2019). In the present study, similar to other stress studies (Karimi & Salimi, 2021; Raza et al., 2022; Zhu et al., 2022a), the MDA content in the leaves of the 15 blueberry cultivars increased under the high soil pH stress conditions, and significant differences among the different cultivars (Figure 4A). The SS and SP contents in the leaves of most blueberry cultivars also increased to varying degrees (Figures 4B, C). These results indicate that different blueberry cultivars experienced different degrees of stress under high soil pH conditions and that blueberry cultivars can maintain the cell osmotic pressure balance through the accumulation of SSs and SPs, thereby ensuring the normal metabolic activity of their cells to strengthen their adaptation to stress. In addition, plants can eliminate excessive ROS by activating their own antioxidant mechanisms. SOD and CAT are the main components of the antioxidant enzyme system, and higher SOD and CAT activities are beneficial to the adaptation of plants to stress (Shams et al., 2016; Tian et al., 2020; Zhu et al., 2022b). Our study showed that CAT activity in the leaves of the different blueberry cultivars increased under high soil pH stress, whereas SOD activity was inhibited (Figures 4D, E). Meanwhile, under high soil pH stress, the VcSOD1, VcSOD2 and VcSOD3 gene expression levels in blueberry decreased, and the VcCAT1, VcCAT2 and VcCAT3 expression levels increased (Figure 7), which may be the main reason for the observed change in enzyme activity (Dionisio-Sese & Tobita, 1998). In addition, abiotic stress inhibits chlorophyll synthesis and reduces plant photosynthetic intensity, and damage to the plant photosynthetic system is related to osmotic adjustment substances and antioxidant enzyme systems (Efeoglu et al., 2009; Yousfi et al., 2010; Ying et al., 2015; Zhang et al., 2021). In the present study, the SPAD of blueberry leaves decreased significantly under the high soil pH stress treatment, and photosynthetic indices, such as Pn, E, and Gs, also significantly decreased. Significant differences were noted among the cultivars, indicating that the damage to the photosynthetic systems of blueberry cultivars differed under high soil pH stress. Photosynthesis in the blueberry cultivars ‘Climax’ and ‘Chaoyue NO. 1’ showed similar changes under high soil pH conditions (Jiang et al., 2019). In summary, the expression of the antioxidant genes SOD and CAT in blueberry leaves stimulated the accumulation of SS and SP and affected plant photosynthesis, which may potentially be a mechanism underlying the blueberry response to high soil pH stress.

The stress resistance capacity of plants is a product of the response to adverse environmental impacts and long-term evolution. Using a single index to evaluate the stress resistance of plants is not reliable, and it is more scientific and reasonable to use multidimensional indices to comprehensively evaluate plant stress resistance (Sloane et al., 1990). In addition, plants are a connected system, and a correlation exists between the measured resistance indicators. If an indicator is directly used for plant resistance analysis, then the accuracy of the results will be affected (Sun et al., 2021). Therefore, in our tudy, the HSTCs of the 16 growth and physiological indices related to blueberry resistance were used as an evaluation index to measure the ability of the blueberry cultivars to resist high soil pH levels. Correlation analysis was used to explain the relationship between each index, and PCA was used to transform multiple complex indices into a few independent and unrelated CIs. Based on this approach, the MF was used to comprehensively evaluate the soil pH tolerance of the different blueberry cultivars. The results obtained using the above analysis method are reliable and have been applied to the comprehensive evaluation of resistance in Cucumis melo L. (Weng et al., 2021), Vitis vinifera L. (Karimi & Salimi, 2021), Prunussalicina L. (Hamdani et al., 2021), Populus deltoides Marsh. (Chen et al., 2022), Quercus (Xiong et al., 2022), Populus simonii × Populus nigra (Liu et al., 2022) and other plants. Our study results revealed correlations among blueberry growth, osmotic adjustment substances, the antioxidant system, and the photosynthetic system under high soil pH conditions. PH and osmotic adjustment substances were significantly positively correlated with photosynthesis. SS and SP were significantly negatively correlated with blueberry leaf traits and MDA content; MDA was significantly negatively correlated with Ci but significantly positively correlated with Pn (Figure 5) (p<0.05) (Hura et al., 2007). Similar to the analysis results of (Sun et al., 2021), we obtained five PCs through PCA, accounting for 82.12% of the total variation in the 16 measurement indices. PC1 mainly reflects the morphological index and SP information, PC2 reflects the relevant photosynthesis information, PC3 reflects the correlations with MDA, and PC4 and PC5 mainly reflect the relevant SPAD and antioxidant enzyme information (Table 3). The above analyses showed that blueberries can adapt to a high soil pH environment through the synergistic effects of the osmotic adjustment system, antioxidant system, photosynthetic system and phenotypic changes. Subsequently, the weight of each CI was obtained according to the PCA, and the MF was used to comprehensively evaluate the tolerance of the blueberry cultivars to high pH soil. Resistance was ranked according to the D value (the greater the D value, the stronger the resistance), and the results are shown in Table 4. Then, according to the D value for the different blueberry cultivars, 15 blueberry cultivars were divided into four types: the high soil pH-tolerance type (‘Briteblue’), the intermediate tolerance type (‘Zhaixuan 9’, ‘Zhaixuan 7’, ‘Emerald’, ‘Primadonna’, ‘Powderblue’ and ‘Chandler’), the low high soil pH-tolerance type type (‘Brightwell’, ‘Gardenblue’, ‘Plolific’ and ‘Sharpblue’) and the soil pH-sensitive type (‘Legacy’, ‘Bluegold’, ‘Baldwin’ and ‘Anna’) (Figure 6).

The response of plants to stress is a complex physiological and metabolic process. In this study, stepwise regression analysis was performed using the D value and 16 measurement indices, and the corresponding linear equation was established (R2 = 0.997). Seven indices (plant height, SS, E, leaf length, Ci, SOD and SPAD) were selected and were found to be closely related to blueberry tolerance to high soil pH levels, and the analysis results were similar to those of (Finn et al., 1993), Tsuda et al. (2014); Xu et al. (2017) and Jiang et al. (2019). Thus, these indices can be used as reference identification indices for screening blueberry cultivars with high soil pH tolerance. In addition, the yield and quality of blueberry fruits are a direct embodiment of the economic value of blueberry plants (Ortega-Farias et al., 2021). A comparison of differences in fruit quality among the different resistant cultivars and the molecular mechanism of blueberry adaptability to high soil pH levels need to be further studied and explored.



Conclusions

In this study, the 15 blueberry cultivars examined were divided into four categories after comprehensive evaluation. In these groups, ‘Briteblue’ was the most tolerant cultivar to high-pH soil, while ‘Anna’ was the most sensitive cultivar to high-pH soil. Through stepwise regression analysis, plant height, SS, E, leaf length, Ci, SOD, and SPAD were selected to identify and predict the high-pH soil tolerance of blueberry cultivars. In the future, further research on the breeding of high soil pH tolerant blueberry cultivars and their tolerance mechanisms needs to be explored.
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Chitosan treatment reduces softening and chilling injury in cold-stored Hami melon by regulating starch and sucrose metabolism
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Cold-stored Hami melon is susceptible to chilling injury, resulting in quality deterioration and reduced sales. Pre-storage treatment with chitosan reduces fruit softening and chilling injury in melon; however, the underlying mechanism remains unclear. In this study, Gold Queen Hami melons were treated with 1.5% chitosan solution for 10 min before cold storage at 3°C and then the effect of chitosan was examined on fruit firmness, weight loss, chilling injury, soluble solid content (SSC), pectin, and soluble sugar contents of melon fruit. Also, the enzyme activities and gene expressions related to fruit softening and starch and sucrose metabolism were investigated. Chitosan treatment reduced the fruit softening and chilling injury, maintained the high levels of starch and sucrose contents, and regulated the enzyme activities and gene expressions related to starch and sucrose metabolism. Fruit firmness was significantly positively correlated with sucrose and starch contents. Altogether, we uncovered the potential mechanism of chitosan coating mitigating melon softening and chilling injury through the regulation of starch and sucrose metabolism.
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1 Introduction

Hami melon, with its unique flavor, sweet taste, and high nutritional value, is a popular horticultural crop in Xinjiang, Northwest China. The melon fruit is normally harvested in a high temperature and high humidity season, which promotes faster fruit ripening and softening, and in turn reduces the storage life of melon fruit (Bi et al., 2003; Liu et al., 2004). Softening, a complex process is usually associated with the degradation of fruit cell wall components involving an increase in water-soluble pectin (WSP) and a decrease in insoluble and covalently bound pectin (Zerpa-Catanho et al., 2017). Enzymes such as pectinesterase (PE; EC 3.1.11) and polygalacturonase (PG; EC 3.2.1.6.9) and related factors directly participate in fruit cell wall degradation (Deytieux-Belleau et al., 2008). Zhang et al. (2021) demonstrated that cold storage can delay the softening of melon fruit by regulating the transcript abundance of PE and PG genes. Cold storage is a widely used postharvest technology to maintain the quality and prolong the shelf life of fruit and vegetables. Although cold storage slows the decline in melon firmness, the fruit taste, especially sweetness, is negatively affected by long-term cold storage (Wang et al., 2020; Zhang et al., 2021). Furthermore, Hami melon, a cold-sensitive fruit, is susceptible to chilling injury when stored at low temperatures. Typical symptoms of chilling injury in Hami melons include discoloration, surface pitting, brown spots, and decay development (Bi et al., 2003; Fogelman et al., 2011). The development of chilling injury seriously reduces melon quality such as appearance, texture, flavor and nutrition (Zhang et al., 2017; Zhang et al., 2021). Therefore, novel practical methods alleviating chilling injury in melon are urgently needed.

Recent studies showed that edible coatings can preserve fruit quality and prolong the postharvest shelf life of cold-stored fruit by regulating the internal gas environment, reducing water loss, and delaying fruit ripening and senescence (Maringgal et al., 2020). Chitosan, a non-toxic high-molecular-weight cationic polysaccharide, is mainly obtained from the partial deacetylation of natural chitin (Romanazzi et al., 2017). Chitosan, with good biocompatibility, biodegradability, antibacterial activity, and film-forming ability, is widely used as a fruit preservation coating (Maringgal et al., 2020). Chitosan coating improves firmness and soluble solid content (SSC) in fruit (Maringgal et al., 2020; Chen et al., 2021). In guava, chitosan coating delayed fruit ripening and prolonged shelf life by enhancing antioxidant processes (Silva et al., 2018). Similarly, chitosan treatment was shown to retard the degradation of total soluble sugar and sucrose in post-harvested longans (Lin et al., 2020). However, the effects of chitosan treatment on fruit softening, chilling injury, and starch and sucrose metabolism in cold-stored melon are largely unclear.

Starch and sucrose metabolism not only affect fruit quality and sweetness but also are closely related to chilling tolerance during cold storage (Yu et al., 2017; Zhang et al., 2021). Sucrose, apart from being an energy source, also functions as an osmoregulator, cryoprotectant, reactive oxygen scavenger, and signaling molecule, contributing to cell membrane balance and antioxidant systems (Wang et al., 2019). The increase of sucrose level was correlated with the reduction of chilling injury and the enhancement of cold resistance (Zhao et al., 2022). The correlation between fruit quality and key enzymes of sucrose metabolism such as sucrose synthase (SS) and sucrose phosphate synthase (SPS) has been extensively studied (Chen et al., 2019; Duan et al., 2019). Researchers showed that exogenous ATP (Duan et al., 2019), sodium nitroprusside (Chen et al., 2019), and 6-benzylaminopurine (Luo et al., 2017) treatments can effectively maintain the fruit quality by regulating the activity of sucrose metabolism-related enzymes. Likewise, the exogenous application of salicylic acid (Zhao et al., 2021), abscisic acid (Zhao et al., 2022), and glycine betaine (Wang et al., 2019) can mitigate chilling injury by regulating sucrose metabolism in peach fruit.

Starch has multiple cellular functions, including in abiotic stress response (Thalmann and Santelia, 2017). In plants, altering starch structure and content are the two common ways to counter abiotic stress. Cold stress often triggers starch degradation (Dong and Beckles, 2019). β-amylase (BMY), a hydrolytic enzyme, converts starch into maltose and has been related to cold stress response (Zhao et al., 2019). A study showed that cold-tolerant banana cultivars have 3.0 times higher BMY activity than susceptible cultivars (Der Agopian et al., 2011). Cold stress response induced regulation of BMY genes expression promotes starch degradation and in turn increases soluble sugars in cold-stored melon (Zhang et al., 2021). Similarly, overexpression of PbrBMY3 promotes starch degradation and improves cold tolerance in pears (Zhao et al., 2019). Collectively, these studies suggest that regulating starch and sucrose metabolism is an important cold stress countering mechanism and must be investigated in detail. In addition, fruit softening has been linked to starch and sucrose metabolism in banana, mango, and kiwifruit (Nardozza et al., 2013; Zhu et al., 2021). During the process of blueberry fruit softening, the sucrose, glucose, and fructose contents changed accordingly (Wang et al., 2020). The blueberry firmness was positively correlated with sucrose content and SPS activity. However, a possible similar role of starch and sucrose metabolism in melon during postharvest cold storage is yet to be defined. Therefore, it is of great significance to explore the changes in starch and sucrose metabolism accompany the softening of melon, as well as the link between them.

At present, much remains to be determined concerning the regulation mechanism of chitosan treatment in melon fruit, including whether the effect of chitosan to mitigate chilling injury is related to starch and sucrose metabolism. Accordingly, we investigated the effects of chitosan treatment on fruit quality indices and starch and sucrose metabolism with the objective of providing a new perspective on the mechanism of chilling injury in melon fruit, and developing an eco-friendly, safe, and efficient postharvest technology to preserve the quality and prolong the shelf life of harvested melons.



2 Materials and methods


2.1 Melon fruit

“Gold Queen” (Cucumis melo L.) melons were picked from a farm in Shihezi, Xinjiang, China at commercial maturity (about 13% SSC). Fresh fruits of uniform shape, size, and color were selected and transported to the laboratory immediately after harvest.



2.2 Chitosan treatment and sample collection

Chitosan (deacetylated degree > 90%; viscosity 200 cP) was obtained from Rongna Biological Technology Co., Ltd. (Anhui, China). Chitosan solution (1.5%, w/v) was prepared as described in Silva et al. (2018). Briefly, 15 g of chitosan was dissolved in 1 L of distilled water with 15 mL of glacial acetic acid. Tween-80 and glycerol were added as emulsifiers.

The selected melons were randomly divided into two groups; the treatment group was immersed in 1.5% chitosan solution for 10 min, while the control group was treated with distilled water. The treated melons were air-dried and then stored at 3°C and 85-95% relative humidity (RH) for 30 d. Fruits were sampled following the method of Zhang et al. (2021) at 0, 6, 12, 18, 24, and 30 d of cold storage to measure fruit firmness and SSC. A part of the samples was snap-frozen in liquid nitrogen and then stored at −80°C for subsequent analysis.



2.3 Measurements of firmness, chilling injury, weight loss, and SSC

Fruit firmness (newtons, N) and chilling injury (%) were measured according to the method of Ning et al. (2019). To measure weight loss, fresh melon fruits were weighed at the beginning of the storage, and thereafter at every six-day interval (i.e., on the 6th, 12th, 18th, 24th, and 30th d). Weight loss (%) was calculated as follows:

	

SSC (%) was measured using a digital saccharimeter (SW-32D, Guangzhou Suwei Electronic Technology Co., Ltd., China).



2.4 Extraction and determination of cell wall components

Cell-wall components including WSP, ionic-soluble pectin (ISP), and covalent-soluble pectin (CSP) were measured after extraction. Briefly, 1.0 g of melon was homogenized in 10 mL of 80% (v/v) ethanol and the mixture was boiled in a water bath at 95°C for 20 min. Afterward, the mixture was cooled and centrifuged at 4,000 x g at 25°C for 10 min. The obtained residue was washed twice in 15 mL of 80% (v/v) ethanol and acetone solution to clear starch and then dissolved in 10 mL of 90% (v/v) dimethyl sulfoxide for 15 h. Finally, according to the manufacturer’s instructions, WSP, ISP, and CSP were separated and determined using the micro method (WSP, ISP, and CSP content assay kit, Sino Best Biological Technology Co., Ltd, China).



2.5 Determination of fructose, glucose, sucrose, and starch content

Fructose, glucose, sucrose, and starch were extracted from the melon sample as described by Tao et al. (2021) and Luo et al. (2017) with minor modifications. Samples (1.0 g) are accurately weighed, homogenized in 10 mL distilled water, and then incubated in a water bath of 95°C for 10 min. After centrifugation of the mixture at 8,000 x g for 10 min at 25°C, the supernatant was collected for determination of glucose content.

Fructose and sucrose were extracted as follows. 1.0 g sample from the respective treatment was homogenized in 10 mL of 80% (v/v) ethanol, and then incubated in a water bath of 80°C for 10 min. After cooling, the homogenate was centrifuged at 4,000 x g for 10 min at 25°C. 2 mg activated carbon was added to the supernatant, and decolorization was performed at 80°C for 30 min. Then 1 mL of 80% (v/v) ethanol was added, and the mixture was centrifuged at 4,000 x g for 10 min at 25°C. The supernatant was collected.

Starch extraction: about 1.0 g of the sample was homogenized in 10 mL of 80% (v/v) ethanol, and then water bathed at 80°C for 30 min. After centrifugation at 3,000 x g for 5 min at 25°C, 5 mL of double-distilled water was added to the obtained residue, which was gelatinized in boiling water for 15 min. After cooling, 3.5 mL of 9.2 mol L-1 HClO4 was added to the residue, and extraction was performed at room temperature for 15 min. Then, 8.5 mL of double-distilled water was added and the mixture was centrifuged at 3,000 x g for 10 min at 25°C. The supernatant was diluted 4 times with distilled water for content determination.

Respective assay kits (Sino Best Biological Technology Co., Ltd, China) were used to determine the corresponding contents.



2.6 Enzymes activities

Melon samples (0.5 g) were ground in 4.5 mL 50 mM Tris-HCl buffer (pH 7.4) and the homogenate was centrifuged at 8000 x g for 15 min. The supernatant was collected for measuring enzyme activities. The activities (U mL-1) of PE, PG, SS, SPS, AMY, and BMY were determined using the corresponding enzyme-linked immunosorbent assay (ELISA) kits as reported by Zhang et al. (2021).



2.7 Gene expression analysis

Total RNA was extracted using the total RNA extraction kit having UNIQ-10 columns (a Trizol type system, Sangon Biotech, China) following the manufacturer’s instructions. The primers of selected genes were designed using the Primer Premier 5.0 software and shown in Supplementary Table 1. The quantitative real-time PCR (qRT-PCR) was performed using Fast SYBR Green Master Mix (BBI, China) on a LightCycler480 II System (Rotkreuz, Switzerland) as described previously (Zhang et al., 2021). The temperature program was as follows: 95°C for 3 min, 45 cycles of 95°C for 5 s, and then 60°C for 30 s. The relative expressions of genes were calculated using the 2-ΔΔCt method (Livak and Schmittgen, 2001). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the reference gene.



2.8 Statistical analysis

All statistical differences and correlation analyses were performed using SPSS 17.0 (SPSS Inc., IL, USA) software. Data are presented as means ± standard errors; Data with P-value < 0.05 or < 0.01 were considered significant.




3 Results


3.1 Effects of chitosan treatment on the fruit firmness, weight loss, chilling injury, and SSC in postharvest cold-stored melon

The fruit firmness in both the control and chitosan-treated melons decreased throughout the storage at 3°C (Figure 1A). Though chitosan treatment reduced the loss in fruit firmness, no notable difference was observed between the two groups until 12 d.




Figure 1 | Effects of chitosan treatment on firmness (A), weight loss (B), SSC (C), and chilling injury (D) in melon during storage at 3°C. Vertical bars represent the standard deviation (n = 3). Different letters on the same-day data point represent the significant differences between the control and chitosan-treated fruits (P < 0.05).



The weight loss of melon fruit increased continuously during the 30 d of storage (Figure 1B), however, chitosan coating treatment significantly reduced (P < 0.05) the weight loss after 18 d of storage, corresponding to 26.99%, 24.49%, and 24.52% decrease than that in control fruits on day 18, 24 and 30, respectively.

As shown in Figure 1C, SSC was higher in chitosan-treated melons than in control melons. In the control group, the highest SSC was 14.0% after 6 d of storage. In contrast, chitosan-treated fruits had a fluctuating trend of SSC, which first peaked on day 6 (14.3%), and then again on day 24 (14.9%).

The chilling injury appeared after 6 d of storage and then continued in both the control and chitosan-treated melons (Figure 1D). However, the damage from chilling injury was significantly lower in chitosan-treated fruits (P < 0.05) than in control fruits.



3.2 Effect of chitosan treatment on cell wall polysaccharide composition in postharvest cold-stored melon

The WSP content in melons first increased, then decreased slowly at 6-12 d, and finally increased from 12 to 30 d in both groups (Figure 2A). However, compared with control fruits, chitosan-treated melons had lower levels of WSP throughout the storage period, especially significantly lower on 18, 24, and 30 d.




Figure 2 | Effects of chitosan treatment on the WSP (A), ISP (B), and CSP (C) contents in postharvest cold-stored melon. Vertical bars represent the standard deviation (n = 3). Different letters on the same-day data point represent the significant differences between the control and chitosan-treated fruits (P < 0.05).



The ISP content in melons gradually increased during the entire storage period (Figure 2B). Surprisingly, chitosan treatment significantly increased the ISP content in melons from 6 to 30 d, which was 4.20% (day 6), 13.96% (day 12), 18.95% (day 18), 15.44% (day 24), and 20.16% (day 30) higher than that in control melons, respectively.

The CSP content in melons gradually decreased during the cold storage period (Figure 2C). In the control melons, the CSP content first decreased sharply between 0 to 6 days of storage and then declined slowly. Comparatively, chitosan-treated melons had a notably higher level of CSP throughout the storage period (P < 0.05).



3.3 Effects of chitosan treatment on enzyme activities and gene expressions related to melon fruit softening

During 30 d cold storage, the PE activity first increased to peak at 18 d, and then declined in both groups (Figure 3A). However, the PE activity in chitosan-treated melons always remained lower than in control melons (6 to 24 d). In the last 6 days of storage, the PE activity in control melons decreased rapidly and was significantly (P < 0.05) lower than in chitosan-treated melons at 30 d.




Figure 3 | Effects of chitosan treatment on on the activities of PE (A), PG (D) and gene expression levels of PE (B) LOC103482964, (C) LOC103499033 and PG (E) LOC103491984, (F) LOC103504264 in melon during storage at 3°C. Vertical bars represent the standard deviation (n = 3). Different letters on the same-day data point represent the significant differences between data (P < 0.05). * and ** indicate significant difference at P < 0.05 and P < 0.01.



The PG activity in melons showed a fluctuating upward trend during the 30 d cold storage (Figure 3D). Post-harvest, the PG activity slightly increased until day 6, showing a significant (P < 0.05) difference between chitosan-treated and control fruits. Afterward, the trend changed rapidly, and the PG activity in chitosan-treated melons turned significantly (P < 0.05) lower than in control melons, except on the day 30th.

As shown in Figures 3B, C, the expression of two PE genes (LOC103482964 and LOC103499033) increased until day 18 in control fruits and day 24 in chitosan-treated fruits and then decreased. Notably, throughout the storage period, the expression of PE genes was lower in chitosan-treated fruits than in control fruits. During the 30 d cold storage, the expression of two PG genes, LOC103491984 and LOC103504264, gradually decreased to reach the minimum on the 18th and 24th d, respectively, and then increased in both groups (Figures 3E, F). In addition, both PG genes were downregulated in chitosan-treated fruits during 6-24 d compared with control fruits.



3.4 Effect of chitosan treatment on the starch, sucrose, glucose, and fructose contents in postharvest cold-stored melon

The influence of chitosan treatment on the contents of starch, sucrose, glucose, and fructose in cold-stored melons is shown in Figure 4. The trends of change in starch and sucrose contents were alike, which began to decline from day zero (Figures 4A, B). However, post-harvest chitosan treatment significantly inhibited the degradation of starch and sucrose during the entire storage period (P < 0.05). The trends of change in fructose and glucose contents were also similar in both groups (Figures 4C, D), however, the fructose and glucose contents were higher in the chitosan-treated melons. The highest fructose and glucose levels were on day 24th, which were 13.45% and 26.81% higher in chitosan-treated fruits than those in control, respectively.




Figure 4 | Effects of chitosan treatment on the starch (A), sucrose (B), fructose (C), and glucose (D) contents in postharvest cold-stored melon. Vertical bars represent the standard deviation (n = 3). Different letters on the same-day data point represent the significant differences between data (P < 0.05).





3.5 Effect of chitosan treatment on enzyme activities and gene expressions related to starch and sucrose metabolism

The changes in the enzyme activities and corresponding genes of SS, SPS, AMY, and BMY in cold-stored melons are shown in Figure 5. SS and SPS activities first increased and then declined, reaching the maximum on the 12th and 18th d, respectively (Figures 5A, B). The SS activity did not vary greatly in chitosan-treated fruits but decreased rapidly in control fruits during 12-18 d of storage (Figure 5A); the SS activity was 19.42% higher in chitosan-treated melons than that in control on the 18th day. As shown in Figure 5B, chitosan treatment promoted SPS activity, which increased until the 18th d, and was significantly (P < 0.05) higher than in control fruits, except on the 6th d. Correspondingly, the SS (LOC103483781) and SPS (LOC103496894) genes were upregulated in chitosan-treated melons during the 6-30 d of cold storage (Figures 5D, E).




Figure 5 | Effects of chitosan treatment on the activities of SS (A), SPS (B), BMY (C), AMY (G), and gene expression levels of SS (D) LOC103483781, SPS (E) LOC103496894, BMY (F) LOC103490827, and AMY (H) LOC103488899, (I) LOC103491451 in melon during storage at 3°C. Vertical bars show the standard deviation (n = 3). Different letters on the same-day data point indicate significant differences between data (P < 0.05). * and ** indicate significant difference at P < 0.05 and P < 0.01.



The activity and expression level of BMY in control fruits were higher than in chitosan-treated fruits between 6 to 12 d of cold storage (Figures 5C, F). However, after the 18th d onwards, chitosan treatment enhanced BMY activity and gene expression and maintained them at a high level.

AMY activity fluctuated in control and chitosan-treated fruits (Figure 5G). In the early stage of storage (6-12 d), control fruits displayed a higher level of AMY activity than chitosan-treated fruits. However, in the middle and late stages of cold storage (18-24 d), the AMY activity significantly increased in chitosan-treated fruits (P < 0.05) along with AMY gene expression (Figures 5H, I).



3.6 Correlation analysis

The correlations between fruit firmness, cell wall degradation parameters, and starch and sucrose metabolism indices were analyzed in chitosan-treated and control fruits (Table 1). Fruit firmness was significantly positively correlated with starch content, sucrose content, and SS activity (P < 0.01). Starch and sucrose contents were positively correlated with the CSP content and negatively correlated with PG activity and WSP and ISP contents (P < 0.01) in both fruits. Softening indices showed a highly negative correlation with the glucose and fructose contents in chitosan-treated melons (P < 0.05). SS activity was positively correlated with CSP content and PE activity (0.20 < r2 < 0.52), and negatively correlated with WSP and ISP contents and PG activity (-0.62 < r2 < -0.22) in both types of fruits. SPS activity was significantly positively correlated with PE activity (P < 0.01). AMY and BMY activities were positively correlated with WSP and ISP contents in both groups; however, the correlation was more significant in chitosan-treated fruits. A highly significant positive correlation of AMY activity was observed with PE and PG activities (P < 0.05) and between BMY and PG activities in chitosan-treated fruits (P < 0.01). Altogether, correlation analysis revealed that melon fruit softening is associated with starch and sucrose metabolism, which can affect the quality of cold-stored melons.


Table 1 | Correlation analysis of firmness with call wall degradation parameters and starch and sucrose metabolism indices in chitosan-treated and control melons.






4 Discussion

The edible coating is a modified atmosphere method that has been applied to preserve the quality of various fruit, such as tropical fruit, citrus, melon, tomato, and pome fruit (Maringgal et al., 2020). Chitosan, a promising coating material, has been widely used for food preservation and packaging; it is non-toxic, biodegradable, biocompatible, film-forming, and easily available (Maringgal et al., 2020; Kumarihami et al., 2022). Chitosan coating can reduce weight loss, respiration, and softening and increase SSC in post-harvest fruits (Huang et al., 2017; Kumarihami et al., 2020). In our study too, chitosan treatment produced similar results, reducing weight loss, softening, and chilling injury in cold-stored melons. Additionally, the degradation of starch and sucrose was also reduced. We found that chitosan treatment regulated the activities of starch and sucrose metabolism-related enzymes and the expression of corresponding genes.

Fruit softening is a crucial parameter that determines the length of the storage period and commercial value of post-harvest fruit. In our study, chitosan treatment effectively delayed the firmness loss in melons during 30 d of cold storage (Figure 1A). Meanwhile, WSP and ISP contents increased and CSP content decreased accompanying the softening of melon (Figure 2). Pectin, a structurally complex polysaccharide, is commonly related to fruit cell wall degradation and softening (Brummell et al., 2004). During fruit softening, insoluble pectin is converted to soluble pectin (Wang et al., 2020). The same was observed in our study. Pectin solubilization is associated with PE and PG enzyme activities (Wang et al., 2020; Win et al., 2021). The main function of PE is to catalyze the demethylation of pectin to generate low methyl-esterified pectin, which makes the cell wall easily decomposed by PG (Khademi et al., 2014). PG further hydrolyzes the galacturonide bond in the main chain of polygalacturonic acid, increasing pectin degradation and in turn fruit softening (Brummell et al., 2004). The correlation between fruit softening and cell wall metabolism-related enzymes has been investigated in many fruits (Lin et al., 2019; Chen et al., 2021). In our study, compared with PE activity, PG activity showed a stronger correlation with softening-related parameters, such as fruit firmness and WSP, ISP, and CSP contents (Supplementary Table 2). This suggests that PG plays a more important role than PE in fruit softening in melon under cold conditions.

Chitosan treatment was shown to delay fruit softening in many fruits (Kumarihami et al., 2022). Chitosan coating forms a protective cover on the fruit surface, which reduces gas exchange and moisture loss, thereby retarding the degradation of cell wall components and retaining fruit firmness (Maringgal et al., 2020; Kumarihami et al., 2022). In our study, chitosan treatment significantly slowed down the degradation of pectin in melon. Consistent with the previous findings (Lin et al., 2019), chitosan-treated fruits had a higher CSP content and lower WSP content than control, which improved fruit quality (Zhao et al., 2018; Lin et al., 2019). ISP, a form of pectin, is involved in fruit ripening. In longan fruit, the ISP content decreased, and the chitosan treated-longan showed higher ISP levels (Lin et al., 2019). However, the opposite change in ISP content was observed in our study (Figure 2B). The causes of these differences may be attributed to different roles of ISP in different stages of fruit ripening and senescence in different fruits, and demands further examination. A lower PE and PG activity was observed in chitosan-treated melons compared with control fruits during 0-24 d of cold storage. Although the PE and PG genes showed different expression patterns during storage, their expression was significantly inhibited by chitosan coating (Figure 3). Notably, the expression levels of PE and PG genes are closely related to the firmness of Hami melon (Zhang et al., 2021). Our results indicated that chitosan treatment reduced the enzyme activities and gene expression levels of PE and PG, which reduced the degradation of CSP and maintained the storability of cold-stored melons. This also suggests that pectin degradation contributes to the loss of fruit firmness in melon, which can be countered/regulated by chitosan coating.

Accompany the melon softening, the sucrose and starch content gradually changes. Starch and sucrose metabolism in fruit is the main factor regulating soluble sugar content, which causes the change in SSC, an important sensory parameter of fruit quality. Chitosan treatment could be used to preserve higher SSC in some fruits such as longan (Lin et al., 2020) and orange (Gao et al., 2018). Our result showed that chitosan treatment also increased the SSC compared with the control melon during the entire storage (Figure 1C). Potentially, chitosan coating treatment reduced respiration and transpiration rate, consequently retarding the loss of SSC and fruit ripening.

Sucrose content influences the quality, taste, and membrane stability of fruits (Wang et al., 2019; Zhao et al., 2021). Therefore, the regulation of sucrose metabolism through related enzymes is important in maintaining the quality of post-harvest fruits (Stadler et al., 1999). SS and SPS are the two key rate-limiting enzymes that transform fructose and glucose into sucrose (Wang et al., 2020; Zhang et al., 2021). We found that chitosan treatment increased the activities of SS and SPS in cold-stored melons (Figures 5A, B), which is consistent with the findings in peach fruit treated with glycine betaine (Wang et al., 2019) and 1-methycyclopropene (Yu et al., 2017). These results suggest that sucrose accumulation in melon was due to the increased activities of SS and SPS. In addition to sucrose accumulation, numerous studies have shown that the improved SS and SPS activities can also lead to the decomposition of fructose and glucose (Sun et al., 2020). Interestingly, in our study, the fructose and glucose contents in chitosan-treated melons were higher than those in control melons, which can be related to the decreased respiration of melons and the degradation of other carbohydrates such as starch.

Starch and sucrose are also key signaling molecules in plant stress response. The relationship between chilling injury and sugar content has been confirmed in several fruits (Wang et al., 2019; Zhao et al., 2021; Zhao et al., 2022). The degradation of starch or accumulation of sucrose has been related to enhanced tolerance to chilling injury under cold stress (Thalmann and Santelia, 2017; Zhao et al., 2021). Der Agopian et al. (2011) found that regulation of starch-to-sucrose metabolism is vital for cold acclimation in banana; increased starch mobilization to sucrose improved cold resistance. Starch is the major storage metabolite in plants, and its degradation is often induced by cold stress (Dong and Beckles, 2019). SS, SPS, AMY, and BMY are the major enzymes involved in the starch and sucrose metabolism in Hami melon (Zhang et al., 2021). AMY, an endo-amylolytic enzyme, cleaves the α-1,4 glycosidic bonds of starch, accelerating starch-to-sucrose metabolism (Der Agopian et al., 2011). SPS also contributes starch to sucrose conversion. BMY, a mediator of starch degradation to downstream sugars, is activated under cold stress (Zhao et al., 2019). We found that the activities of SPS, AMY, and BMY first increased and then decreased in cold-stored melons (Figures 5A, C, G), indicating that cold conditions had a significant regulatory effect on starch-to-sucrose metabolism in melon.

Chitosan treatment has been reported to reduce starch degradation in harvested fruits. Cosme Silva et al. (2017) observed a higher starch content in chitosan-treated mango. In our study, chitosan coating inhibited starch degradation and had different effects on the activities of AMY and BMY at different stages of 30 d cold storage in melon (Figures 5C, G). Possibly, chitosan coating slowed down transpiration and suppressed the respiration rate in melon. The inhibition of respiration rate coupled with reduced metabolic activity reduces the synthesis and utilization of metabolites, thereby delaying the degradation of starch to sugars (Kumarihami et al., 2022). Similar results were found in kiwifruit (Kumarihami et al., 2021). Our study showed that chitosan coating could alleviate chilling injury by enhancing AMY and BMY activities and accelerating starch degradation in melon during the later stages of cold storage.

Transcriptional regulations play an important role in regulating starch and sucrose metabolism under cold stress. Cold stress increases the expression of several genes related to sucrose and starch metabolism, which improves cold stress resistance (Thalmann and Santelia, 2017; Zhang et al., 2021). In this study, SS (LOC103483781) and SPS (LOC103496894) genes were upregulated by chitosan treatment, resulting in a higher content of sucrose in treated fruit (Figures 5D, E), which improves membrane stabilization and cold stress signaling (Zhao et al., 2021; Zhao et al., 2022). Under cold stress, soluble sugars can directly modulate gene expression by mediating sugar signaling pathways (Couee et al., 2006). Thus, chitosan coating-mediated reduction in loss of sucrose content can be the possible mechanism of countering chilling injury in cold-stored melons. Also, BMY (LOC103490827) and AMY (LOC103488899 and LOC103491451) genes were upregulated in chitosan-treated melon during the later stage of cold storage (Figures 5F, H, I). Silencing of the BMY gene was shown to increase starch accumulation and decrease soluble sugar levels (Zhao et al., 2019). For example, abscisic acid treatment induced the expression of BMY1 and AMY3 genes in Arabidopsis, increasing starch degradation (Thalmann et al., 2016). Similar results were observed in our study (Figure 5C), suggesting that chitosan treatment mitigates chilling injury in melon fruit, at least in part, by upregulating AMY and BMY genes.

In addition to chilling injury, sucrose and starch metabolism are often related to fruit softening (Wang et al., 2020; Zhang et al., 2021). We found a significant positive correlation between melon fruit firmness and sucrose and starch contents (Table 1). Similar results were seen in blueberry fruit treated with ethylene (Wang et al., 2020). In our study, the correlations between starch content and firmness, WSP, ISP and CSP content in chitosan-treated fruit were higher than those in control group. However, opposite results were found in the correlation between sucrose content and fruit softening indicators. Thus, we speculate that the mechanism of chitosan delaying loss in melon firmness maybe firstly regulate the changes of starch metabolism. PE activity was positively correlated with SS activity, while PG and SS activities were negatively correlated. Moreover, in chitosan-treated cold-stored melons, a stronger correlation was observed between PG and the contents of starch, sucrose, glucose, and fructose than PE (Table 1). This could be another point to confirm the aforementioned hypothesis that PG plays a more important role in the softening of cold-stored melon fruit.

The correlation results revealed a certain link between fruit softening and sucrose and starch metabolism in melon during cold storage. These two complex processes involve multiple regulators including metabolites, enzyme activities, and gene regulations, which need to be investigated in future studies.



5 Conclusion

Our results showed that chitosan coating effectively reduced the conversion of CSP, inhibited the increase of WSP content, and maintained fruit firmness during cold storage of melon at 3°C. Moreover, PE and PG activities were lowered along with the downregulation of related genes. Our results also concluded that chitosan treatment alleviated chilling injury in cold-stored melons by regulating starch and sucrose metabolism. In addition, a strong correlation between melon fruit softening and starch and sucrose metabolism was observed. Altogether, chitosan coating could be a reliable and potential preservation technology for mitigating chilling injury and extending the postharvest shelf life of cold-stored melons. However, further studies are needed to comprehensively elucidate the other possible mechanisms of enhance chilling tolerance after chitosan treatment.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material. Further inquiries can be directed to the corresponding author.



Author contributions

QZ: Data curation, software, formal analysis, writing - original draft, writing - review & editing. FT: Methodology, project administration. WC: Software. BP: Validation. MN: Validation. CS: Funding acquisition, supervision, visualization. XY: Investigation, conceptualization. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (Grant No. 31560471).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1096017/full#supplementary-material



References

 Bi, Y., Tian, S. P., Lui, H. X., Zhao, J., Cao, J. K., Li, Y. C., et al. (2003). Effect of temperature on chilling injury, decay and quality of hami melon during storage. Postharvest Biol. Technol. 29 (2), 229–232. doi: 10.1016/s0925-5214(03)00104-2

 Brummell, D. A., Dal Cin, V., Crisosto, C. H., and Labavitch, J. M. (2004). Cell wall metabolism during maturation, ripening and senescence of peach fruit. J. Exp. Bot. 55 (405), 2029–2039. doi: 10.1093/jxb/erh227

 Chen, Y., Ge, Y., Zhao, J., Wei, M., Li, C., Hou, J., et al. (2019). Postharvest sodium nitroprusside treatment maintains storage quality of apple fruit by regulating sucrose metabolism. Postharvest Biol. Technol. 154, 115–120. doi: 10.1016/j.postharvbio.2019.04.024

 Chen, C., Nie, Z., Wan, C., Gan, Z., and Chen, J. (2021). Suppression on postharvest juice sac granulation and cell wall modification by chitosan treatment in harvested pummelo (Citrus grandis l. osbeck) stored at room temperature. Food Chem. 336, 127636. doi: 10.1016/j.foodchem.2020.127636

 Cosme Silva, G. M., Silva, W. B., Medeiros, D. B., Salvador, A. R., Menezes Cordeiro, M. H., da Silva, N. M., et al. (2017). The chitosan affects severely the carbon metabolism in mango (Mangifera indica l. cv. palmer) fruit during storage. Food Chem. 237, 372–378. doi: 10.1016/j.foodchem.2017.05.123

 Couee, I., Sulmon, C., Gouesbet, G., and El Amrani, A. (2006). Involvement of soluble sugars in reactive oxygen species balance and responses to oxidative stress in plants. J. Exp. Bot. 57 (3), 449–459. doi: 10.1093/jxb/erj027

 Der Agopian, R. G., Goncalves Peroni-Okita, F. H., Soares, C. A., Mainardi, J. A., Oliveira do Nascimento, J. R., Cordenunsi, B. R., et al. (2011). Low temperature induced changes in activity and protein levels of the enzymes associated to conversion of starch to sucrose in banana fruit. Postharvest Biol. Technol. 62 (2), 133–140. doi: 10.1016/j.postharvbio.2011.05.008

 Deytieux-Belleau, C., Vallet, A., Doneche, B., and Geny, L. (2008). Pectin methylesterase and polygalacturonase in the developing grape skin. Plant Physiol. Biochem. 46 (7), 638–646. doi: 10.1016/j.plaphy.2008.04.008

 Dong, S., and Beckles, D. M. (2019). Dynamic changes in the starch-sugar interconversion within plant source and sink tissues promote a better abiotic stress response. J. Plant Physiol. 234, 80–93. doi: 10.1016/j.jplph.2019.01.007

 Duan, B., Ge, Y., Li, C., Gao, X., Tang, Q., Li, X., et al. (2019). Effect of exogenous ATP treatment on sucrose metabolism and quality of nanguo pear fruit. Scientia Hortic. 249, 71–76. doi: 10.1016/j.scienta.2019.01.047

 Fogelman, E., Kaplan, A., Tanami, Z., and Ginzberg, I. (2011). Antioxidative activity associated with chilling injury tolerance of muskmelon (Cucumis melo l.) rind. Scientia Hortic. 128 (3), 267–273. doi: 10.1016/j.scienta.2011.01.034

 Gao, Y., Kan, C., Wan, C., Chen, C., Chen, M., and Chen, J. (2018). Quality and biochemical changes of navel orange fruits during storage as affected by cinnamaldehyde -chitosan coating. Scientia Hortic. 239, 80–86. doi: 10.1016/j.scienta.2018.05.012

 Huang, Z., Li, J., Zhang, J., Gao, Y., and Hui, G. (2017). Physicochemical properties enhancement of Chinese kiwi fruit (Actinidia chinensis planch) via chitosan coating enriched with salicylic acid treatment. J. Food Measurement Characterization 11 (1), 184–191. doi: 10.1007/s11694-016-9385-1

 Khademi, O., Besada, C., Mostofi, Y., and Salvador, A. (2014). Changes in pectin methylesterase, polygalacturonase, catalase and peroxidase activities associated with alleviation of chilling injury in persimmon by hot water and 1-MCP treatments. Scientia Hortic. 179, 191–197. doi: 10.1016/j.scienta.2014.09.028

 Kumarihami, H. M. P. C., Cha, G. H., Kim, J. G., Kim, H. U., Lee, M., Kwack, Y.-B., et al. (2020). Effect of preharvest Ca-chitosan application on postharvest quality of 'Garmrok' kiwifruit during cold storage. Hortic. Sci. Technol. 38 (2), 239–248. doi: 10.7235/hort.20200023

 Kumarihami, H., Kim, J. G., Kim, Y. H., Lee, M., Lee, Y. S., Kwack, Y. B., et al. (2021). Preharvest application of chitosan improves the postharvest life of 'Garmrok' kiwifruit through the modulation of genes related to ethylene biosynthesis, cell wall modification, and lignin metabolism. Foods 10 (2), 292. doi: 10.3390/foods10020373

 Kumarihami, H. M. P. C., Kim, Y.-H., Kwack, Y.-B., Kim, J., and Kim, J. G. (2022). Application of chitosan as edible coating to enhance storability and fruit quality of kiwifruit: A review. Scientia Hortic. 292. doi: 10.1016/j.scienta.2021.110647

 Lin, Y. Z., Li, N., Lin, H. T., Lin, M. S., Chen, Y. H., Wang, H., et al. (2020). Effects of chitosan treatment on the storability and quality properties of longan fruit during storage. Food Chem. 306, 125627. doi: 10.1016/j.foodchem.2019.125627

 Lin, Y., Lin, Y., Lin, Y., Lin, M., Chen, Y., Wang, H., et al. (2019). A novel chitosan alleviates pulp breakdown of harvested longan fruit by suppressing disassembly of cell wall polysaccharides. Carbohydr Polym 217, 126–134. doi: 10.1016/j.carbpol.2019.04.053

 Liu, L., Kakihara, F., and Kato, M. (2004). Characterization of six varieties of cucumis melo l. based on morphological and physiological characters, including shelf-life of fruit. Euphytica 135 (3), 305–313. doi: 10.1023/B:EUPH.0000013330.66819.6f

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(T)(-delta delta c) method. Methods 25 (4), 402–408. doi: 10.1006/meth.2001.1262

 Luo, S., Hu, H., Zhang, L., Zhou, H., and Li, P. (2017). Sugars in postharvest lotus seeds were modified by 6-benzylaminopurine treatment through altering related enzymes involved in starch-sucrose metabolism. Scientia Hortic. 221, 73–82. doi: 10.1016/j.scienta.2017.03.044

 Maringgal, B., Hashim, N., Tawakkal, I., and Mohamed, M. T. M. (2020). Recent advance in edible coating and its effect on fresh/fresh-cut fruits quality. Trends Food Sci. Technol. 96, 253–267. doi: 10.1016/j.tifs.2019.12.024

 Nardozza, S., Boldingh, H. L., Osorio, S., Hoehne, M., Wohlers, M., Gleave, A. P., et al. (2013). Metabolic analysis of kiwifruit (Actinidia deliciosa) berries from extreme genotypes reveals hallmarks for fruit starch metabolism. J. Exp. Bot. 64 (16), 5049–5063. doi: 10.1093/jxb/ert293

 Ning, M., Tang, F., Zhang, Q., Zhao, X., Yang, L., Cai, W., et al. (2019). The quality of gold queen hami melons stored under different temperatures. Scientia Hortic. 243, 140–147. doi: 10.1016/j.scienta.2018.08.005

 Romanazzi, G., Feliziani, E., Banos, S. B., and Sivakumar, D. (2017). Shelf life extension of fresh fruit and vegetables by chitosan treatment. Crit. Rev. Food Sci. Nutr. 57 (3), 579–601. doi: 10.1080/10408398.2014.900474

 Silva, W. B., Silva, G. M. C., Santana, D. B., Salvador, A. R., Medeiros, D. B., Belghith, I., et al. (2018). Chitosan delays ripening and ROS production in guava (Psidium guajava l.) fruit. Food Chem. 242, 232–238. doi: 10.1016/j.foodchem.2017.09.052

 Stadler, R., Truernit, E., Gahrtz, M., and Sauer, N. (1999). The AtSUC1 sucrose carrier may represent the osmotic driving force for anther dehiscence and pollen tube growth in arabidopsis. Plant J. 19 (3), 269–278. doi: 10.1046/j.1365-313X.1999.00527.x

 Sun, L., Li, C., Zhu, J., Jiang, C., Li, Y., and Ge, Y. (2020). Influences of postharvest ATP treatment on storage quality and enzyme activity in sucrose metabolism of malus domestica. Plant Physiol. Biochem. 156, 87–94. doi: 10.1016/j.plaphy.2020.09.004

 Tao, X., Wu, Q., Li, J., Cai, L., Mao, L., Luo, Z., et al. (2021). Exogenous methyl jasmonate regulates sucrose metabolism in tomato during postharvest ripening. Postharvest Biol. Technol. 181, 111639. doi: 10.1016/j.postharvbio.2021.111639

 Thalmann, M., Pazmino, D., Seung, D., Horrer, D., Nigro, A., Meier, T., et al. (2016). Regulation of leaf starch degradation by abscisic acid is important for osmotic stress tolerance in plants. Plant Cell 28 (8), 1860–1878. doi: 10.1105/tpc.16.00143

 Thalmann, M., and Santelia, D. (2017). Starch as a determinant of plant fitness under abiotic stress. New Phytol. 214 (3), 943–951. doi: 10.1111/nph.14491

 Wang, L., Shan, T., Xie, B., Ling, C., Shao, S., Jin, P., et al. (2019). Glycine betaine reduces chilling injury in peach fruit by enhancing phenolic and sugar metabolisms. Food Chem. 272, 530–538. doi: 10.1016/j.foodchem.2018.08.085

 Wang, S., Zhou, Q., Zhou, X., Zhang, F., and Ji, S. (2020). Ethylene plays an important role in the softening and sucrose metabolism of blueberries postharvest. Food Chem. 310, 125965. doi: 10.1016/j.foodchem.2019.125965

 Win, N. M., Yoo, J., Naing, A. H., Kwon, J.-G., and Kang, I.-K. (2021). 1-methylcyclopropene (1-MCP) treatment delays modification of cell wall pectin and fruit softening in "Hwangok" and "Picnic" apples during cold storage. Postharvest Biol. Technol. 180, 111599. doi: 10.1016/j.postharvbio.2021.111599

 Yu, L., Shao, X., Wei, Y., Xu, F., and Wang, H. (2017). Sucrose degradation is regulated by 1-methycyclopropene treatment and is related to chilling tolerance in two peach cultivars. Postharvest Biol. Technol. 124, 25–34. doi: 10.1016/j.postharvbio.2016.09.002

 Zerpa-Catanho, D., Esquivel, P., Mora-Newcomer, E., Saenz, M. V., Herrera, R., and Jimenez, V. M. (2017). Transcription analysis of softening-related genes during postharvest of papaya fruit (Carica papaya l. 'Pococi' hybrid). Postharvest Biol. Technol. 125, 42–51. doi: 10.1016/j.postharvbio.2016.11.002

 Zhang, T., Che, F., Zhang, H., Pan, Y., Xu, M., Ban, Q., et al. (2017). Effect of nitric oxide treatment on chilling injury, antioxidant enzymes and expression of the CmCBF1 and CmCBF3 genes in cold-stored hami melon (Cucumis melo l.) fruit. Postharvest Biol. Technol. 127, 88–98. doi: 10.1016/j.postharvbio.2017.01.005

 Zhang, Q., Shan, C., Song, W., Cai, W., Zhou, F., Ning, M., et al. (2021). Transcriptome analysis of starch and sucrose metabolism change in gold queen hami melons under different storage temperatures. Postharvest Biol. Technol. 174, 111445. doi: 10.1016/j.postharvbio.2020.111445

 Zhao, Y., Deng, L., Zhou, Y., Yao, S., and Zeng, K. (2018). Chitosan and pichia membranaefaciens control anthracnose by maintaining cell structural integrity of citrus fruit. Biol. Control 124, 92–99. doi: 10.1016/j.biocontrol.2018.05.004

 Zhao, Y., Song, C., Brummell, D. A., Qi, S., Lin, Q., Bi, J., et al. (2021). Salicylic acid treatment mitigates chilling injury in peach fruit by regulation of sucrose metabolism and soluble sugar content. Food Chem. 358, 129867. doi: 10.1016/j.foodchem.2021.129867

 Zhao, Y., Tang, J., Brummell, D. A., Song, C., Qi, S., Lin, Q., et al. (2022). Abscisic acid alleviates chilling injury in cold-stored peach fruit by regulating the metabolism of sucrose. Scientia Hortic. 298, 111000. doi: 10.1016/j.scienta.2022.111000

 Zhao, L., Yang, T., Xing, C., Dong, H., Qi, K., Gao, J., et al. (2019). The beta-amylase PbrBAM3 from pear (Pyrus betulaefolia) regulates soluble sugar accumulation and ROS homeostasis in response to cold stress. Plant Sci. 287, 110184. doi: 10.1016/j.plantsci.2019.110184

 Zhu, L.-s., Shan, W., Wu, C.-j., Wei, W., Xu, H., Lu, W.-j., et al. (2021). Ethylene-induced banana starch degradation mediated by an ethylene signaling component MaEIL2. Postharvest Biol. Technol. 181, 111648. doi: 10.1016/j.postharvbio.2021.111648


Publisher’s note:
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhang, Tang, Cai, Peng, Ning, Shan and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 15 December 2022

doi: 10.3389/fpls.2022.1090689

[image: image2]



Preparation, biocontrol activity and growth promotion of biofertilizer containing Streptomyces aureoverticillatus HN6



Tianhao Wang†, Shakil Ahmad†, Lin Yang, Xiangnan Yan, Yunfei Zhang, Shujing Zhang, Lanying Wang* and Yanping Luo*



School of Plant Protection, Hainan University, Haikou, Hainan, China








Edited by: 

Rahul Kumar Tiwari, Indian Council of Agricultural Research (ICAR), India




Reviewed by: 

Tahir Farooq, Guangdong Academy of Agricultural Sciences (GDAAS), China

Valeria Palma, Universidad Católica de la Santísima Concepción, Chile




*Correspondence: 

Yanping Luo
 yanpluo2012@hainanu.edu.cn 

Lanying Wang
 daivemuwly@126.com

†These authors have contributed equally to this work and share first authorship



Specialty section: 
 
This article was submitted to Plant Pathogen Interactions, a section of the journal Frontiers in Plant Science






Received: 05
November 2022


Accepted: 05
December 2022



Published: 15
December 2022


Citation:
Wang T, Ahmad S, Yang L, Yan X, Zhang Y, Zhang S, Wang L and Luo Y (2022) Preparation, biocontrol activity and growth promotion of biofertilizer containing Streptomyces aureoverticillatus HN6

. Front. Plant Sci. 13:1090689. doi: 10.3389/fpls.2022.1090689




Nowadays, due to the excessive dependence on chemical fertilizers and pesticides in agricultural production, many problems, such as soil hardening and soil-borne diseases, have become increasingly prominent, which seriously restrict the sustainable development of agriculture. The application of microbial fertilizer prepared by biocontrol microorganisms can not only improve soil structure and increase fertility but also have the function of controlling diseases. Streptomyces aureoverticillatus HN6 has obvious disease prevention and growth promotive effect, which can improve the rhizosphere fertility of plants and even regulate the rhizosphere microbial community of plants. Based on the comparison of frame composting and natural composting, we used the response surface method to optimize the preparation conditions of Streptomyces HN6 bacterial fertilizer. The results showed that natural composting not only produced higher composting temperatures and maintained long high temperature periods in accordance with local conditions, but was also more suitable for composting in the field according to local conditions. Therefore, the substrate’s conductivity changed more, the ash accumulation increased, and the substrate decomposed more thoroughly. Thus, this composting method is highly recommended. Additionally, Streptomyces HN6 microbial fertilizer EC20 can reduce cowpea fusarium wilt and promote cowpea growth. The number of plant leaves, plant height and fresh weight, increased significantly in the microbial fertilizer EC20. Moreover, Streptomyces HN6 fertilizer EC20 could significantly induce soil invertase, urease and catalase activities. Our study highlights the potential use of Streptomyces HN6 as a biofertilizer to improve plant productivity and biological control of plant pathogenic fungi.
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1  Introduction


The exponential growth in the world’s population makes sustainable, safe, and secure food a priority with a minimum impact on the economy, earth, and the environment. A conventional farming system that relies heavily on inputs, however, leaves long-term damage to the production system, food quality, biodiversity, greenhouse gas emission, and health of the human population. Annually, vast amounts of crop residues are disposed of as husks and bran during refining processes or burned in the field after harvest (Abbas, 2012). China produces more than 700 million tons of agricultural residues annually from various crops, including rice, wheat, maize, and soybeans, which account for 20-30% of the world’s production (Xu et al., 2019). A suitable development technology has not yet been developed to enable crop straw to be disposed of other than by landfilling or burning. To limit the amount of residues, the natural form of crop production must be considered. An example of this type of crop production is organic farming, which involves using botanical fertilizers, green manure, biological fertilizers, and biopesticides to fertilize and manage crops in an ecologically safe way (Durán-Lara et al., 2020).


Plant growth and yield are significantly improved through composted organic fertilizers developed from farm waste (Whitbread et al., 2003; Sharma et al., 2021). Additionally, the use of microorganisms in compost will make it more effective and can be used in a large field. Thus, essential nutrients (bioactive compounds) or indirectly (microbes) can be added to the compost to improve its quality and effectiveness. Bacteria and organic matter are combined in bioorganic fertilizer (BOF), which offers better performance than organic matter or microorganisms alone (Li et al., 2021). The presence of bioactive compounds and microbes stimulates various biological processes in the plant and positively impacts its growth (Singh, 2014). Microbes-containing compost is biologically active and effective for seed germination, plant growth, soil rehabilitation, and disease control (Uzoh and Babalola, 2018; Kaur et al., 2019; Zahra et al., 2021). Composts can also be supplemented with exogenous microorganisms to produce mycorrhizal fertilizers, which improve soil structure, increase organic matter accumulation, and maintain indigenous microorganisms (Youssef et al., 2021; Mahapatra et al., 2022).


The Cowpea (Vigna unguiculata (Linn.) Walp.) is a legume crop widely cultivated worldwide that belongs to the family of dicotyledonous herbs, the legume family. Bacterial blight of Cowpea in China caused by Fusarium oxysporum f.sp. tracheiphilium has been reported to infest seedlings to adult plants during the growing period. To control cowpea blight, resistant plant varieties were used, crop rotations were rationalized, seeds were disinfected, better cultivation management was employed, and chemicals were used (Sreeja, 2014; Berger et al., 2016). However, pesticide-based disease control strategies are associated with several disadvantages, including resistance development, resurgence of pathogens, and residual toxicity (Ullah et al., 2022). As biocontrol microbes become more prevalent, microbial control is becoming viable, such as using metabolites or fertilizers produced by bacteria to combat cowpea blight. Several researchers have reported successful control of cowpea blight using fungi and bacteria, including Campanella and Miceli (2021), Keshavarz et al. (2019), and Kannan et al. (2019).


A microbial community amplicon sequencing analysis revealed that Streptomyces HN6 was effective in restoring soil prokaryotic microbial diversity and controlling Fusarium populations, and the soil microbial community clustered into one group at the genus level with the healthy soil microbial community (Yang et al., 2021). Therefore, this strain has good value for in vivo application. Using the response surface method, we optimized the conditions for Streptomyces HN6 to grow in the substrate for subsequent fertilizer preparation by comparing the composting efficiency of box composting and natural composting. The microbial fertilizer was further evaluated for its efficacy against cowpea wilt disease and plant growth promotion effect in a pot experiment.





2  Materials and methods




2.1  Composting methods




2.1.1  Fermentation solution preparation


A 2L PDB medium was inoculated with thermophilic siderophores and white rot and incubated at 120 rpm, 25°C for 7 days (Wang et al., 2012). The strain of Streptomyces HN6 (CCTCC No. M2010293) obtained from the School of Plant Protection of Hainan University was inoculated in a 5L shaker flask at 120 rpm, 28°C for 7 days.


	
(i) Frame composting


	
In a homemade rectangular plastic frame, 80 kg of dried and crushed plant straw were inoculated at 10% with 1 x 109 cfu mL-1 S. thermophile and Phanerochaete chrysosporium fermentation solution, then covered with black plastic film and composted (Chen et al., 2020). The pile temperatures were monitored twice daily, at 9:00 a.m. and 3:00 p.m. According to the temperature of the pile, the composting stage was determined, with the pile being heated, maintained at a high temperature (55°C for at least 3 days), then cooled as the maturation stage, and then aged at a constant temperature between 25°C and 40°C. The pile was aged at 10% inoculation with a suspension of Streptomyces sp. HN6 spores for 21 d. The final microbial fertilizer was labeled EC19.


	
(ii) Natural composting method


	
In the natural composting process, 10% inoculum was added to crushed straw along with 1×109 cfu mL-1 inoculum of thermophilic siderophore fermentation solution and 1×109 cfu mL-1 white rot fermentation solution, mixed uniformly, and composted into a cone measuring 100 cm diameter and 30 cm height, repeated three times (Zhang et al., 2016). Temperature monitoring and turning times were the same as for frame composting. The fermented substrate was then mixed and divided into 3 portions, one inoculated with 1×109 cfu mL-1 Streptomyces HN6 at 10% inoculum and recorded as Bacterial fertilizer BZ20. Because of aging, one sample was naturally aged without microorganisms and recorded as Bacterial Fertilizer DF20; the other sample was used for the Streptomyces HN6 response surface optimization test. The physical and chemical properties of the substrate, the enzyme activity, and the degree of decay during composting were tested in the same way as for frame composting.








2.1.2  Determination of physicochemical parameters of the fertilizer


Compost minerals can be determined indirectly by electrical conductivity, pH changes, and nitrogen sources via changes in electrical conductivity and pH (Atkinson et al., 2010; Abdel-Fattah, 2012). Thus, we measured the EC and pH of both composts. The sample’s pH and electrical conductivity (EC) were determined by incubating 2 g of the sample with 20 mL of distilled water at 25°C at 120 rpm for 2 hours (Pastuszczak et al., 2022). To determine pH and EC, the obtained supernatant was centrifuged for 10 minutes at 8000 rpm after incubation. The total organic carbon and total nitrogen of compost samples from different periods were measured using an elemental analyzer; 2000.0 mg of compost samples were added to a beaker and mixed with 5 mL of HCL solution at pH 1.0, 2.0, 3.0, 4.0, and 5.0, and dried at 105°C using an oven. To determine the total organic carbon and total nitrogen content of the sample, 25 mg of the sample was ground thoroughly and passed through an 80 mesh sieve. Ash was measured by sintering. The crucible was washed and boiled in 25% hydrochloric acid for 5-10 min, then placed in a muffle furnace for one hour at 550°C. When the furnace temperature dropped below 200°C, the crucible was transferred into a desiccator with crucible tongs, cooled to room temperature, weighed, and 5 g of dried sample was added and weighed again. The materials were calcined in a muffle furnace at 550°C for 4 hours until no carbon particles remained, then transferred to the desiccator at 200°C and cooled to room temperature. The searing process was repeated until the difference between the two weighing did not exceed 0.1 mg.





2.1.3  Determination of enzyme activity in the substrate


Cellulase, urease, and fluorescein diacetate hydrolase were determined by UV spectrophotometric method as described previously (Ashfaq et al., 2017).





2.1.4  Determination of base material


	
(i) Determination of infrared spectra of compost leachate


	
The compost extract’s infrared absorption spectrum can analyze the compost material structure changes, and can quickly evaluate the compost maturity (Carballo et al., 2008). In this study, the infrared absorption spectra of the extracts of frame compost and natural compost materials were monitored. The specific method is as follows: The above-obtained supernatant (section 2.12) was filtered through a 0.45 µm microporous filter membrane. The filtrate was lyophilized using a FreeZone plus freeze-dryer (Kansas, MO, USA), a small amount of the lyophilized sample was mixed and ground with KBr to make pressed tablets. The infrared spectra were recorded at wavenumbers ranging from 400 to 4000 cm-1 by a Thermo Nicolet Avatar-330 spectrometer (Madison, USA).


	
(ii) Determination of seed germination index (GI) of compost leachate


	
Seed germination index is a sensitive biological indicator for evaluating the toxicity of compost, and it can even be used as a sign of compost maturity (Yang et al., 2021). It is directly related to whether or not compost applied to the field will harm crops based on the seed germination index. Therefore, to evaluate this, a 250 mL conical flask, and 50 mL distilled water was mixed with 5 g of compost leachate and incubated on a shaker for 2 hours at 120 rpm. We placed 20 cowpea seeds in a 9 cm petri dish covered with filter paper, then added 10 mL of compost leachate. Three replicates of each treatment were performed with 10 mL of sterilized tap water as a control. Samples were incubated in the dark at 28°C in an incubator for 4 days. Germination rates were calculated using the following formula:


	
GI (%) = (treatment seed germination rate × treatment average root length) ÷ (control seed germination rate × control average root length) × 100 (Mahmoodzadeh et al., 2015).









2.2  Test of .Streptomyces HN6 response surface


The Box-Behnken response surface design method was used to optimize the composting conditions of the strains based on the C/N, pH, and water content factors that influence fermentation conditions in the Streptomyces HN6 response surface test (Wei et al., 2020). 
Table S1
 illustrates the levels of variation of the factors, where earthworm manure was used to adjust the C/N of the aging substrate, ferrous sulfate and calcium carbonate solutions were used to adjust the pH of the aging substrate, and distilled water was added to adjust the water content. The fermentation time of the compost was 21 d. The amount of Streptomyces HN6 per gram of compost was measured using the gradient dilution method as an indicator of the fermentation effect of the compost. Lastly, natural compost material was used as an aging substrate, with the C/N, pH and water contents adjusted according to the optimal combination predicted by the response surface model, and Streptomyces HN6 was added for fermentation verification and aging verification to get compost EC20.


Determination of Streptomyces HN6 content in the obtained bacterial fertilizer: To prepare the sample, 2 g were added to 20 mL of distilled water, then shaken at 25°C for 2 h at 120 rpm, followed by centrifugation at 8000 rpm min-1 for 10 min. In that order, 1 mL of supernatant was diluted to 10-7, 10-8, and 10-9. Aliquots of 25 μL were spread onto Koch’s One solid medium using a bent rod (Wang et al., 2021b). The culture was spread evenly and incubated for 5 d at 28°C. The number of bacteria contained in the unit sample was counted.





2.3  Application of biological bacterial fertilizer




2.3.1  Growth-promoting effect of biological bacterial fertilizer on cowpea


Seeds of cowpea were treated with a warm blanching method, then sown in seedling trays and incubated until two leaves appeared. In plastic pots with a diameter of 17 cm, cowpea was given EC19 bio-fertilizer obtained from frame composting and BZ20, DF20, and EC20 obtained from natural composting. Cowpea seedlings were transplanted using the root dipping method inoculated with cowpea blight, one cowpea seedling per pot, and 15 plants per treatment. The treatment without bio-fertilizer and without cowpea wilt inoculation was used as control 1 (denoted as CK1), and the treatment without bio-fertilizer but with cowpea wilt inoculation was used as control 2 (denoted as CK2). Treatments were incubated in a greenhouse with natural light and regular irrigation. No additional fertilization was applied during the incubation period.


	
(i) Morphological indicators


	
In order to determine the number of leaf blades, plant height, stem thickness, root length, fresh weight, and dry weight of cowpeas 30 days after transplantation following (Nogueira et al., 2014; Asagba et al., 2017).


	
(ii) Physiological and biochemical indicators


	
Chlorophyll content, root vigor, soluble reducing sugar content, soluble protein content, catalase activity, and free amino acid content of cowpea seedlings were determined using the plant chlorophyll content test kit from Beijing Solabao Technology Co Ltd. Previously reported method were followed for TTC (Zhang et al., 2015), anthrone colorimetric, UV absorption and potassium permanganate titration (Wang et al., 2021b), ninhydrin color development (Lu and Mallette., 1970).


	
(iii) Several key enzymes in the soil


	
An analysis of soil biofertility was conducted by evaluating three soil enzymes, namely convertase, urease, and catalase. Specifically, convertase mediates the carbon cycle by catalyzing the hydrolysis of sucrose. Urease regulates the nitrogen cycle by catalyzing urea hydrolysis; and catalyzing the rapid breakdown of hydrogen peroxide to water and oxygen, which is known to be explained by the microbial activity in the soil (Wang et al., 2021a). The activities of these three enzymes at the sampling stage were assessed following (Sahu et al., 2010; Yan et al., 2021).








2.3.2  Determination of bio-fertilizer efficacy against cowpea blight


After 30 days post-transplantation of cowpea seedlings, diseases incidence and diseases index of cowpea blight were calculated by using the formula incidence (%) = number of affected plants ÷ total number of plants × 100 and disease index = [Σ (number of affected plants × number of disease stages) ÷ (total number of plants × highest disease stage)] × 100. The biofertilizer’s efficacy was estimated using the formula efficacy (%) = (disease index of sterile water treatment - disease index of other treatments) ÷ disease index of sterile water treatment × 100%. The disease was graded according to (Wang et al., 2019), with the following criteria: Grade 0, no disease in the whole plant, no external symptoms; Grade 1, vascular bundles within 25% of the base turn brown; Grade 2, vascular bundles within the stem turn brown from 26% to 50%; Grade 3, vascular bundles within the stem turn brown from 51% to 75%; Grade 4, vascular bundles within the stem turn brown from 75% or more, or the whole plant dies of the disease.






2.4  Statistical analysis


Differences between treatments were calculated and analyzed using analysis of variance (ANOVA), Duncan’s multiple polar difference test, and t-test (P<0.05 or P<0.01). SPSS was used for all statistical analyses. In secondary fermentation condition exploration experiments, response surface experiments were designed and analyzed by Design-Expert 8.0. Pearson correlation coefficients were used to assess cultured medium cooking properties (temperature, pH, carbon to nitrogen ratio) and soil enzyme activity (including FDA enzymes, urease, and catalase).






3  Results




3.1  Temperature variation of different composting


In this study, the changes in temperature of the base material between the frame composting method and the natural composting method were measured (
Figure 1
). The warming period of the frame composting was 3 d, and the high-temperature period was 4 d (at the 4th day of composting, the highest temperature of the pile reached 61.8°C, and after turning and aerating the pile, the temperature of the pile gradually decreased to about 57°C for 3 d). The cooling period was 11 d (the high-temperature period gradually decreased to 40°C on the 18th day; the temperature of the pile falls to ambient temperature after the 19th day). After the aging phase, the pile was fed with a suspension of Streptomyces HN6 spores and continued to ferment for 21 d, resulting in a frame compost EC19 (
Figure 1A
).





Figure 1 | 
Changes in the temperature curve between ends of decomposition: (A) Frame composting; (B) Natural composting.






The natural composting frame compost had a warming period of 4 d and a high-temperature period of 8 d (the maximum temperature of the pile reached 58.8°C on the 5th day of fermentation and was maintained at 55°C for 7 d after turning and oxygenating the pile). The cooling period was 17 d (after the high-temperature period, the temperature gradually dropped to below 40°C at day 29), and the aging stage was entered at 30 d (the pile temperature dropped to ambient temperature after day 30). The pile was divided into three parts after the aging phase, one part was added to the Streptomyces HN6 spore suspension, and one part was aged naturally; both continued to age and ferment for 21 d to obtain fertilizers BZ20 and DF20, respectively (
Figure 1B
). The remaining part was used for Streptomyces HN6 response surface optimization.





3.2  Effect of physicochemical parameters of different composting


The starting pH of frame composting was 7.07, and it rose to 9.08 at the end of the decaying stage and slowly decreased to 7.66 after the composting entered the aging stage. Natural composting started with a pH of 6.93, increased to 9.23 at the decaying stage, and decreased to 7.10 at the aging stage (
Table 1
). A 70% increase in conductivity was observed between the content of frame compost prior to decaying (877.0 μs·cm-1) and the content of frame compost after decaying (1473.5 μs·cm-1). The conductivity increased by 32.4% after the material was composted into the aging stage (1950.2 μs·cm-1). The conductivity of natural composting generally showed a continuous increase, rising by 78.7% at the end of the decomposition stage, and the conductivity rose from a starting level of 1044.4 μs·cm-1 to 2392.7 μs·cm-1, an increase of 129% by the end of composting.



Table 1 | 
The result of physico-chemical parameters.






Before and after composting, frame compost material rapidly decreased from 25.22 to 10.17, indicating that the microbial metabolism was vigorous during fermentation, resulting in high carbon loss and good compost decay. During the aging stage, the carbon-to-nitrogen ratio decreased slowly, indicating that large amounts of organic matter were still decomposing in the pile, and fermentation and decay continued. Streptomyces HN6 may have been involved in this process. By the end of the aging stage, the carbon to nitrogen ratio in the natural compost pile decreased by 37.5%, and by the end of composting, the carbon-to-nitrogen ratio decreased by 40.5% from its starting rate of 40.30% to 23.95%. Prior to and after the aging stage, the frame compost material’s ash content increased from 4.33% to 15.95%, with a significant increase indicating that the process was effective. As ash content did not change much during the aging stage, microorganisms were less likely to carry out mineralization during this period. The ash content of the natural compost increased by 23.2% at the end of the decomposition stage but did not change much after the aging stage.





3.3  Effect of enzyme activity in the substrate


Various enzymes secreted by microorganisms play an important role in the degradation of macromolecules in compost substrates. In this study, the results indicate that the CMCase enzyme activity in the frame compost substrate was unchanged before and after the decaying stage and decreased significantly when entering the aging stage (
Figure 2A
). During the aging stage, the urease enzyme continued to decrease and decreased by 30.7% by the end of composting (
Figure 2B
). It was significantly lower at the end of the decaying stage compared to the beginning. A 23.8% decrease in FDAase was observed around the decaying stage of the enzyme, and this decrease continued into the aging stage (
Figure 2C
). Natural composting continued to increase CMCase enzyme activity during the ripening stage. However, the enzyme activity was not significantly different after the aging stage (
Figure 2D
). At the end of the ripening stage, urease enzyme activity decreased significantly from the beginning of the composting period and decreased by 39.4% (
Figure 2E
). The enzyme activity of FDAase was significantly lower at the end of the decaying stage than at the beginning of the composting period and then increased significantly at the end of the aging stage (
Figure 2F
). This change may be related to the addition of Streptomyces sp. HN6 at the aging stage.





Figure 2 | 
Changes in physicochemical parameters and decay indicators under natural and frame composting methods: (A) cellulose activity variation during frame composting; (B) urease activity variation during frame composting; (C) Changes in fluorescein diacetate hydrolase activity during frame composting; (D) cellulose activity variation during natural composting; (E) urease activity variation during natural composting; (F) Changes in fluorescein diacetate hydrolase activity during natural composting; (G) Infrared absorption spectra of material leachate at different stages of frame composting; (H) Infrared absorption spectra of material leachate at different stages of natural composting; (I) Effect of leachate on wheat seed germination index at different stages of frame composting and natural composting. Data represent the mean ± SD of at least three independent experiments, and different lowercase letters indicate that differences between different treatment groups reached significance at the P<0.05 level.









3.4  Effect of the degree of maturity of the base material




3.4.1  The infrared spectrum of the composting leachate


We measured the infrared absorption spectra of frame compost and natural compost materials in this study (
Figures 2G, H
). There is no difference between the characteristic absorption peaks at the beginning of the composting period, the end of the decaying stage, and the end of the composting period, which appear at 3420, 2933, 1630, 1380, 1100, and 620 cm-1, respectively. As a result, the intensity of characteristic absorption peaks reflects the functional group level in the samples. The absorption peak at 3420 cm-1 is caused by the broad peak stretching vibration of -OH sourced from sugars. The intensity of the absorption peak here gradually decreases from 0 d to 39 d, especially before and after the decay stage, indicating that large molecules such as cellulose gradually decompose and are used mainly during the decay stage. The absorption peak at 2933 cm-1 is caused by symmetric or antisymmetric stretching vibrations of -CH3 and -CH2, originating from sugars, aliphatic compounds, and lignin, and the decrease in absorption intensity here also indicates the decomposition of cellulose, lignin, and other macromolecules during fermentation. The absorption peak at 620 cm-1 is caused by aromatic acids and decreases at the end of fermentation. Among the peaks, the 1380 cm-1 absorption peak is of particular interest and could be considered a marker for the complete decomposition of the material (Martinez-Sabater et al., 2009). The peak at 1380 cm-1 significantly strengthened at the end of the composting process, suggesting that the material in the frame compost pile does not mature completely until the aging stage. When compared to frame composting, natural composting shows a peak at 1380 cm-1, representing the compost’s full decomposition, which strengthens significantly at the end of the decomposition process. As a result, during the decomposition process, the base materials are more completely decomposed.





3.4.2  Seed germination index of compost leachate


During the decaying stage of the frame compost, wheat seeds treated with base material leachate showed a significant increase in germination index from 40.1% to 99.5%, an increase of 148.1%, indicating that the base material was less toxic to plants during the decay stage (
Figure 2I
). The germination index of the wheat seeds treated with the base extract showed a trend of decreasing and then increasing, indicating that some toxic substances were produced by the heap during the aging process. Our results indicate that the final germination rate of wheat seeds treated with the composting process was 92.4%. A significant increase of 199.2% was observed for wheat seeds cultivated after natural composting, with a leachate-containing base material significantly increasing the germination index from 60.3% to 120.3%, without toxic effects.






3.5  Model stabilization


With A (water content), B (pH), and C (carbon to nitrogen ratio) as variables and Streptomyces secondary fermentation HN6 content as the response value, three parallel tests were extracted to take the average value (
Table S2
) and the results were obtained according to the combination of Box-Behnken Design experimental design provided by Response Surface Soft Design-Expert 8.0 (
Table S3
).


There is a good correlation between the regression equation and theoretical predictions of Streptomyces sp. HN6 bacterial content in secondary fermentation. The values of A (water content), B (pH), and C (carbon to nitrogen ratio) under the optimal combination were obtained as 55.45%, 7.21 and 25.45 respectively, and the predicted effective bacterial content was 1.37 x 1010 cfu·g-1 by the computational response surface software.





3.6  Response surface and contours analysis


An analysis of the effect of pH, carbon to nitrogen ratio, and water content on Streptomyces HN6 aging fermentation was carried out by using the response surface and contour shape (
Figure 3
). Depending on the degree of urbanity of the surface interacting with the contour line, there will be greater interaction between the two factors. An ellipse indicates the presence of a significant interaction between the two factors. In a regression model, ANOVA with the response surface and contour plot, the bacterial content of Streptomyces HN6 aging fermentation was greatly influenced by pH. However, there was no significant interaction between pH and water content, water content, and carbon to nitrogen ratios, but there was a strong interaction between pH and carbon to nitrogen ratios.





Figure 3 | 
Response surface and contours to: (A) Y=f (A, B); (B) Y=f (A, C); (C) Y=f (B, C).









3.7  Model validation


Model predictions for A (water content), B (pH), and C (carbon to nitrogen ratio) were used to adjust the aged material. Because of composting Streptomyces HN6 aged compost, a bacteriological fertilizer EC20 has been derived, containing 1.78 x 1010 CFU/g, with an effective bacterial content exceeding 1 x 109 CFU/g, as per Chinese bio-fertilizer standards.





3.8  Application of bio-fertilizer




3.8.1  Effect of bio-fertilizer on morphological indicators of cowpea


A response surface optimization study was carried out to determine EC19, BZ20, DF20, and EC20’s effect on cowpea plant growth on the 30th day of inoculation with the cowpea wilt pathogen (
Figure 4
). The effect of EC19 on leaf counts was not significant, lower than EC20, and similar to controls without bacterial fertilizers CK1 (
Figure 4A
). A fungal fertilizer, EC20, had the greatest effect on plant height, followed by BZ20. The effects of the box-fermented fungal fertilizer, EC19, had little effect and was comparable with that of CK2, which was not fertilized and inoculated with cowpea blight (
Figure 4B
). A comparison of DF20 without Streptomyces HN6 and CK1 without nutrients showed a similar result. This study finding suggests that Streptomyces HN6 has a pro-growth effect on plant height (
Figure 4B
). Stem thickness and root length did not differ significantly between fertilizer treatments (
Figures 4C, D
). In comparison with CK1 and CK2, EC20 had the greatest impact on fresh weight, followed by EC19, which was also significant (
Figure 4E
). In EC20 treatment, the dry weight was significantly higher than in non-fertilized treatments, while in BZ20 treatment, it was lower but not significantly different from non-fertilized treatments (
Figure 4F
). The bacterial fertilizer EC20 significantly increased the number of leaves on the plants, the height of the plants, and the fresh weight of the plants throughout all the measurements above.





Figure 4 | 
Effect of bio-fertilizer on phenotypic indicators of cowpea: (A) number of leaves; (B) plant height; (C) stem thickness; (D) root length; (E) fresh weight; (F) dry weight. Data represent the mean ± SD of at least three independent experiments, and different lowercase letters indicate that differences between different treatment groups reached significance at the P<0.05 level.






Plants grow healthy when they have a high chlorophyll content in their leaves. The chlorophyll synthesis process in cowpea leaves will be disrupted or even destroyed when the disease affects photosynthesis efficiency, affecting the plant’s growth and development and decreasing its resistance to systemic diseases. Approximately 30 days after inoculation, cowpea leaves were collected from each treatment, and their chlorophyll content was measured. As a result of an EC20 treatment, the chlorophyll content was highest, followed by the sterile water control (CK1) with 0.876 mg·g-1 and 0.874 mg·g-1. In contrast, the control (CK2) treatment inoculated with cowpea blight had the lowest chlorophyll content at 0.40 mg·g-1 (
Figure 5A
).





Figure 5 | 
Effect of biofertilizer on physiological and biochemical indicators of cowpea: (A) chlorophyll content; (B) root vigor; (C) soluble reducing sugars; (D) soluble protein; (E) catalase activity; (F) free amino acid content. Data represent the mean ± SD of at least three independent experiments, and different lowercase letters indicate that differences between different treatment groups reached significance at the P<0.05 level.






Based on the root vigor index measured using the TTC method, the fungal fertilizer EC20 had the greatest impact on cowpea root vigor, while the other fungal fertilizers EC19, DF20, and BZ20 also contributed to plant root vigor, but did not differ significantly from CK1 (
Figure 5B
). It is also worth mentioning that EC20 significantly increased the soluble reducing sugar content of the plants compared to the other treatments, particularly compared to the pathogen control (CK2) by 958.5% (
Figure 5C
). Compared to the two controls, EC20 significantly increased the soluble protein content of plants, increasing it by 339.3% compared to the pathogenic control (CK2), and remained higher than the other two groups of natural compost substrates (DF20 and BZ20). However, there was no significant difference (
Figure 5D
). Each bacterial fertilizer compared with the control (CK1) that was not inoculated with pathogenic bacteria, did not significantly affect plant peroxidase. Catalase activity was increased because the pathogenic bacteria stimulated the cowpea seedlings, resulting in a stress response (
Figure 5E
). There was a significant increase in amino acid nitrogen content of the plants following treatment EC20 compared to the other treatments. In contrast, pathogen control (CK2) significantly decreased compared to the other treated groups. In EC20-treated plants, 63.8% of free amino acids were increased compared to pathogen-controlled plants (
Figure 5F
).





3.8.2  Effect of bio-fertilizer on several key enzymes in the soil


The activities of three well-known soil enzymes, sucrase, urease, and catalase were evaluated. These enzymes are recognized as important indicators of soil fertility. A soil sample was taken from each treatment after 30 days of transplanting for analysis purposes. There was an increase in the EC20 soil conversion enzyme activity, but this difference was not significant compared to the other treatments. Bio-fertilizer treatments significantly differed from both controls regarding urease and catalase activities. An 81.7% increase in urease activity and a 164.3% increase in catalase activity were observed in the EC20 treatment compared to the cowpea blight group (
Figure 6
). The possible reason for this increase might be the correlation between the amount of substrate available for conversion by the microorganisms in the soil and the amount of urease activity in the substrate.





Figure 6 | 
Effect of bio-fertilizer on soil enzyme activity: (A) soil transforming enzymes; (B) urease; (C) peroxidase. Data represent the mean ± SD of at least three independent experiments, and different lowercase letters indicate that differences between different treatment groups reached significance at the P<0.05 level.









3.8.3  Effectiveness of bio-fertilizer on cowpea blight prevention


The obtained bacterial fertilizer was applied to the control of potted cowpea fusarium wilt. According to the results (
Table S4
, 
Figure 7
), EC20 had the lowest disease incidence following the optimization of the response surface, and its disease index averaged 16.7, which was significantly lower than the other treatments. On cowpea, the bacterial fertilizer has a controlling effect of 78.45%; on the other hand, the natural fermentation fertilizer BZ20 has a wilting controlling effect of 59.09%. Also, the frame fermented bacterial fertilizer EC19 has a favorable control effect on cowpea wilting, with a control effect of above 50%; the uninoculated Streptomyces HN6 bacterial fertilizer DF20 had a marginally substandard control effect, as it was only 20.38%. In this study, the bacterial fertilizer EC20 obtained by the natural composting method was found to be most effective in controlling cowpea fusarium wilt.





Figure 7 | 
Effect of biofertilizer against cowpea blight on different plant stages and stem length. (A) Seedling stage (B) Adult stage, and (C) Stem length.











4  Discussion


A frame composting method, also known as vat composting, allows piles of compost to ferment in long vat composting frames, which are easy to turn and manipulate (Chang et al., 2021). Natural composting is the preparation of materials combined with site conditions piled into a certain shape fermentation composting way (De Corato, 2020). The advantage of this composting method is that it has low requirements for composting space and can be implemented according to local conditions (Bezabeh et al., 2021). Although these two composting methods are commonly used, there are few reports comparing the two methods in previous studies (Lau et al., 2009; Han et al., 2019). It is well known that its high temperature can kill pathogenic bacteria, weed seeds and other harmful substances, and accelerate physiological and biochemical reactions due to the exothermic nature of aerobic composting (Sahlström, 2003). Composting temperature is usually used as a progress index (Pezzolla et al., 2021). Generally, the composting temperature is higher than 55°C for 3 days to meet the composting requirements (Xu et al., 2019). In addition, electrical conductivity is related to small molecular soluble substances, which reflects the degree of mineralization of organic matter during fermentation (Cambardella et al., 2003). The ash content change reflects composting microorganisms’ decomposition and mineralization of compost substrate (Wang et al., 2015). Therefore, researchers often use composting temperature, conductivity and ash content as indicators to judge the composting effect. This study compared the effects of frame composting and natural composting on the final composting effect. The results showed that natural composting could produce higher pile temperature, and the duration of high temperatures was longer, the conductivity of the substrate changed more, and the ash produced during composting was also more than that of frame composting. Thus, natural composting is easier to accept by the public in the production, and the composting effect is more obvious. In this study, the application of the obtained bacterial fertilizer in cowpea planting was also studied. The results showed that the base material obtained by natural composting was more suitable for bacterial fertilizer. This result confirms the value of natural composting.


As an excellent microbial fertilizer inoculant, microorganisms have broad application space. Different microorganisms play an important role in different stages of composting (Nozhevnikova et al., 2019). Most actinomycetes are mesophilic bacteria, which play an important role in the aging period of compost (Soni and Devi, 2022). During this period, actinomycetes can not only accelerate the degradation of cellulose, hemicellulose and complex macromolecules but also change the structure of bacterial communities (Federici et al., 2011; Agnolucci et al., 2013). This was noted in this study when inoculating Streptomyces HN6. However, compared with other microbial inoculants, actinomycetes also has its own weaknesses; because of its slow growth rate. Most of the exogenously inoculated actinomycetes will lose their competitive advantage due to the insufficient number of bacteria, resulting in the phenomenon of colonization (Nakasaki et al., 1985). Previous studies have shown that the response surface method can be used to predict the appropriate growth conditions for the colonization of the strain (Miao et al., 2020). This study found that the response surface optimization of bacterial fertilizer EC20 has the ideal effect on disease prevention and growth promotion of potted cow. Further, several bacterial fertilizers without response surface optimization have no obvious effect on plant growth promotion. For example, the effect of EC19 on leaf number and plant height was not significantly different from that of CK1 without any bacterial fertilizer, while the dry weight of plants treated with BZ20 was even lower than that without bacterial fertilizer. It can be seen that the successful preparation of bacterial fertilizer is related to the inoculation conditions, and the response surface method can help us solve this problem.


A previous study on Streptomyces HN6 wettable powder (Luo et al., 2018), demonstrated a certain control effect on soil-borne diseases of plants; however, some negative additives were inevitably added in the preparation process. The bacterial manure we obtained in this study was developed with straw as compost base. It not only has good disease prevention effect, but also has fertilizer effect, which can promote the growth of cowpea. The application of bacterial manure not only contributes to the green prevention and control of cowpea wilt, but also provides a new way for straw waste utilization. However, the obtained bacterial fertilizer has not been widely applied to more crops in our current study. Therefore further studies are required to investigate its use in a wide range of crops.





5  Conclusion



Streptomyces sp. HN6, a biocontrol strain that promotes growth and disease prevention, was used as an additive strain in this study to compare the composting effects of frame composting and natural composting. Results demonstrated that natural composting is more suitable for promotion in the field, a fertilizer obtained after response surface optimization (EC20) was the most effective against cowpea wilt. This bio-fertilizer significantly promotes plant growth, increased number of leaves, and plant height and fresh weight of the plant. Additionally, this bio-fertilizer significantly increased soil-transforming enzyme activities, particularly urease and catalase, which were significantly higher than in control. The results of this study indicate that Streptomyces HN6 bio-fertilizer could potentially replace conventional fertilizer in many situations.
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Biological nitrogen fixation is the most important eco-friendly approach to nitrogenous fertilizer management in the rhizosphere. Rhizobium is considered the most important symbiotic N-fixing microorganism. Native strains of Rhizobium perform better than the non-native strains by getting ambient conditions for growth and proliferation. Native strains enhance the soil fertility and productivity of pulses. The study was carried out in three phases, i.e., pot experiment, field experiment, and farmers’ field demonstrations. In a pot experiment, two isolated rhizobia were inoculated to seeds of French bean (Phaseolus vulgaris) and applied with and without lime to evaluate crop growth, photosynthetic activity, and nodule characteristics of the target crop. In the field, strains were inoculated to seeds of French bean, which received different combinations of inputs— inorganic fertilizers, lime, and boron— to study the influence of native stains on crop productivity and agronomic efficiency. In comparison to non-limed packaging, the amounts of chlorophyll a, chlorophyll b, total chlorophyll, and chlorophyll a:b were, respectively, 13% to 30%, 1% to 15%, 10% to 27%, and 1% to 20% greater in limed packages. In limed packages compared to non-limed packages, the root length, biomass, density, and growth rate were increased by 16% to 17%, 36% to 52%, 38% to 49%, and 36% to 52%, respectively. In contrast to non-limed packages, limed packages had nodule attributes like the number of nodules per plant and nodular weight, which were 28% to 41% and 33% to 37% greater, respectively. Inoculation of native rhizobia strains with liming to acid soil increased 46% to 72% of leaf nitrogen content over non-limed rhizobia inoculated packages. In a field experiment, the adoption of soil test-based fertilizer application had an advantage of 25% in pod yield over farmers’ practice. Acid soil amelioration with lime improved pod yield from 14% to 39% over non-limed packages. Farmers’ field demonstration recorded the highest pod yield in the package where seeds were inoculated with S2 (RBHR-21) strain added with soil test-based fertilizers (STD) followed by STD + S1 (RBHR-15) with 98% and 84% increase over farmers’ practice. However, experimental evidence favored using both strains for bio-inoculation of the French bean crop.




Keywords: liming, French beans, rhizobium, root nodules, pod yield, boron



Introduction

The green revolution has been biased toward cereal production, whereas pulses are the source of staple food, and the protein requirements of human beings have not been given adequate attention. Pulses also contain essential vitamins and minerals required for human health, in addition to other important bioactive compounds (Pattanayak and Rao, 2016). Among food legumes, the French bean (Phaseolus vulgaris L.) has been the third most important crop worldwide, superseded by soybean and peanut. In the Kandhamal district of Odisha, the tribal people are cultivating one local cultivar of French bean known as “Raikia bean” during the rainy season as a rainfed crop in hilly regions without much cultural practice.

Nitrogen is arguably the most important nutrient required by plants, being an essential component of all proteins, nucleic acids, and other nitrogen compounds. However, nitrogen availability is limited in many soils, although the Earth’s atmosphere consists of 78.1% nitrogen gas (N2). In this context, pulses play a significant role in nitrogen cycling, as they fix atmospheric N2 through biological processes. The biological nitrogen fixation (BNF) process is a valuable alternative to nitrogen fertilizer. The process of BNF performed by symbiotic nitrogen-fixing bacteria with legume species, commonly known as α and β rhizobia, provides high sustainability for ecosystems (Bomfeti et al., 2011). Leguminous plants that fix N2 will grow well on soils that are poor in nitrogen (Pattanayak et al., 2007), thus making it unnecessary to add expensive nitrogenous fertilizers. For this reason, BNF is the most “environment-friendly” approach to supplying N to agroecosystems. Inoculation of rhizobial strain increases the plant growth, nodular properties (Khuntia et al., 2022), and photosynthetic activity of the legumes (Ochieno et al., 2021).

Rhizobia are inoculated in legume crops to enhance biological N-fixation to meet nitrogen requirements and restore soil fertility (Saeed et al., 2021; Rafique et al., 2022). Efficient N-fixation symbiosis between rhizobia and legume is a success of symbiosis relationships. However, several agricultural soils are devoid of an adequate population of rhizobia. The use of efficient rhizobial strains is an important means to combine their significance in improving crop yield and biological control of plant diseases and pests (Yadav et al., 2021).

Legume seed, inoculated with Rhizobium culture, increased the crop yield from 20% to 80% and had a beneficial effect on the subsequent crop yield (Lalitha and Immanuel, 2013). Plant growth-promoting bacteria (PGPB) stimulate plant growth both directly and indirectly, therefore establishing a healthy ecological relationship between PGPB and plants (Jiménez-Mejía et al., 2022). The application of PGPB is now considered one of the technologies for the development of sustainable agriculture (Santoyo et al., 2021; Liu et al., 2022).

Utilization of native Rhizobium as inoculants promotes the ecologically sustainable management of the agricultural ecosystem and enhances legume production due to their growth-promoting traits and adaptability to soil and environmental stress (Mwangi et al., 2011). Native strains of Rhizobium also produce exopolysaccharides, which help in sustaining the roots under drought condition (Sethi et al., 2019b) and also helps in enhancing the soil’s biological activity by improving microbial population and enzyme activity (Sethi et al., 2019a). Amelioration of problematic soil like acidic soil enhances the efficiency of inoculated strains (Sethi et al., 2021). Co-inoculation of native strains with plant growth-promoting rhizobacteria (PGPR) elevates the performance in terms of growth, photosynthetic activity, and nutrient uptake (Sethi et al., 2021). Rhizobia inoculation to the rhizosphere helps to sustain abiotic stress conditions by producing exopolysaccharides and phytohormones (Sethi et al., 2019b; Subudhi et al., 2020; Liu et al., 2022). Furthermore, crop production using inoculants could be cheaper and more affordable to the resource-poor smallholder farmers (Pattanayak, 2016; Pattanayak and Rao, 2014). The ability of native strains to interact positively with the resident soil microbiota and their adaptability to the local agro-ecological climatic conditions often elucidates their superior performance over the exotic commercial strains (Meghvansi et al., 2010; Sethi et al., 2019a). Keeping the above facts in view, two local strains of Rhizobium were isolated from French bean nodules collected from the Kandhamal district of Odisha and utilized as biofertilizers for enhancing productivity.



Materials and methods


Experimental details

Experiments were carried out in three stages, i.e., infectivity test with the help of micro pot experiment to study the nodulation ability of the test strains of rhizobia in the Department of Soil Science and Agricultural Chemistry, OUAT, Bhubaneswar; field efficiency testing through a field experiment conducted in the research farm of Krishi Vigyan Kendra, Kandhamal during Rabi 2019–2020; and the farmers’ field demonstrations undertaken in 15 farmers filed in Kandhamal district. The efficiency of the strains was compared against the local farmers’ practice.



Sources of rhizobia

Two rhizobia strains were isolated and maintained in the Department of Soil Science and Agricultural Chemistry, College of Agriculture, Odisha University of Agriculture and Technology, Bhubaneswar. National Center for Biotechnology Information (NCBI) accession number of strain RBHR-15 (Rhizobium etli) and RBHR-21 (Rhizobium pisi) were MN480514 and MN480516, respectively (Verma et al., 2022).



Pot experiment

The infectivity test was carried out with fine-grained river sand, soil, and vermicompost mixture (1:1:1) sterilized in an autoclave at 20 pounds per square inch (psi) pressure, for 2 h. Half of the soil mixture was treated with lime @ 0.2 lime requirement (LR). Limed and unlimed soil mixtures were then filled in plastic pots of 500-g capacity. Seeds were inoculated with the locally isolated native Rhizobium strains and sown in the pots according to the treatments, viz., T1, control (no seed inoculation); T2, inoculation with Rhizobium strain 1 (RBHR-15); T3, inoculation with Rhizobium strain 2 (RBHR-21); T4, liming; T5, inoculation with RBHR-15 + Liming; and T6, inoculation with RBHR-21 + liming. Treatments were replicated four times. After 7 days, three healthy plants were maintained in each pot by thinning out extra seedlings. Watering was performed by measuring the weight of pots to keep 60% moisture by providing N-free McKnight’s seedling nutrient solution. Observations on nodulation and other parameters were recorded 20, 40, and 60 days after germination (DAG) through destructive sampling.



Root and nodular properties, leaf nitrogen content, growth rate, and photosynthetic activity

The length of the root was measured by a centimeter scale, and the volume of the root was measured by immersing it in a calibrated measuring cylinder filled with water; the volume (cm3) of the displaced water was recorded as root volume. Biomass was recorded after drying in a hot air oven till a constant weight was achieved. Root density was calculated by dividing root biomass (g) by root volume (cm3). The total number of nodules was expressed as the number of nodules per plant on a counting basis. Nodular and leaf N were estimated by the Kjeldahl digestion method as described in the Association of Official Analytical Chemists AOAC (1960). Plant height was measured at 20, 40, and 60 DAG and expressed in cm. The growth rate was calculated as the increase in height divided by days interval and expressed as cm day−1. Leaf chlorophyll content (a, b, and total) was estimated and calculated (as per the formula given below) as described by Sadasivam and Manickam (2008).

	

	



Soil analysis

Electrical conductivity and pH of soil samples were determined in 1:2.5 soil: water suspension using a glass electrode digital pH meter and conductivity meter, respectively (Jackson, 1973). The organic carbon content of the soil was determined by modifying Walkley and Black’s rapid titration method (Page et al., 1982). Available nitrogen of soil samples was determined by the alkaline permanganate method as outlined by Subbiah and Asija (1956), Bray’s 1- P was determined by Brays and Kurtz as described by Page et al. (1982), ammonium acetate extractable K as described by Jackson (1973), and available sulfur by turbidometric method (Chesnin and Yien, 1950). Diethylenetriamine pentaacetate (DTPA) extractable Zn was determined by following the method described by Lindsay and Norvell (1978) and estimated by atomic absorption spectrophotometry (AAS). Available boron was determined by the hot water extraction method as outlined by John et al. (1975).



Field experiment

In the field experiment, two native isolated stains were inoculated to the seeds, and inputs like lime and soil test doses of fertilizers (N:P2O5:K2O: 25:50:40 kg ha−1) were applied in different treatment combinations and compared against farmers’ practices. The different treatment combinations were T1, absolute control; T2, strain-1(S1; RBHR-15); T3, strain-2 (S2; RBHR-21); T4, framers’ practice (FP; 50:60:25 kg ha−1 N: P2O5: K2O, no lime, no B, no balanced fertilizers, and no seed inoculation); T5, FP + S1; T6, FP + S2; T7, FP + S1 + lime @ 0.2LR (L); T8, FP + S2 + L; T9, soil test dose (STD); T10, STD + S1; T11, STD + S2; T12, STD + S1 + L; T13, STD + S2 + L; T14, STD + S1 + L + Boron @ 10 kg ha−1 (B); and T15, STD + S2 + L + B. The treatments were replicated thrice. Relative agronomic efficiency and % yield responses were calculated by using the following formulae (Devasenapathy et al., 2008):

	

	



Demonstrations in farmers’ fields

Fifteen farmers were selected for the demonstration. Initial soils were analyzed, and the soil test dose was fixed according to the test values. There were six treatments, viz., farmers’ practice (FP), FP + S1, FP + S2, STD, STD + S1, and STD + S2. The yield of the pod was recorded after harvest.



Climatic condition

The experimental sites experienced a subtropical climate wherein summers were hot and dry. The monsoon usually started from the second week of June to mid of September. Winter was the longest season and had a dry and cold climate. The average maximum temperature in the district is 45.5° C, and the minimum temperature is 2.0° C. The average annual rainfall recorded is 1,522.95 mm.



Statistical analysis

The completely randomized design (CRD) was followed for the pot experiment and the randomized block design (RBD) for the field experiment and farmers’ field demonstration. The data generated were analyzed by using the software SPSS 25 and software GRAPES (Gopinath et al., 2020).




Results


Pot experiment


Crop growth

Data relating to crop growth, viz., plant height (cm) and growth rate, are presented in Figures 1, 2, respectively. Plant height at 20 DAG varied between 81.6 and 97.7 cm with a growth rate of 4.1 to 4.9 cm day−1, respectively, depending upon the treatments imposed. Plant height was less under the control treatment, increased considerably (4.2%) due to inoculation with the S1 strain, and almost doubled (9.1%) due to the S2 strain. Liming of soil increased the crop growth by 13.0%, while integrating liming practice with the seed inoculation process increased the crop growth rate to 4.7 and 4.9 cm day−1 with the S1 and S2 strains, respectively. Crop achieved a height of 93.0 and 97.7 cm when inoculated with the S1 and S2 strains, respectively, supplemented with liming. The poor crop growth rate was recorded at 40 DAG and 60 DAG in comparison to 20 DAG, due to reduced soil nutrient- supplying ability over time. The growth rate at 40 DAG varied between 0.17 and 0.62 cm day−1 with the lowest under control and the highest under L + S2 treatment, even though plant height increased and varied between 85 and 110 cm. At 60 DAG, the growth rate declined, ranging from 0.15 to 0.56 cm day−1, and the crop achieved a height between 88 and 121 cm. Seed inoculation had a positive impact on crop growth, specifically with the S2 strain.




Figure 1 | Influence of Rhizobium strains inoculation on plant height of French bean. T-shaped bar at the top of each bar indicates standard error (SE), and different letters on top indicate statistical difference (Duncan’s multiple-test range), p = 0.05.






Figure 2 | Influence of Rhizobium strains inoculation on growth rate of French bean. T-shaped bar at the top of each bar indicates standard error (SE), and different letters on top indicate statistical difference (Duncan’s multiple-test range), p = 0.05.





Photosynthetic activity

The photosynthetic activity of the crop was measured as chlorophyll a, chlorophyll b, and total chlorophyll content. Data related to the chlorophyll content of the leaf increased from 20 DAG to 60 DAG irrespective of the treatments received and are presented in Table 1. Chlorophyll a contents at 20, 40, and 60 DAG ranged from 1.1 to 2.8, 1.2 to 3.5, and 1.2 to 4.7 mg g−1, respectively. There was an increase in chlorophyll a with the native strains’ inoculation and with the combination of lime and sole lime treatments over control. There was an increase in chlorophyll a till 60 DAG irrespective of the treatments, whereas in control, it remained almost constant between 40 and 60 DAG (1.20 mg g−1). It was due to a poor supply of nitrogen to plants in the control treatment.


Table 1 | Influence of Rhizobium strains on photosynthetic activity of French bean crop.





Leaf nitrogen and chlorophyll content

Crop growth under the influence of seed inoculation with two isolated strains S1 and S2 and integration of lime application in acid soil influenced crop growth in many ways, including the leaf nitrogen content. Data relating to leaf nitrogen content are presented in Table 2. Leaf-N content ranged from 1.11% to 2.60%, 1.09% to 2.98%, and 0.98% to 3.21% at 20, 40, and 60 DAG, respectively. The lowest was measured in the control treatment, and the highest was in the S2 + L treatment. Leaf-N content increased from 20 to 60 DAG with native strain- inoculated treatments. There was a decrease in leaf-N content from 20 to 60 DAG in the control treatment, whereas with sole lime treatment, the leaf-N content was increased from 20 to 40 DAG and thereafter decreased. Seed inoculation with the S1 strain of Rhizobium alone increased the nitrogen content by 73%, but the leaf nitrogen could be increased to a 2.22% level by combining the practice of liming of acid soil, where it was 60% higher than the practice of lime alone. The S2 strain- inoculated crop continued to maintain higher nitrogen than the S1 inoculated crop even with or without liming practice. Leaf nitrogen content increased with the native strain inoculation except in control and lime-treated pots. The chlorophyll content of the leaf was increased throughout the growing stages, and chlorophyll content was positively correlated to the leaf nitrogen content (Figure 3).


Table 2 | Influence of Rhizobium strains on leaf nitrogen content of French bean.






Figure 3 | Correlation between leaf nitrogen content at 20, 40, and 60 DAG and chlorophyll (a, b, total and a:b) of French bean. DAG, days after germination.





Root characteristics

Data relating to root characteristics of French beans under the influence of seed inoculation with two native isolated strains under limed and unlimed conditions are presented in Table 3. At 20, 40, and 60 DAG, the root length of the rakia bean crop increased from 5.8 to 7.9, 6.7 to 8.1, and 7.9 to 9.4 cm, respectively. Seed inoculation with the S1 strain influenced the root length by 10% and the S2 strain by 17% compared to no seed inoculation practice control. Seed inoculation with Rhizobium, specifically with the S2 strain and liming practice, had a considerable influence on the root growth of the test crop. The root weight of French beans at 20, 40, and 60 DAG ranged from 2.4 to 4.4, 3.5 to 5.6, and 3.6 to 6.7 g plant −1, respectively.


Table 3 | Influence of Rhizobium strains on root characteristics of French bean crop.





Nodular characteristics

Data related to the nodulation behavior of French beans after inoculation with isolated native strains are presented in Figures 4A–C. French bean plants did not bear nodules up to 20 days after germination in any of the five treatments tested. However, at 40 DAG, the nodules were observed in all the inoculated treatments, and their number and weight per plant increased to 60 DAG. This was corroborated by the findings of Khan et al. (1999). The S2 strain- inoculated plants possessed a significantly higher number and weight of nodules than did the S1 strain-inoculated plants. Integrating the practice of liming of acid soil with S1 strain inoculation of seeds increased the nodule number by 33% compared to no liming practice. The nodulation behavior of the crop at 40 days after germination followed a similar trend as it was at 60 DAG, with a difference that there was a considerable increase in the number. Liming of soil influenced the efficiency of the S1 strain by 11% and the S2 strain by 12% for nodular N content. Nodular N content increased considerably by 60 DAG and ranged from 1.18% to 1.47%. The extent of the increase was 9.0% to 12%. Soil amelioration with lime influenced N content ranging from 13.6% with S1 to 14.8% with the S2 strain. The S2 strain was a 9.5% better performer than the S1 strain concerning nodular N content. Not only the nodule number and their weight but also the nodular N were influenced by inoculation with two test strains of Rhizobium, and liming practice in acid soil improves molybdenum availability due to an increase in pH (Togay et al., 2008). Similarly, seed inoculation with both the test strains and liming of soil was observed to increase the root length, root volume, and root biomass of the French bean plants. Buerkert et al. (1990) reported that the lime application to acidic soil enhanced the nodular characteristics, and Bakari et al. (2020) reported that the soybean inoculation is effective in increasing nodulation and N fixation in moderately acidic soils, contrary to strongly acidic soils.3.2 Field experiment




Figure 4 | Influence of Rhizobium strains inoculation of seed on nodular characteristics of French bean. (A) Nodule number. (B) Nodule weight. (C) Nodular-N. T-shaped bar at the top of each bar indicates standard error (SE), and different letters on top indicate statistical difference (Duncan’s multiple-test range), p = 0.05.



The result of the pot experiment was verified with the help of a field experiment. The soil of the experimental site was sandy clay loam in texture, strongly acidic in reaction, high in organic carbon and available K, and low in available N, P, and S. The DTPA extractable Zn was adequate, and hot water extractable B was deficient (Table 4).


Table 4 | Initial soil properties of the experimental site.





Productivity and relative agronomic efficiency

The productivity of the French bean crop under the influence of seed inoculation with an isolated local strain of Rhizobium and soil amelioration measures has been discussed in this section and shown in Table 5. Fresh pod yield of French bean under the influence of different packages of practices varied between 10.4 t ha−1 in control (contribution of soil alone) and 19.5 t ha−1 in the STD + S2 + L + B package. There was a significant influence of individual inputs used in this experiment in improving crop productivity. The use of two inoculants S1 and S2 increased the pod yield by 11% and 16%, respectively, compared to the control practice. Inoculants S1 and S2 increased the pod yield by 26% and 30% respectively, compared to the yield of 12.4 t ha−1 due to farmers’ practice. The yield of the French bean crop due to the farmers’ practice adopted was 29% less than the yield due to the STD practice, which was 12.4 t ha−1. Integration of STD practice with seed inoculation with the strains of Rhizobium increased the pod yield by 22% (S1 strain) and 25% (S2 strain) compared to STD alone. Combining the practice of liming of acid soil @ 0.2LR either with FP or with STD and seed inoculation with the S1 and S2 strains increased pod yield ranging from 33% to 39% compared to no liming practices. Supplementation of deficient micronutrient boron (applied @ 1 kg B ha−1) increased the pod yield considerably (14%–19%) and significantly compared to no- boron application.


Table 5 | Effect of native Rhizobium strains with different nutrient management practices on yield and relative agronomic efficiency of French bean.



Relative agronomic efficiency (RAE) was calculated for different practices (Table 5) based on the pod yielding and efficiency of the soil test-based practice taken as 100. It varied widely between 28 and 228, with the lowest with seed inoculation with RBHR-15 (S1) alone and the highest with STD + L + B + S2 practice. Based on the RAE values, the different practices can be arranged in the following order: S1 (21)< S2 (52)< FP (55)< FP + S1 (84)< FP + S2 (93)<FP + L + S1 (127)< FP + L + S2 (138)< STD + S1 (147)< STD + S2 (180)< STD + L + S1 (203)< STD + L + B + S1 (233)< STD + L + S2 (234)< STD + L + B + S2 (264).

Pod yield of French beans varied significantly between 10.4 and 19.5 t ha−1, the lowest with farmers’ practice using imbalanced improper and insufficient fertilizers and the highest with fertilizer application based on soil tests correcting the deficient nutrient S and B along with seed inoculation with RBHR-21 strain of rhizobia. Farmers were losing 29% of the potential yield due to no adoption of soil test-based fertilizer application. Integration of seed inoculation with two locally isolated strains significantly increased the yields, particularly the S2 strain (30% with FP and 25% with STD) than the S1 strain (26% with FP and 16% with STD).



Farmers’ field demonstration

Data related to pod yield under farmers’ field conditions are presented in Figure 5. The highest (21.0 t ha−1) yield was recorded in a package where strain RBHR-21 was inoculated with a soil test dose of fertilizer (STD + S2) followed by STD + S1, STD, FP + S2, and FP + S1, and the lowest (14.0 t ha−1) was recorded in farmers’ practice package. There was an increase in yield of 7% over farmers’ practice when strain RBHR-15 was inoculated alone; likewise, 14% with RBHR-21. Yield enhancement was 56% over the farmers’ practice when the soil test dose of fertilizer was applied, STD with RBHR-21 yield was 98%, and STD with RBHR-15 was 84% higher than farmers’ practice. There was the minimum benefit of the isolates on yield with STD, viz., 36% and 54% over STD with RBHR-15 and RBHR-21, respectively. Demonstrations indicated that both S1 (RBHR-15) and S2 (RBHR-21) were potential bioinoculants for the crop in the district.




Figure 5 | Influence of nutrient management practices on yield of French beans in farmers’ fields. T-shaped bar at the top of each bar indicates standard error (SE), and different letters on top indicate statistical difference (Duncan’s multiple-test range), p = 0.05.







Discussion

Liming of acid soil influenced crop growth positively, particularly when the practice was integrated with seed inoculation with the S2 strain than the S1 strain because the liming neutralizes the acidity (Pattanayak and Sarkar, 2016; Pattanayak, 2016; Msimbira and Smith, 2020), which provides a better environment for the growth of native strain and activity. Native rhizobia strains produce the phytohormone indole-3-acetic acid (IAA), leading to better growth (Mehboob et al., 2012; Mabrouk et al., 2018; Nyaga and Njeru, 2020).

Liming of soil or its integration with seed inoculation with isolated strains increased chlorophyll content. Chlorophyll b content was less than that of chlorophyll a under the influence of various treatments in all the stages of growth. Input use resulted in an increase in total chlorophyll content throughout the growing period. A similar trend was also observed with chlorophyll a and chlorophyll b. The chlorophyll a:b ratio was higher in the native strain- inoculated treatments than in the control and only lime- applied treatments. The ratio of chlorophyll a:b increased in strain- inoculated pots from 20 DAG to 60 DAG except in control and sole lime- applied pots, where it was decreased. Inoculation of Rhizobium enhances the photosynthetic activity Elkoca et al. (2010).

Chlorophyll a, chlorophyll b, and total chlorophyll were increased at different stages of crop growth irrespective of the treatments. The chlorophyll a:b ratio shows a similar trend except for control and lime treatment (where it was decreased). This was attributed to the effects of efficient strains of microbial inoculants such as Rhizobium and Bradyrhizobium on the availability of nutrients in soils further by enhancing nutrient uptake by plants (Makoi et al., 2013; Tagore et al., 2014). The leaf nitrogen content positively influenced the leaf’s chlorophyll a, chlorophyll b, total chlorophyll, and chlorophyll a:b during crop growth. It was because nitrogen is a structural element of chlorophyll and protein, thereby affecting the formation of chloroplasts and the accumulation of chlorophyll in the leaf (Tucker, 2004 and Bassi et al., 2018).

Root weight increased throughout the growing period. The higher the root volume, the better the roots’ exposure in the rhizosphere is for nutrient absorption, crop establishment, and better productivity. Similar trends were observed with root volume and density. Liming of acid soil influenced the root characteristics, as it neutralizes the H+ and Al3+ (Grewal and Williams, 2003; Pattanayak, 2016), which were responsible for poor root growth. Similarly, Haling et al. (2010) reported that liming of acid soil increases root growth. Better root characteristics may change according to the abiotic and biotic stress, but better root condition in lime + Rhizobium treatment implies adequate availability of nutrients to the plants. Similarly, Strock et al. (2019) reported that the morphology and architecture are also influenced by different stress conditions, and a better one indicates adequate nutrient availability, which resulted in a higher seed yield of P. vulgaris.

Liming acid soil not only neutralizes the acidity due to H+ and Al3+ but also supplements the soil with Ca and Mg for crop nutrition. Liming practice improves soil aggregation, aeration, and water holding capacity, which ultimately favors root growth for nodulation, water, and nutrient uptake by the crop. Present findings are corroborated by the observations of Mishra et al. (2018). Seed inoculation with efficient Rhizobium strain supported by soil test-based fertilizer nutrient supplementation correcting the deficiencies (favoring balanced nutrition) and liming for neutralizing the soil acidity helped triple the French bean yield. The results of the present investigation are in agreement with the findings of earlier works on leguminous crops like soybean (Patra et al., 2012) and French bean (Biswas et al., 2020), green gram, black gram, red gram, and cowpea crops (Pattanayak and Rao, 2016).



Conclusion

Both the isolated native strains RBHR-21 and RBHR-15 were efficient strains for nodulation and yield improvement of French beans. The RBHR-21 strain was better than RBHR-15 by 4%–14% in terms of contribution to the pod yield of French beans. The efficiency of strains can be increased with balanced fertilization of crops based on the soil test. Soil amelioration measure, namely, liming of acid soil @ 0.2 LR, improved the working efficiency of native isolated strains in terms of yield improvement ranging from 33% to 39%, with leaf N content of 46% to 72%. Amelioration of acid soil with lime and inoculation of native strains of rhizobia enhanced the root characteristic comparison of non-limed packages. Supplementation of deficient micronutrients (B) also had a positive impact on yield improvement ranging from 14% to 19%. Integration of input use like seed inoculation with efficient strains of Rhizobium, maintaining optimum growing conditions of the soil in terms of balanced nutrition through soil test-based fertilization, soil amelioration measure by liming of acid soil, and supplementation of deficient micronutrient(s) were the best approaches in yield maximization of French bean.
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Tomato yellow leaf curl virus (TYLCV) is one of the most harmful afflictions in the world that affects tomato growth and production. Six regular antagonistic genes (Ty-1, Ty-2, Ty-3, Ty-4, ty-5, and Ty-6) have been transferred from wild germplasms to commercial cultivars as TYLCV protections. With Ty-1 serving as an appropriate source of TYLCV resistance, only Ty-1, Ty-2, and Ty-3 displayed substantial levels of opposition in a few strains. It has been possible to clone three TYLCV opposition genes (Ty-1/Ty-3, Ty-2, and ty-5) that target three antiviral safety mechanisms. However, it significantly impacts obtaining permanent resistance to TYLCV, trying to maintain opposition whenever possible, and spreading opposition globally. Utilizing novel methods, such as using resistance genes and identifying new resistance resources, protects against TYLCV in tomato production. To facilitate the breeders make an informed decision and testing methods for TYLCV blockage, this study highlights the portrayal of typical obstruction genes, common opposition sources, and subatomic indicators. The main goal is to provide a fictitious starting point for the identification and application of resistance genes as well as the maturation of tomato varieties that are TYLCV-resistant.




Keywords: Tomato, Tomato yellow leaf curl virus, Ty genes, DNA markers, Molecular responses



1 Introduction

Tomato (Solanum lycopersicum L.) is one of the ubiquitous and vital crops grown worldwide (Howladar, 2016; El-Sappah et al., 2021a; Abbas et al., 2022). The fruit’s appealingness (sizes, colors, flavors, and forms), widespread use, and synthesis of the medicinal chemicals contribute to an annual increase in consumption (Cheng et al., 2020). Tomato fruits are significant because they provide dietary fiber, antioxidants, vitamins, minerals, proteins, carbohydrates, and other nutrients needed for a healthy human diet (Liu et al., 2020; Alluqmani and Alabdallah, 2022). On the other hand, tomato plants are vulnerable to several ailments, and approximately there are 136 viral species known to be harmful (Qi et al., 2021; Islam et al., 2022).

One of the most severe viral diseases to plague tomato plants is tomato yellow leaf curl virus (TYLCV), brought by a group of phylogenetically related Begomovirusspp, and spread by the whitefly Bemisiatabac (Piedra-Aguilera et al., 2019). TYLCV symptoms in tomato plants are hindered development, chlorosis, leaf curl, and powerless natural product yield (Lapidot and Polston, 2006). In 1932, the TYLCV virus was discovered for the first time in Sudan and the Middle East (Idris and Brown, 2005; Van Brunschot et al., 2010). It has since spread throughout the world’s tropical and subtropical regions, including the Mediterranean Basin, the Far East (Asia), the Caribbean, Australia, North, South, and Central America, and many others (Figure 1) (Czosnek and Laterrot, 1997; Navas-Castillo et al., 1997; Zhang et al., 2009; Péréfarres et al., 2010; Ning et al., 2015; Kil et al., 2016). Recently, it was discovered that TYLCV was seed-distributed (Kil et al., 2016; Kil et al., 2017; Kil et al., 2018). However, the vector Bemisiatabaci (Gennadius) (Hemiptera: Aleyrodidae), notably biotypes B and Q, are responsible for the majority of diseases during transportation (Pan et al., 2012) by the whitefly in its adult stage, Bemisiatabaci, possibly the most bothersome pest of vegetables and other produce (Ning et al., 2015; Pakkianathan et al., 2015).




Figure 1 | The distribution of Tomato yellow leaf curl virus (TYLCV) globally. The global distribution of TYLCV disease is updated by the EPPO Global Database (19 November 2021). The yellow marks indicate present infection, the orange marks indicate reported condition, and the green marks indicate non-reported infection.



Diverse methodologies have been utilized to hinder the spread of TYLCV, including strict quarantine guidelines, traditional rearing, and hereditary designing (Lapidot and Polston, 2006; Polston and Lapidot, 2007). Till today, cultivated tomato varieties have included the Ty-1 to Ty-6 resistance genes from their related species, which has resulted in the development of virus resistance, but it’s crucial to emphasize that this resistance has never been entirely effective (Prasad et al., 2020; Yan et al., 2021; Mori et al., 2022). Ty-1, Ty-2, Ty-3, and ty-5 have all been cloned in recent years (Ren et al., 2022). Ty-1, Ty-3, Ty-4, and Ty-6 genes were all introduced from S. chilenseaccessions and are located on chromosomes 6, 6, 3, and 10, respectively (Zamir et al., 1994; Ji et al., 2007a; Ji et al., 2009b; Kadirvel et al., 2013; Tabein et al., 2017; Gill et al., 2019). The ty-5 and Ty-2 were introgressed from S. peruvianum and S. habrochaites, respectively (Hanson et al., 2006; Hutton et al., 2012). Ty-1 is an allelic variant of Ty-3 that codes for an RNA-dependent RNA polymerase; it is the first resistance locus discovered in S. chilense (LA1969) (Verlaan et al., 2013). The Ty-1 can make geminiviruses more resistant by boosting the viral genome’s cytosine methylation (Butterbach et al., 2014). The Ty-2, a dominant resistant gene on chromosome 11, can confer resistance to some monopartite begomoviruses, including TYLCV, but not to any other monopartite or bipartite begomoviruses like Tomato yellow leaf curl Sardinia virus (TYLCSV) (Barbieri et al., 2010; Prasanna et al., 2015). Ty-4 confers resistance to TYLCV less effectively than Ty-3, which was delivered by introgression from the long arm of chromosome 3 of S. chilense (LA1969) (Ji et al., 2009b). The tomato homolog of the messenger RNA surveillance factor Pelo, implicated in the ribosome recycling phase of protein synthesis, has recently been linked to the ty-5 gene (Anbinder et al., 2009), located on chromosome 4 of S. peruvianum (Lapidot et al., 2015). The Ty-6 gene confers resistance against monopartite and bipartite begomoviruses, completing the protection provided by the known Ty-3 and ty-5 genes (Gill et al., 2019).

The resistance breakthrough fueled the TYLCV dispersion, prompting plant breeders to continually search the wild tomato gene pool for potent new sources of resistance. Immunization schedules, screening and validation of resistance sources, gene discovery and genetic mapping, field evaluation of resistance gene transfer to cultivars and inbred lines, global dissemination, TYLCV symptoms, and immunization techniques are all part of TYLCV resistance breeding programs. The presentation will focus on innate immunity to TYLCV, organized resistance genetic defense, marker-assisted resistance breeding selectable markers, and natural resistance resources. The main objective is to lay the background for future studies into the genes responsible for TYLCV disease resistance.



2 TYLCV symptoms in tomato plants

Earlier study shows that the whole tomato plants were weakened by TYLCV infection, and there was a significant decrease in the yield. After inoculation, the first TYLCV symptoms on tomato plants appear 2-4 weeks later and may take up to two months to fully manifest (Ioannou, 1985). The virus isolates, host genetic background, ambient conditions, development stage, and physiological state of the tomato plant at the time of infection influence the kind and intensity of symptoms (Mauck, 2016). The leaflets of newly emerged leaves curl downward and inward in a hook-like pattern early after infection (Salati, 2001) (Figure 2). Afterward, leaves are distorted and narrower with chlorosis in the center and edges and leaflet margins curling upward (Vallad et al., 2018). The underside of leaflets may also be stained purple (Gorovits et al., 2013; Ibne-Siam-Joy, 2020).




Figure 2 | Typical symptoms of TYLCV, (A) Normal plant showed no infection, (B) Infection at a very early stage between 2 to 4 weeks post-infection, (C) tomato plant after five weeks infection, (D–F) Infection at a late stage where the plants show severe symptoms consisting of marked yellowing, puckering, and severe size reduction in the top leaves.



Temperatures exceeding 25°C can aggravate leaf symptoms (Polston and Lapidot, 2007; Anfoka et al., 2016). Infectious plants showed severe symptoms such as yellowing, curling, and a significant loss in apical leaf size (Lapidot et al., 2001). The leaves curl between the veins, and the midrib may become arched And thepetioles twisting can be seen in elder leaves (Shankar et al., 2014). The leaf surface was found to have pale yellow dots that grew larger with time (Gorovits et al., 2013) which is, however, a less prevalent symptom. Tomato plants contaminated with TYLCV were significantly stunted, with numerous branchlets and reduced internodes (Davino et al., 2006; Shankar et al., 2014). Due to increased flower shedding, young, early-affected plants are frequently infertile. Since most blooms (>90%) droop after infection, there is almost no fruit. As a result, yield reductions are more significant when plants are infected prematurely. Late-stage infections can drastically diminish the yield of new fruit. Infected plants produce fewer and smaller fruits that come off easily. Fruit ripens appropriately and is likely to bear before infection (Dam et al., 2005).



3 Methods for identifying resistance to TYLCV in tomato

In vivo and in vitro approaches are used to test the rate of TYLCV infection and understand the processes of plant resistance to TYLCV as shown in Figure 3.




Figure 3 | Methods for Identifying Resistance to TYLCV in Tomato; (A) Inoculation types, followed by (B) PCR screening method. This figure was made using BioRender.




3.1 In vivo infection


3.1.1 Natural whitefly field infection

It is a method for the testing of TYLCV resistance and essential to recognize hotspots and favorable seasons for effective screening under natural disease conditions (Dhaliwal et al., 2020). The two types of field infection are controlled greenhouse inoculations and spontaneous field inoculations (Lapidot, 2007). Even under intense inoculation pressure, many plants resist infection, proving that spontaneous field infection is frequently ineffectual (Vidavsky et al., 1998). Only 50% of susceptible tomato plants with whiteflies and TYLCV infections became infected within the first month of germination in whitefly and TYLCV-infested areas. Only 10% of sensitive plants survived the infection 90 days after transplantation despite rising whitefly numbers and easily accessible viral inoculums (Vidavsky et al., 1998). Another study by Cohen et al. (1988) discovered that the percentage of virus-carrying whiteflies in the general whitefly populace in the field was deficient. Only 3-6 percent of whiteflies obtained in the wild can spread the virus based on the TYLCV-sensitive host from which they were taken.

It should be emphasized that a sensitive plant evading inoculations may be employed as a resistant parent in subsequent crosses if it is (inadvertently) checked for resistance. A deluge of supposedly resistant yet sensitive plants can quickly jam breeding operations. Therefore, choosing tomato plants only based on an infected field’s lack of symptoms may be deceiving (Vidavsky et al., 1998). In addition to facilitating inoculate outbreaks, spontaneous field inoculations have other drawbacks. Due to late and asynchronous infection, inoculations may result in less severe disease symptoms than controlled inoculations. (Picó et al., 1998). Compared to plants infected at a younger age, plants inoculation at a mature age may have milder symptoms. Milder symptoms could be misconstrued as signs of genetic resistance instead of just late infection. Several TYLCV-resistant cultivars respond sensitively to controlled greenhouse inoculations, whereas field inoculations result in resistance levels comparable to other, more resistant cultivars (Picó et al., 1998). The response of resistance sources to TYLCV may differ depending on the inoculation technique used, with controlled greenhouse inoculations corresponding to high inoculum concentrations and spontaneous field inoculations corresponding to low inoculum concentrations. The most sensitive genotypes might be excluded by field testing, despite the low and delayed incidence of illness following spontaneous field inoculations (Picó et al., 1998; Picó et al., 2000; Lapidot, 2007). Another issue with spontaneous field inoculations is that TYLCV-resistant plants could incorrectly be labeled sensitive after contracting unrelated viruses or other diseases. Whitefly stress, inoculation intensity, viral inoculum size, and plant age were unknown variables in field the inoculations. Also unknown is the interval between getting the whitefly and the virus’s propagation. Like all begomoviruses, TYLCV is spread via a sustained, cyclical process from its whitefly vector. Although transmission can continue for the duration of the vector’s existence, transmission efficiency degrades over time, as demonstrated in TYLCV (Cohen and Harpaz, 1964; Picó et al., 1998; Lapidot et al., 2001).

Consequently, it is unknown and impossible to replicate the effectiveness of field inoculations. Several metrics can be used to compare inoculation effectiveness in controlled greenhouse inoculations to spontaneous field inoculations. The researchers administering the inoculations during controlled greenhouse can change the whitefly age, feeding time, transfer nutrition time, number of whiteflies per infected plant, and so on. It should be remembered that when used as viral vectors, whiteflies can cause significant damage to plants as well as transmit viruses. Whiteflies devour plants by over-juicing, secreting honeydew (which encourages the formation of black mold), and creating systemic illness (Schuster et al., 1990; Byrne and Bellows, 1991). Whitefly inoculations feed on target plants, therefore, need long enough to include successful inoculations but short enough to limit direct whitefly harm. After exposing young tomato seedlings to a large number of virus-carrying whiteflies (about 30-50 whiteflies per plant, which transmit the virus to plants by feeding with almost 100% efficiency) for 48 hours (commercially acquired feeding), all sensitive controls were infected with TYLCV (Lapidot et al., 1997).



3.1.2 Whitefly inoculation in cages

For TYLCV screening, whitefly-mediated mass inoculation or individual plant inoculation is commonly used. Non-preference issues could arise even with carefully regulated greenhouse inoculations. Whiteflies prefer to feed on other tomato plants when inoculating various plants in the same spot (Legarrea et al., 2020). They are inefficient at inoculating one specific type or variety and dislike most physical obstacles in tomatoes, including waxy or thick cuticles or specific trichomes, which hinder whiteflies from colonizing and feeding on those leaves (Bellotti and Arias, 2001). When inoculating wild tomato cultivars, this issue is most apparent. Adding some wild species seems to help prevent infection when looking for new sources of resistance because they are not preferred by whiteflies (Picó et al., 1998). One inoculation of many wild tomato cultivars in cages can solve the non-preference issue. In this instance, a plant is put in a cage with virus-carrying whiteflies, forcing them to feed on the target plant because it is the only plant they will consume (thus spreading the virus). Precision work, or the lack thereof, is another issue that has emerged since the widespread administration of the whitefly vaccine. It is practically impossible to determine the proper number of whiteflies per plant and which leaves to target for inoculation when vast numbers of plants are infected on a big scale. Whiteflies can be precisely controlled using clip cages or leaf cages. Managing the number of whiteflies used per plant, their age and gender, the precise length of the acquisition access period (AAP) and the inoculation access period (IAP), and the TYLCV inoculation location are all advantages of clip cage inoculation (Lapidot, 2007). Because cages allow all test plants to employ the same whitefly-mediated inoculation circumstances, they also make it possible to compare how various plants react to TYLCV infection, for instance, when comparing plants with varying degrees of viral resistance. The clip cage is a tiny cylinder of clear plastic with both sides clipped off. One side of the cage has a thin mesh cover that may be opened to suck whiteflies into the cage. A clip may quickly fasten to the opposite side’s bottom of the preferred wing. The AAP claims that physical barriers like gills, waxy or thick cuticles, or the presence of certain trichomes that prohibit whiteflies from colonizing and feeding on such leaves are to blame for a known number of whitefly-by-whitefly epidemics (Bellotti and Arias, 2001).



3.1.3 Non-whitefly-mediated inoculation

Other non-whitefly-mediated inoculation techniques are required because whiteflies must be bred to improve a time-consuming and laborious TYLCV-controlled inoculation protocol (Kil et al., 2016; Dhaliwal et al., 2020). Mechanical TYLCV transfer has been attempted using various sources and test plants (Lapidot, 2007). When using datura (Datura stramonium) plants as parent plants, the highest mechanical TYLCV transmission rates only reached less than 17%. Only 12% of tested plants, such as the datura, were successful (Dhaliwal et al., 2020). The transmission was not achieved during mechanical inoculation utilizing tomato plants as the parent and test plants (Makkouk et al., 1979). As a result, even though TYLCV can be mechanically transmitted, the success rate is too low to support the creation of a successful inoculation regimen using this technique. To immunize against TYLCV, inlay inoculations are used. In this technique, the test plants are either grafted onto scions infected with TYLCV or laterally with the infected plants’ leaves or tips (Pereira-Carvalho et al., 2015; Koeda et al., 2020). Graft inoculation has been used to identify plants resistant to TYLCV with increasing transportation effectiveness (Pico et al., 2001; Leibman et al., 2015). The characteristic of graft inoculation is the ongoing exposure of test plants to the highest concentrations of viral inoculums. Grafting is a method that can be used to test resistance. When resistant plants were grafted with TYLCV-symptomatic leaves, the plants remained symptom-free (Friedmann et al., 1998). (Kegler, 1994; Friedmann et al., 1998). Graft inoculation is ineffective as a mass inoculation technique because it is labor-intensive and time-consuming (Sastry and Zitter, 2014).




3.2 In vitro infection/agroinoculation

Agroinoculation inoculation is yet another TYLCV inoculation test (Czosnek et al., 1993; Kheyr-Pour et al., 1994; Lucioli et al., 2003; Mori et al., 2021). A. tumefaciens is employed for agroinoculation to introduce cloned viral DNA into host cells (Grimsley et al., 1986; Lu et al., 2003; Delbianco et al., 2013). Tandem repeats (or 1.5–1.8 -mers) of the viral genome are cloned into the T-DNA of the Ti plasmid of A. tumefaciens in the case of TYLCV and another geminivirus before being injected into plants. Replicates are widespread systemically in plants due to genome-sized viral DNA forms, which also cause disease symptoms (Stenger et al., 1991). Agroinoculation is a popular technique used to inoculate plants or leaf discs with geminiviruses. It has been suggested that agroinoculation be utilized as a test technique for TYLCV inoculation and screening of resistant plants because it has been used successfully to introduce the virus into leaf discs and entire plants (Czosnek et al., 1993; Kheyr-Pour et al., 1994). However, it has been demonstrated that cloned TYLCV DNA delivered through agroinoculation inoculation can surpass the virus’s natural resistance in wild tomato species (Abhary et al., 2006; Maliano, 2021).

The effectiveness of agricultural immunization for testing of TYLCV resistance was shown to be dubious (Kheyr-Pour et al., 1994). The usefulness of agricultural immunization as a technique to test various wild and farmed tomato genotypes for TYLCV resistance was recently examined (Pico et al., 2001). Rub agroinoculation (rubbing emery-dusted leaves with an Agrobacterium tumefaciens suspension) led to irregular, weak infections and failed to distinguish between genotypes with various levels of resistance (Pico et al., 2001; Lapidot, 2007). Although the inoculation rate of susceptible controls was 100%, the inoculation efficiency of resistant genotypes was lower. Agrobacterium inoculation of the strain (injection of A. tumefaciens suspension into the strain) was more successful (Lapidot, 2007). It was determined that agricultural immunization might be employed in breeding programs but only as an adjunct to immunization against whiteflies (Pico et al., 2001).

Plants have also been vaccinated with Bergomo virus DNA using particle bombardment (gene gun inoculation) (Garzón-Tiznado et al., 1993). Biolistic Inoculation of cloned Bergomo virus DNA per unit-length (monomer) or tandem repeats (dimer) results in high inoculation efficiency by removing time-consuming DNA manipulation and enabling the inheritance of bergomovirus analysis (Bonilla-Ramírez et al., 1997). Although biolistic inoculation of viral DNA monomers still presents in the cloned plasmid has been proven to be possible, it has only been accomplished after the viral clones removed from the plasmid increased vaccination rates (Liu, 2011; Ceniceros-Ojeda et al., 2016).

However, biolistic inoculation has only been observed in begomoviruses: only the tomato leaf roll Karnataka virus has undergone biolistic inoculation using fractional DNA dimers cloned from monopartite begomoviruses. It served as the initial evidence in 2002 (Chatchawankanphanich and Maxwell, 2002). Tomato yellow leaf curl Sardinia virus (TYLCSV) and TYLCV-[Cu] (a TYLCV strain from Cuba) were used in the first documented biolistic inoculation of TYLCV in 2003 (Ramos et al., 2003). TYLCSV clones were contagious following biolistic vaccination (for unclear reasons), but neither virus was contagious following agroinoculation vaccination (Ramos et al., 2003). Finally, plants with DNA in dimer form were cloned from the TYLCV-[Alm] (Almeria isolate), TYLCV-Mld (mild strain), and TYLCV (Morilla et al., 2005).

Examination of transgenic plants for TYLCV resistance involving in vivo vaccination methods under open climate or non-proficient nursery conditions is troublesome because of stringent guidelines on the genetically modified organisms (Ben Tamarzizt et al., 2009). Subsequently, a controlled immunization convention should be laid out to forestall the unwanted spread of the virus into the climate, mainly while testing new virus strains or recombinants. Two past reports portrayed the improvement of a virus vaccination framework reasonable for in vitro plants (Russo and Slack, 1998; Mazier et al., 2004; Al Abdallat et al., 2010). Utilizing the described system, in vitro-developed plants can be effectively inoculated utilizing mechanical procedures. The rule of the new vaccination technique is to submerge the foundation of the plant in an answer containing agrobacterium with an irresistible TYLCV clone. Al Abdallat et al. (2010) fostered a novel and proficient technique for in vitro immunization of tomato plants with TYLCV. This technique has been successfully used to uncover TYLCV opposition in wild tomatoes and permit stockpiling and spread of contaminated tomato plants under appropriately controlled conditions. Starting screening of transgenic plants with further developed protection from TYLCV utilizing the portrayed in vitro method is suggested




4 Natural resources resistant to the TYLCV in tomato

Natural TYLCV-resistant germplasm resources have been studied and characterized in numerous tomato lines, genotypes, and cultivars over the last few decades, most of which are addressed in Table 1. S. pimpinellifolium, S. peruvianum, S. chilense, S. habrochaites, and S. cheesmaniae are wild tomato that have been the focus of plant breeders’ efforts to uncover natural sources of virus resistance (Yan et al., 2018). Ty-1’s initial source was LA1969, (Verlaan et al., 2011; Verlaan et al., 2013) and Ty-2 from S. habrochaites f. glabratum accession “B6013” (Yang et al., 2014). The self-incompatible and heterogeneous S. chilense wild tomato variety produces numerous alleles of the same gene in a single accession (Bai et al., 2004). LA1932 demonstrates that resistance allele 35 exists for Ty-1/Ty-3 and Ty-4 (Ji et al., 2009b). In LA2779, Ty-3 and Ty-6 were also discovered (Hutton and Scott, 2013). The potential that previous S. chilense-derived lines carry various resistance genes for TYLCV resistance in accordance with the selection process and heterogeneity of S. chilense (Caro et al., 2015). Finally, several tomato varieties and cultivars have recently been introduced around the world through various breeding programs, such as Yarkiy (Rumyanets), Malinovyi (Slon), and Nicola in Kazakhstan (Pozharskiy et al., 2022). Quamruzzaman et al. (2021) evaluated 75 tomato entries in Bangladesh for resistance to TYLCV infection, and 47 showed zero percent infection. Furthermore, in Egypt, two new tomato lines (TYG-1-3 and KIS-N-2-1) were resistant to TYLCV infection (Elmorsy et al., 2021). Hussain et al. (2022) screened 24 lines in Pakistan for TYLCV using disease scoring and TAS-ELISA; seven accessions, Acc-17890, AVR-261, CLN-312, AVR-321, EUR-333, CLN-352, and CLN-362, expressed resistance to TYLCV.


Table 1 | Tomato resources resistance to TYLCV.





5 Natural genes resistant to TYLCV in tomato

Six distinct genes (Ty-1, Ty-2, Ty-3, Ty-4, ty-5, and Ty-6) are located on different tomato chromosomes (Figure 4) and provide varying levels of resistance in wild germplasm when transfected into commercial cultivars (Anbinder et al., 2009; Hutton and Scott, 2013; Prabhandakavi et al., 2021). Except for ty-5, which has recessive inheritance, all of these genes are dominant resistance (Ren et al., 2022). Ty-1, Ty-3, Ty-4, and Ty-6 are derived from S. chilense (Hutton and Scott, 2013), whereas Ty-2 and ty-5 may be derived from S. habrochaites and S. peruvianum, respectively (Anbinder et al., 2009; Wolters et al., 2015). It is now possible to introduce resistance genes without causing cross-resistance or to pyramid numerous resistance genes in marker-assisted breeding thanks to the development of molecular biotechnology.




Figure 4 | Mapping of TYLCV resistance genes on tomato chromosomes. (A) The site of Ty-4 on chromosome 3 of S. chilense cv., (B) the site of ty-5 on chromosome 4 of S. peruvianum cv., (C) the site of Ty-1, Ty-3 and Ty-3a on chromosome 6 of S. chilense cv. (LA1969, LA2279 and LA1932 respectively), (D) the site of Ty-6 region on chromosome 10 of S. chilense (LA2279) and (E) the Ty-2 region on chromosome 11 of S. habrochaites cv.




5.1 Ty-1

Ty-1 was included in LA1969 from S. chilense (Verlaan et al., 2011; Verlaan et al., 2013). The first was identified and located on tomato chromosome 6’s short arm by Zamir et al. (1994). Ty-1 is related to the Mi-1 gene cluster at the REX-1 locus, indicating that Ty-1 is derived from the short arm of chromosome 6 (Milo, 2001). Ty-1 was discovered on the long arm of chromosome 6 and linked to the Ty-3 locus (Pérez de Castro et al., 2013). de Castro et al. (2007) found that Ty-1 is associated with the CT21 marker, which is situated below the long arm’s centromere, in a different investigation. Also, Ty-1 has recently been fine-mapped and cloned, and it has been shown to contain an allele of a gene coding for an RNA-dependent RNA polymerase (RDR) (Verlaan et al., 2011; Verlaan et al., 2013). The Ty-1 gene thus represents a distinct family of genes that increase the transcriptional silence of viral genes to confer disease resistance or tolerance. Recent research has demonstrated that in genetically modified N. benthamiana plants, the Ty-1 gene can also confer resistance to the beet curly top virus (a genus Curtovirus) (de Nazaré Almeida dos Reis et al., 2020; Voorburg et al., 2020). More research is needed to determine the effect of the Ty-1 gene on ssDNA viral and subviral diseases associated with tomatoes in the Neotropics. More viruses (14 versus 6 species) were found in tomatoes lacking the Ty-1 gene, including a gemycircularvirus (Genomoviridae), a new alpha-satellite, and two novel Begomovirus species (de Nazaré Almeida dos Reis et al., 2020; Nehra et al., 2022). A novel Begomovirus was found only in the Ty-1 pool in the de Nazaré Almeida dos Reis et al. (2020) survey, and it was the only species associated with severe symptoms in Ty-1 plants. Three ORFs were predicted to be T-y1/Ty-3, and the Ty-1 gene has been identified as genomic alleles for genes Ty-3, Ty-3a, and Ty-3b (Jensen et al., 2007; Ji et al., 2007a; Verlaan et al., 2011; Verlaan et al., 2013). Though since plants with this factor allow for a minor onset of symptoms, primarily in the apical meristem region, and then gradually recover as the plant grows/develops, phenotypic expression of the Ty-1 gene is more accurately described as a tolerance response (Cooper and Jones, 1983; de Nazaré Almeida dos Reis et al., 2020). Finally, Ty-1 is the most common resistance gene used in tomato breeding. TYLCV, on the other hand, undermines Ty-1 resistance when co-infected with a betasatellite. This suggests that the TYLCV/betasatellite complex can bypass the commonly used Ty-1 resistance gene (Ren et al., 2022).



5.2 Ty-2

Hanson et al. (2000) were the first to report the presence of a resistance introgression (Ty-2) derived from S. habrochaites accession B6013 in the tomato-resistant line H24, which was developed from S. habrochiates f. glabratum accession ‘B6013’ (Kalloo and Banerjee, 1990) and contains an introgression spanning at least 19 cM from TG36 (map position 84 cM) to TG393 (103 cM) (Ji et al., 2009a). According to Ji et al., the Ty-2 gene was restricted in a 500kb introgressed region between markers C2 At2g28250 (physical location 51.307Mb) and T0302 (51.878 Mb) (2009). Later, Yang et al. (2014) reduced the Ty-2 region to a 300 kb distance between markers UP8 (51.344 Mb) and M1 (51.645 Mb) at the end of chromosome 11’s long arm (Barbieri et al., 2010). Ty-2 is one of the essential TYLCV resistance genes used in tomato breeding, but it is ineffective against many TYLCV strains worldwide (Shen et al., 2020). Numerous tomato breeding projects have attempted to identify recombinants containing Ty-2 and I-2, but have so far been unsuccessful. Ty-2 is intimately associated with susceptibility to Fusarium wilt race 2, and efforts to date have been ineffective (Ji et al., 2007a). There have been numerous attempts to define the gene structure and produce a perfect map of the Ty-2 locus. However, there is no concrete proof that a particular gene is responsible for Ty-2-mediated resistance (Yamaguchi et al., 2018).



5.3 Ty-3

Ty-3 was identified in S. chilense accessions such as LA1932, LA1938, and LA2779, and it was first located on the long arm of chromosome 6 in these accessions (Ji et al., 2007a). Resistance to the TYLCV and begomovirus tomato mottle virus (ToMoV) is possible (Ji et al., 2007a). Ty-3 and Ty-1 areas overlap, indicating the potential for alleles (Verlaan et al., 2013). Ty-1 and Ty-3 have been focused breeding efforts that have been joined to create trade hybrids around the globe. The Ty-1/Ty-3 gene from chilense (LA1969) encodes an RNA-dependent RNA polymerase that participates in antiviral RNA silencing and was the first and only TYLCV dominant resistance gene to be cloned. Ty-1 and Ty-3 are RDR type homologs of A. thaliana RDR3, RDR4, and RDR5 genes, which have yet to be assigned functions (Verlaan et al., 2013).

Increased amounts of TYLCV-specific siRNA targeting the V1 promoter area were seen in plants with Ty-1/Ty-3, along with cytosine methylation in the region’s promoter, which suggested an increased transcriptional gene silencing (TGS) resistance mechanism (Butterbach et al., 2014). In Solanum species, the catalytic region of the Ty-1/Ty-3 gene is conserved S. chilense, and six other wild species of Solanum have a 12-base pair introduction in Ty-1/Ty-3, albeit it is not entirely linked to TYLCV resistance. SNPs targeting resistant Ty-1/Ty-3 alleles can improve allele-specific markers (Caro et al., 2015). However, the co-dominant SCAR marker P6-25 was utilized to identify the Ty-3, Ty-3a, and Ty3b alleles in three Chinese accessions, LA2779, LA1932, and LA1969, at a distance of 25 cM. Tomato with begamovirus resistance (Ji et al., 2007a; Ji et al., 2007b).



5.4 Ty-4

Ty-4 originated from S. chilense accession LA1932; it has been located on the third chromosome’s long arm (Ji et al., 2009b; Dhaliwal et al., 2020). Only 15.7% of the entire variation was accounted for by Ty-4, which had no impact on TYLCV resistance; in contrast, 59.6% of the variation was accounted for by Ty-3, which originated from S. chilense (Ji et al., 2009b). Although we did not test for bipartite begomovirus, Ty-4 is efficient against TYLCV. However, in Guatemala, inbred lines carrying both Ty-3 and Ty-4 were more resistant than lines carrying just Ty-3 (D.P. Maxwell, unpublished data), showing that Ty-4 is resistant to a number of (up to 7) bipartite begomoviruses that are active, and these viruses are likely prevalent there (Nakhla et al., 2005). Compared to other Ty genes, Ty-4 is less efficient against TYLCV (Kadirvel et al., 2013).



5.5 ty-5

The ty-5 has been identified in the tomato reproducing line TY172, which is descended from four different elevations of S. peruvianum (PI126926, PI126930, PI390681, and LA0441) (Friedmann et al., 1998; Hutton et al., 2012; Lapidot et al., 2015). The genetic analysis has shown that ty-5-mediated blockage on chromosome 4 is constrained by a substantial quantitative trait loci (QTL) (Anbinder et al., 2009). The ty-5 co-isolates with the marker SlNAC1 and is acquired latently (Anbinder et al., 2009; Hutton et al., 2012). It should be merged into the two guardians of a crossover, according to ty-5 features. However, the ability to apply related markers will consider a skillful fusion of this allele into cutting-edge material by marker-assisted selection. The ty-5 confers broad-spectrum resistance to geminiviruses and was effective against two representative begomoviruses in China, TYLCCNV/TYLCCNB and TbLCYnV. ty-5 also provided partial resistance to BCTV, a virus in the Curtovirus genus. Subsequently, ty-5 was resistant to TYLCV co-infected with a betasatellite (Ren et al., 2022).According to Levin et al. (2013) cloning study, the ty-5 gene codes for a pelota homolog related to protein translation. TYLCV opposition is linked to a T-to-G transversion in the pelota allele’s coding region. The ty-5 gene demonstrates that the Pelota gene is a TYLCV host susceptibility factor by addressing the functionality of the Pelota gene’s allele (Lapidot et al., 2015). Loss-of-work mutations have demonstrated resistance to various Gemini viruses at the Pelo homologous locus (Yan et al., 2021).



5.6 Ty-6

The Ty-6 is generated from S. chilense accession LA2779 and is a newly discovered TYLCV resistance locus (Hutton and Scott, 2014; Scott et al., 2015; Gill et al., 2019). According to preliminary mapping data, it is located in a region of about 3 Mb on the long arm of chromosome 10 (Gill et al., 2019). A notable discovery was the identification of Ty-6, which expands breeders’ toolkit of Ty genes and confers resistance to bipartite and begomoviruses monopartite (Prasad et al., 2020; Gupta et al., 2021). Contrary to popular belief, Ty-6 is primarily responsible for ToMoV resistance in lines such as Fla. 8680, not Ty-3 (Scott et al., 2015; Gill et al., 2019).

Similarly, even though ty-5 and Ty-6 work together to cause TYLCV in lines like Fla. 8638B and Fla. 8472, Gill et al. (2019) discovered that ty-5 is ineffective against ToMoV and that the existence of Ty-6 in such lines is what causes the bipartite resistance. Given that S. chilense is in the pedigree of all Ty-6-containing UF/IFAS lines evaluated thus far, Scott et al. (2015)‘s claim that this species was the source of Ty-6 in Fla. 8624 and Fla. 8638B is probably accurate. Ty-6 will probably be very helpful for many tomato breeding efforts worldwide due to its wide efficacy against mono- and bipartite begomoviruses and the complementing resistance it provides when combined with other genes (Gill et al., 2019). Despite discovering numerous SNPs associated with Ty-6 that can be used for breeding, none were consistently polymorphic between Ty-6 and Ty-6 breeding lines (Gill et al., 2019).




6 Molecular markers for resistance to TYLCV in tomato

Indirect selection of desirable plant phenotypes employing linked molecular DNA markers as a binding mechanism is known as marker-assisted selection (MAS) (El-Sappah et al., 2019; El-Sappah and Rather, 2022). According to the MAS theory, a gene of interest is present when a closely connected marker is found (Jiang, 2013). The development of novel resistant crops has numerous advantages. The two main benefits of molecular breeding are that it takes less time (Xu and Crouch, 2008) and is less expensive than field screening (Morris et al., 2003). Additionally, it is less damaging to the environment than pesticides (Afify et al., 2022). The tomato is one of the most remarkable plants for commercial breeding with molecular markers (Hanson et al., 2016). Molecular markers for MAS in CAPS and SCAR markers have been used to develop the Ty-1/Ty-3 resistance gene (Ji et al., 2009a; Nevame et al., 2018; Kim et al., 2020). Although, concerns have been voiced over their physical proximity to the resistance genes in the genome, posing the possibility of false-positive or false-negative outcomes in breeding programs (Antignus, 2007; Yang et al., 2014; Nevame et al., 2018). Gene-specific marker technology was developed to create gene-specific molecular markers to get around the issues mentioned earlier (Ramkumar et al., 2010; Ramkumar et al., 2011). As a result, functional markers, resistance gene-based markers (RGM), gene-targeted markers, and RNA-based markers have all been developed (Sorri et al., 1999; Kasai et al., 2000; Valkonen et al., 2008). Functional markers are polymorphic DNA sequences that play a role in phenotypic trait variation, according to Andersen and Lübberstedt (2003), whereas gene-targeted markers are gene-specific and can mark untranslated regions (Arnholdt-Schmitt, 2005; Varshney et al., 2007). RGM can make it possible to detect resistance genes in fresh germplasm and isolate populations to support plant gene pyramids (Poczai et al., 2013). The DNA markers for these TYLCV resistance genes are presented in Table 2. Since Ty-1 and Ty-3 were discovered separately from various tomato germplasms, various DNA markers closely related to Ty-1 or Ty-3 have been applied in tomato breeding projects. However, new research has revealed that these two are allelic-related at a single locus (Verlaan et al., 2013; Caro et al., 2015). Research is being done on the resistance levels and spectra that Ty-1 and Ty-3 bestow. Ty-2 resistance was successfully selected using the SCAR marker T0302 on chromosome 11, but it has recently been reported in a 300 kb region, and efforts are being made to identify its genes in order to create gene-based markers (Wolters et al., 2015). Based on the information provided by Lapidot et al. (2015), a gene-based dCAPS marker for ty-5 was developed.


Table 2 | Genetic markers assisted breeding to TYLCV resistance.





7 Mechanism of natural resistance to the TYLCV in tomato

The tomato plant’s molecular and cellular responses to TYLCV infection are depicted in Figure 5. Six partially overlapping open reading frames are present in the single-stranded, circular, bidirectionally structured DNA genome of TYLCV (Gronenborn, 2007). Due to their restricted coding capability, like most viruses, they depend on the host cell’s machinery and their proteins for the infection cycle (Hanley-Bowdoin et al., 2004). Viral ssDNA exits the capsid and moves into the cytoplasm and nucleus of infected cells, where it engages in a rolling cycle and recombination-dependent replication (Gutierrez, 1999). The freshly replicated viral ssDNA can be transformed into dsDNA, which can be used as a template for further replication or transcription. It can also be encapsulated by viral activity proteins for transport via plasmodesmata from infected cells to nearby cells or packaged in a contagious kind to allow for long-distance viral transmission (Gutierrez, 1999; Hanley-Bowdoin et al., 2013). In addition, geminiviruses rely extensively on host proteins to complete their infection cycle because they have little capacity for coding. To control cell division and the cell cycle, coordinate with multiple cellular mechanisms, and affect host components at various cellular levels, their replication, and transcriptional processes depend on host enzymes (Hanley-Bowdoin et al., 2013). Additionally, they produce short RNAs and block numerous TGS and post-transcriptional gene silencing (PTGS) components by encoding a variety of proteins that disrupt PTGS pathways (Raja et al., 2010; Hanley-Bowdoin et al., 2013; Gnanasekaran et al., 2019). In order to reduce symptoms in different crops and viruses, these proteins also utilize viral suppressors of the RNA silencing mechanism (VSRs) (Ceniceros-Ojeda et al., 2016; Basu et al., 2018). Geminivirus VSRs are versatile proteins that support the viral life cycle and weaken host defense (Teixeira et al., 2021). They can abolish PTGS and TGS in any of the three stages of the operation, and they can also directly or indirectly impact DNA methylation through events that happen after TGS (Loriato et al., 2020). Mechanically, RNA silencing machinery components are either actively inhibited or prevented from accumulating (expression) by geminivirus VSRs. Representatives of the viral repertoire known as C4/AC4 interact with and sequester dsRNA precursors from DCL cleavage and siRNAs from RISC loading in order to prevent antiviral RNA silencing. AC1 (bipartite geminiviruses) and C1 (monopartite geminiviruses) have been shown to function as powerful VSRs in both PTGS and TGS (Amin et al., 2011; Sunitha et al., 2013). Additionally, during the amplification phase, a subsequent event of TGS, AV2 and V2 impair host methylation activity and block antiviral RNA silencing (Luna et al., 2017; Wang et al., 2018a; Luna et al., 2020). Through a number of methods, the C1 protein encoded by the -satellite genome functions as an effective VSRs, preventing the methylation of viral genomes in plants and PTGS that have been infected (Yang et al., 2011; Saeed et al., 2015). To identify and trigger defense reactions against pathogens, the plant immune system has created a multi-layered receptor system. The initial line of defense, according to the traditional zig-zag model of plant immunity, is the recognition of pathogen-associated molecular patterns (PAMPs) by host pattern recognition receptors (PRRs), which activate PAMP-triggered immunity (PTI) (Jones and Dangl, 2006). Successful pathogens release effectors in response, suppressing the PTI response and causing effector-induced susceptibility (ETS). Receptor-like kinases (RLKs) and receptor-like proteins, two transmembrane receptors, are responsible for the appearance of PRRs. These PRRs realize damage-associated molecular patterns (DAMPs), which are exclusively expressed by endogenous danger signals supplied by pathogens or host plants during infection (Macho and Zipfel, 2015). To create an active immunological complex, RLKs and RLPs typically need a co-receptor (Ma et al., 2016). PAMPs and DAMPs function as bonds to enhance the dimerization and oligomerization of PRRs, one-way transmembrane receptors interacting with RLK co-receptors to initiate signaling and activate immune complexes (Macho and Zipfel, 2015). Following PTI activation, the MAP kinase cascade is activated, PTI-related defense genes are induced, ethylene and salicylic acid are synthesized, and callose is deposited (Teixeira et al., 2021; Raza et al., 2022). PTIs appear to be a component of the host’s arsenal of defense against geminivirus infection, despite the fact that geminivirus PAMPs and their associated PRRs have not been described. The TYLCCNB-C1 protein interacts with and is phosphorylated by tomato sucrose non-fermentation 1-associated kinase (SlSnRK1), which may cause proteasomal destruction (Shen et al., 2011). It has been demonstrated that the TYLCCNB-C1 protein inhibits methylation-mediated RNA silencing and its function in lowering PTI in tomato plants. Another line of defense is available. Where plants produce cytoplasmic R proteins, also known as NB-LRRs (nucleotide-binding leucine-rich repeat proteins), which can detect the presence or absence of specific viral impacts, such as avirulent (AVR) activity and result in effector-induced immunity (ETI) (Jones and Dangl, 2006). According to their N-terminal structures, plant NLRs are divided into two groups: CC-NLRs (CNLs) and Toll/Interleukin-1 (TIR)-NLRs (TNLs) (Selth et al., 2004). Ty-2 is a CC-NBS-LRR (CNL) type gene member of the CNL genes with an I-2-like subclass (Shen et al., 2020). When Ty-2 is co-expressed and activated with the TYLCV Rep/C1 protein, a hypersensitive responses (HR) response is produced.




Figure 5 | Molecular response of tomato during TYLCV infection; (A) the whitefly carries the virus and transfer it to the tomato during its feeding, (B) the tomato’s first line of defense is recognition of pathogen-associated molecular patterns (PAMP) by host pattern recognition receptors (PRRs), resulting in activation of PAMP triggered immunity (PTI), (C) the tomato second line of defense, plants have evolved cytoplasmic R proteins (nucleotide binding–leucine-rich repeat proteins, NB-LRR) (NLRs) i.e., Ty-2 gene that recognizes the presence or activity of specific virus effectors like avirulence AVR, resulting in effector triggered immunity (ETI), (D) Once the viral ssDNA is released from the capsid, it enters the cytoplasm of the infected cell and subsequently enters the cell nucleus, where it undergoes rolling-circle and recombination dependent replication and plant immunity begin by inducing both TGS and PTGS, with the help of Ty-1/Ty-3 genes, (E) Tomato autophagy, where Rep protein of TLCYnV, CLCuMuB βC1 protein interacts with autophagy related protein NbATG8 through its ATG8 interacting motif (LVSTKSPSLIK) and directs it for degradation. This figure was made using BioRender.



ETIs frequently cause HR and systemic acquired resistance (SAR) (Saile et al., 2020). Recent research suggests that there may not be a very distinct difference between PAMPs and effectors or between PAMP receptors and resistance-causing proteins (Thomma et al., 2011). As a result, PTI and ETI are not always different defensive reactions; instead, both defensive reactions can be strong or weak depending on the contact circumstances. Thus, detecting danger signals, whether they come directly from microorganisms (PAMPs and effectors) or through damage to or change of eukaryotic host structures, can recapitulate the activation of innate plant defense. The geminivirus AC2/C2 protein, a viral effector required for productive infection and can occasionally cause HR, seems to fit these criteria (Roy, 2016).

In general, plant defense responses triggered by direct or indirect effector sensing by NLR genes involve a variety of downstream signaling pathways, including phytohormones involved in defense, MAPK signaling cascades, and a set of defense-related genes (e.g., WRKY transcription factors) (Elmore et al., 2011; de Ronde et al., 2014; Boualem et al., 2016; Rasheed et al., 2022). After TYLCV inoculation, the SlMAPK1, SlMAPK2, and SlMAPK3 were differently upregulated and activated (Li et al., 2017; Guo et al., 2021). Rapid reactive oxygen species (ROS) burst and activation of MPK3/MPK6 are two distinct early signaling events in the plant immune system (Xu et al., 2014; Edris et al., 2021; Elebeedy et al., 2022; Sattar et al., 2022). The SA synthesis can result from H2O2 buildup (León et al., 1995); however, TYLCV also promotes SA accumulation early in infection (Morinaka et al., 2006). High SA and H2O2 can activate the PR genes expression locally (Peleg-Grossman et al., 2010).

In order to silence the expression of viral genes, geminiviruses must contend with plants on two major defenses. PTGS damages viral mRNA, while methylation-mediated TGS targets viral minichromosomes (Gupta et al., 2021). Geminivirus DNA enters the nucleus after combining with coat proteins and then attaching to the host’s histone proteins; ssDNA is replicated in the nucleus in double-stranded form and exists as minichromosomes (Abouzid et al., 1988; Gupta et al., 2021). The RNA-directed DNA methylation device (RdDM) employs transcriptional gene silencing to silence viral gene expression and reduce viral minichromosomes by taking advantage of the plant’s response to the invasion (TGS) (Vanitharani et al., 2005; Zarreen and Chakraborty, 2020).Virus-produced Plant cytoplasmic siRNA-mediated silencing pathways specifically target RNA transcripts (Gupta et al., 2021). The PTGS pathway is essential for host genes’ expression, development, and defense (Chen et al., 2004).

RDR2 participates in tomatoes’ TGS pathway and antiviral defense (Mourrain et al., 2000; Xie et al., 2001; Qi et al., 2009). Element members of the Ty-3/Gypsy-like superfamily of retrotransposons, which are transcriptionally repressed through the RdDM pathway, are upregulated due to the loss of RDR2 function (Jia et al., 2009). The TYLCV virus has two wild-type tomato resistance alleles, Ty-1 and Ty-3. These alleles are members of the RDR lineage and encode the DFDGD motif (Verlaan et al., 2013; Caro et al., 2015). Other research has demonstrated that Ty-1 increases antiviral RNAi responses, which is implied by elevated vsiRNA levels and elevated cytosine methylation in the viral DNA genome in tomatoes treated with Ty-1 (Butterbach et al., 2014). The viral genome’s cytosine methylation and RNA silencing are hypothesized to be regulated by several Ty genes (Verlaan et al., 2013; Butterbach et al., 2014; Caro et al., 2015).

Finally, autophagy, a conserved evolutionary process that recycles damaged or unneeded cellular components within cells, is another method of plant defense against TYLCV (Haxim et al., 2017; Yang et al., 2019a). According to studies on plant DNA and RNA viruses, autophagy has a potential antiviral role in host innate and adaptive immunity (Hafrén et al., 2017; Haxim et al., 2017; Gupta et al., 2021). The TLCYnV Rep protein CLCuMuB C1 interacts with the autophagy-related protein NbATG8 and regulates its degradation via the ATG8 interaction motif (LVSTKSPSLIK) (Gupta et al., 2021). More research, particularly in tomatoes, is needed to understand how autophagy is regulated during viral infection and determine whether blocking the proviral autophagy pathway could prevent diseases.



8 Challenge and prospects

The TYLCV may have originated from seeds because viral particles can stay in the seed after infection and pass on to the following generation (Albrechtsen, 2006; Baldodiya et al., 2020). Strict quarantine laws, integrated pest management, and traditional breeding are only a few methods to stop the spread of TYLCV (Prasad et al., 2020). TYLCV transmission is one of several recent transgenic strategies and traditional methods used to combat virus transmission (Pramanik et al., 2021; Asseri et al., 2022). Tomato plants that express TYLCV gene segments, such as replication-associated protein (Rep) (Antignus et al., 2004) or capsid protein (CP) provide resistance to the virus (Yang et al., 2004). Another study found that the model plant N. benthamiana overexpressed recombinant antibodies directed against the Rep protein and displayed decreased TYLCV symptoms (Safarnejad et al., 2009; Reyes et al., 2013). Immunization against TYLCV was successfully developed using viral gene silencing via RNAi-mediated techniques (Ammara et al., 2015; Leibman et al., 2015; Fuentes et al., 2016); for example, viral resistance was demonstrated by silencing the tomato SlPelo gene (Lapidot et al., 2015). Meanwhile, the overexpression of plant immunity-related genes immunity is a reasonable strategy for increasing pathogen tolerance in plants. For instance, SlMAPK3 or SlLNR overexpression reduces TYLCV pathogenicity in tomato plants (Li et al., 2017; Yang et al., 2019b). Furthermore, SlGRXC6 overexpression promoted plant growth, inhibited viral infection, and delayed TYLCV symptom development (Zhao et al., 2021).

Traditional breeding and transgenic approaches to TYLCV infection control are generally promising, but they have several drawbacks. Besides, they have been around for a long time and faces the risk of losing essential characteristics due to traditional breeding domestication (Jansson et al., 2017; Migicovsky and Myles, 2017). The main disadvantage of transgenic techniques is that the transgene must be expressed steadily to achieve a pathogen-tolerant phenotype. Thus the organisms must be classified as genetically modified (GMOs) (Shelake et al., 2019). Plant viruses have also been reported to develop a protection system by developing RNA-silencing viral suppressors (Incarbone and Dunoyer, 2013), even though RNAi does not result in complete gene silencing and requires the components of RNAi to be expressed consistently (Shuey et al., 2002; Rehman et al., 2022). As a result, novel approaches to developing TYLCV-resistant tomato crop varieties are incredibly crucial. CRISPR/Cas technology has proven to be a promising tool for creating designer crop varieties, including pathogen-resistant crops (Shelake et al., 2019; El-Sappah et al., 2021b; Pramanik et al., 2021). The two main components of CRISPR/Cas-based genome editing tools are single guide RNA (sgRNA) and Cas9 endonuclease (Binyameen et al., 2021). The sgRNA-Cas9 complex searches the genome for its target site and uses an adjacent protospacer motif to generate efficient DNA double-strand breaks. During the error-prone DNA repair process, mutations can occur (Pramanik et al., 2021). CRISPR/Cas has recently been used to target either the pathogen genome or the genes of the host plant to achieve a disease-resistant phenotype. By targeting the viral genome, CRISPR/Cas technology is effective in providing TYLCV resistance in N. benthamiana (Ali et al., 2015; Zaidi et al., 2016; Tashkandi et al., 2018). Similarly, sgRNAs targeting the CP or Rep gene decreased TYLCV accumulation in tomato plants (Tashkandi et al., 2018). According to a study published by Pramanik et al. (2021) the commercial tomato BN-86 line was CRISPR/Cas9-interceded to produce TYLCV-resistant tomato plants. Finally, in order to gain viral immunity, targeting the viral genome necessitates the stable expression of the CRISPR/Cas system, and is thus classified as GMO.



9 Conclusions

The most destructive viral disease that affects tomatoes is likely TYLCV disease. Traditional strategies, such as reproduction and transgenic techniques, have had limited success in controlling the disease. The QTL for TYLCV resistance, including Ty-1, Ty-2, Ty-3, Ty-4, ty-5, and Ty-6 in wild tomato varieties, were only recently discovered. Several methods, including stringent quarantine laws, genetic engineering, conventional breeding, and integrated pest management, have been used to stop the spread of TYLCV. Typically, tomato uses a few defense mechanisms, such as PTI, ETI, Gene silencing, and autophagy, to reduce the dangerous effects of TYLCV infections. This study compiles the characteristics of specific opposition genes, typical opposition resources, subatomic markers for aided choice, and methods for determining TYLCV protection. The main objective is to set the theoretical groundwork for identifying, utilizing, and developing tomato varieties resistant to TYLCV.



Author contributions

Conceptualization: AE-S, JiaL, KY, MA, AS, MASA, XZ and RM. Draw the figures: AE-S and SQ. Collected the data: AE-S. Contributed to writing the original manuscript draft: AE-S. Review and editing of the manuscript: AE-S, QH, G-TC, JinL, LW, JiaL, MI, XZ, MASA, AS and MA. Writing final copy: AE-S, SS, and ZN. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by Yibin University's High-level Talent Project (No. 2018RC07) and the Scientific Research Program Funded by Education Department of Shaanxi Provincial Government Program (No. 22JC061-177). Also, this work was supported by the Deanship of Scientific Research at Umm Al-Qura University for supporting this work by grant code (23UQU4290565DSR122).



Acknowledgments

We are very grateful to the kind administration of Yibin University, Yibin, China for providing us such a prestigious and well-equipped platform for research and development. The authors would like to thank the Deanship of Scientific Research at Umm Al-Qura University for supporting this work by grant code (23UQU4290565DSR122).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Abbreviations

TYLCV, Tomato yellow leaf curl virus; AAP, Acquisition access period; IAP, Inoculation access period; REX-1, Reduced expression 1; RDR, RNA–dependent RNA polymerase; TGS, Transcriptional gene silencing; PTGS, Post-transcriptional gene silencing; SNPs, Single nucleotide polymorphisms; SCAR, Sequence characterised amplified region; QTL, Quantitative trait loci; MAS, Marker-assisted selection; CAPS, Cleaved amplified polymorphic sequence; RGM, Resistance-gene based markers; dCAPS, Derived Cleaved Amplified Polymorphic Sequences; VSRs, viral suppressors of RNA silencing; PAMPs, pathogen-associated molecular patterns; PRRs, Pattern recognition receptors; PTI, PAMP-triggered immunity; ETS, Effector-induced susceptibility; RLKs, Receptor-like kinases; DAMPs, Damage-associated molecular patterns; AVR, Avirulence; HR, Hypersensitive responses; ETI, Effector-induced immunity; SAR, Systemic acquired resistance; ROS, Reactive oxygen species; SA, Salicylic acid; RdDM, RNA-directed DNA methylation device; CP, Capsid protein; sgRNA, Single guide RNA; GMOs, Genetically modified organisms; Rep, Replication-associated protein; InDel, Insertion-deletion; SSR, Simple Sequence Repeat; TYLCSV, Tomato yellow leaf curl Sardinia virus.



References

 Abbas, M., Li, Y., Elbaiomy, R. G., Yan, K., Ragauskas, A. J., Yadav, V., et al. (2022). Genome-wide analysis and expression profiling of SlHsp70 gene family in solanum lycopersicum revealed higher expression of SlHsp70-11 in roots under Cd(2+) stress. Front. Biosci. (Landmark Ed) 27, 186. doi: 10.31083/j.fbl2706186

 Abhary, M., Anfoka, G., Nakhla, M., and Maxwell, D. (2006). Post-transcriptional gene silencing in controlling viruses of the tomato yellow leaf curl virus complex. Arch. Virol. 151, 2349–2363. doi: 10.1007/s00705-006-0819-7

 Abouzid, A. M., Frischmuth, T., and Jeske, H. (1988). A putative replicative form of the abutilon mosaic virus (gemini group) in a chromatin-like structure. Mol. Gen. Genet. MGG 212, 252–258. doi: 10.1007/BF00334693

 Afify, A. S., Abdallah, M., Ismail, S. A., Ataalla, M., Abourehab, M. A. S., Al-Rashood, S. T., et al. (2022). Development of GC–MS/MS method for environmental monitoring of 49 pesticide residues in food commodities in Al-rass, Al-qassim region, Saudi Arabia. Arabian J. Chem. 15, 104199. doi: 10.1016/j.arabjc.2022.104199

 Al Abdallat, A. M., Al Debei, H. S., Asmar, H., Misbeh, S., Quraan, A., and Kvarnheden, A. (2010). An efficient in vitro-inoculation method for tomato yellow leaf curl virus. Virol. J. 7, 84. doi: 10.1186/1743-422X-7-84

 Albrechtsen, S. E. (2006). Testing methods for seed-transmitted viruses: Principles and protocols. UK: CABI Publishing, Oxfordshire), p. 47–81. doi: 10.1079/9780851990163.0001

 Ali, Z., Abulfaraj, A., Idris, A., Ali, S., Tashkandi, M., and Mahfouz, M. M. (2015). CRISPR/Cas9-mediated viral interference in plants. Genome Biol. 16, 1–11. doi: 10.1186/s13059-015-0799-6

 Alluqmani, S. M., and Alabdallah, N. M. (2022). The effect of thermally heated carbon nanoparticles of oil fly ash on tomato (Solanum lycopersicum l.) under salt stress. J. Soil Sci. Plant Nutr. 22, 5123–5132. doi: 10.07/s42729-022-00988-5

 Amin, I., Patil, B. L., Briddon, R. W., Mansoor, S., and Fauquet, C. M. (2011). Comparison of phenotypes produced in response to transient expression of genes encoded by four distinct begomoviruses in nicotiana benthamiana and their correlation with the levels of developmental miRNAs. Virol. J. 8, 238. doi: 10.1186/1743-422X-8-238

 Ammara, U., Mansoor, S., Saeed, M., Amin, I., Briddon, R. W., and Al-Sadi, A. M. (2015). RNA Interference-based resistance in transgenic tomato plants against tomato yellow leaf curl virus-Oman (TYLCV-OM) and its associated betasatellite. Virol. J. 12, 38. doi: 10.1186/s12985-015-0263-y

 Anbinder, I., Reuveni, M., Azari, R., Paran, I., Nahon, S., Shlomo, H., et al. (2009). Molecular dissection of tomato leaf curl virus resistance in tomato line TY172 derived from solanum peruvianum. Theor. Appl. Genet. 119, 519–530. doi: 10.1007/s00122-009-1060-z

 Andersen, J. R., and Lübberstedt, T. (2003). Functional markers in plants. Trends Plant Sci. 8, 554–560. doi: 10.1016/j.tplants.2003.09.010

 Anfoka, G., Moshe, A., Fridman, L., Amrani, L., Rotem, O., Kolot, M., et al. (2016). Tomato yellow leaf curl virus infection mitigates the heat stress response of plants grown at high temperatures. Sci. Rep. 6, 1–13. doi: 10.1038/srep19715

 Antignus, Y. (2007). “The management of tomato yellow leaf curl virus in greenhouses and the open field, a strategy of manipulation,” in  Czosnek, H (ed.) Tomato yellow leaf curl virus disease. (Dordrecht: Springer) p. 263–278.

 Antignus, Y., Vunsh, R., Lachman, O., Pearlsman, M., Maslenin, L., Hananya, U., et al. (2004). Truncated rep gene originated from tomato yellow leaf curl virus-Israel [Mild] confers strain-specific resistance in transgenic tomato. Ann. Appl. Biol. 144, 39–44. doi: 10.1111/j.1744-7348.2004.tb00314.x

 Arnholdt-Schmitt, B. (2005). Functional markers and a ‘systemic strategy’: convergency between plant breeding, plant nutrition and molecular biology. Plant Physiol. Biochem. 43, 817–820. doi: 10.1016/j.plaphy.2005.08.011

 Asseri, A. H., Alam, M. J., Alzahrani, F., Khames, A., Pathan, M. T., Abourehab, M. A. S., et al. (2022). Toward the identification of natural antiviral drug candidates against merkel cell polyomavirus: Computational drug design approaches. Pharmaceuticals 15, 501. doi: 10.3390/ph15050501

 AVRDC (2002). “Pyramiding tomato leaf curl virus resistance genes by marker-assisted selection,” in AVRDC report 2001. Eds.  T. Kalb, and G. Kuo (Tainan: Asian Vegetable Research and Development Center), 12–13.

 Bai, Y., van der Hulst, R., Huang, C., Wei, L., Stam, P., and Lindhout, P. (2004). Mapping ol-4, a gene conferring resistance to oidium neolycopersici and originating from lycopersicon peruvianum LA2172, requires multi-allelic, single-locus markers. Theor. Appl. Genet. 109, 1215–1223. doi: 10.1007/s00122-004-1698-5

 Baldodiya, G. M., Baruah, G., Sen, P., Nath, P. D., and Borah, B. K. (2020). “Host-parasite interaction during development of major seed-transmitted viral diseases,” In  Kumar, R., and Gupta, A. (eds). Seed-borne diseases of agricultural crops: Detection, diagnosis & management. (Singapore: Springer) p. 265–289. doi: 10.1007/978-981-32-9046-4_11

 Barbieri, M., Acciarri, N., Sabatini, E., Sardo, L., Accotto, G., and Pecchioni, N. (2010). Introgression of resistance to two Mediterranean virus species causing tomato yellow leaf curl into a valuable traditional tomato variety. J. Plant Pathol. 92, 485–493.

 Basu, S., Kumar Kushwaha, N., Kumar Singh, A., Pankaj Sahu, P., Vinoth Kumar, R., and Chakraborty, S. (2018). Dynamics of a geminivirus-encoded pre-coat protein and host RNA-dependent RNA polymerase 1 in regulating symptom recovery in tobacco. J. Exp. Bot. 69, 2085–2102. doi: 10.1093/jxb/ery043

 Bellotti, A. C., and Arias, B. (2001). Host plant resistance to whiteflies with emphasis on cassava as a case study. Crop Prot. 20, 813–823. doi: 10.1016/S0261-2194(01)00113-2

 Ben Tamarzizt, H., Gharsallah Chouchane, S., Lengliz, R., Maxwell, D. P., Marrakchi, M., Fakhfakh, H., et al. (2009). Use of tomato leaf curl virus (TYLCV) truncated rep gene sequence to engineer TYLCV resistance in tomato plants. Acta Virol. 53, 99–104. doi: 10.4149/av_2009_02_99

 Bian, X.-Y., Thomas, M. R., Rasheed, M. S., Saeed, M., Hanson, P., De Barro, P. J., et al. (2007). A recessive allele (tgr-1) conditioning tomato resistance to geminivirus infection is associated with impaired viral movement. Phytopathology 97, 930–937. doi: 10.1094/PHYTO-97-8-0930

 Binyameen, B., Khan, Z., Khan, S. H., Ahmad, A., Munawar, N., Mubarik, M. S., et al. (2021). Using multiplexed CRISPR/Cas9 for suppression of cotton leaf curl virus. Int. J. Mol. Sci. 22, 12543. doi: 10.3390/ijms222212543

 Bonilla-Ramírez, G., Guevara-González, R., Garzon-Tiznado, J., Ascencio-Ibanez, J., Torres-Pacheco, I., and Rivera-Bustamante, R. (1997). Analysis of the infectivity of monomeric clones of pepper huasteco virus. J. Gen. Virol. 78, 947–951. doi: 10.1099/0022-1317-78-4-947

 Boualem, A., Dogimont, C., and Bendahmane, A. (2016). The battle for survival between viruses and their host plants. Curr. Opin. Virol. 17, 32–38. doi: 10.1016/j.coviro.2015.12.001

 Butterbach, P., Verlaan, M. G., Dullemans, A., Lohuis, D., Visser, R. G., Bai, Y., et al. (2014). Tomato yellow leaf curl virus resistance by Ty-1 involves increased cytosine methylation of viral genomes and is compromised by cucumber mosaic virus infection. Proc. Natl. Acad. Sci. 111, 12942–12947. doi: 10.1073/pnas.1400894111

 Byrne, D. N., and Bellows, T. S. Jr. (1991). Whitefly biology. Annu. Rev. entomol. 36, 431–457. doi: 10.1146/annurev.en.36.010191.002243

 Caro, M., Verlaan, M. G., Julián, O., Finkers, R., Wolters, A.-M. A., Hutton, S. F., et al. (2015). Assessing the genetic variation of Ty-1 and Ty-3 alleles conferring resistance to tomato yellow leaf curl virus in a broad tomato germplasm. Mol. Breed. 35, 1–13. doi: 10.1007/s11032-015-0329-y

 Ceniceros-Ojeda, E. A., Rodríguez-Negrete, E. A., and Rivera-Bustamante, R. F. (2016). Two populations of viral minichromosomes are present in a geminivirus-infected plant showing symptom remission (recovery). J. Virol. 90, 3828–3838. doi: 10.1128/JVI.02385-15

 Chatchawankanphanich, O., and Maxwell, D. P. (2002). Tomato leaf curl karnataka virus from Bangalore, India, appears to be a recombinant begomovirus. Phytopathology 92, 637–645. doi: 10.1094/PHYTO.2002.92.6.637

 Cheng, G., Chang, P., Shen, Y., Wu, L., El-Sappah, A. H., Zhang, F., et al. (2020). Comparing the flavor characteristics of 71 tomato (Solanum lycopersicum) accessions in central shaanxi. Front. Plant Sci. 11, 586834. doi: 10.3389/fpls.2020.586834

 Chen, H., Lin, C., Yoshida, M., Hanson, P., and Schafleitner, R. (2015). Multiplex PCR for detection of tomato yellow leaf curl disease and root-knot nematode resistance genes in tomato (Solanum lycopersicum l.). Int. J. Plant Breed. Genet. 9, 44–56. doi: 10.3923/ijpbg.2015.44.56

 Chen, J., Li, W. X., Xie, D., Peng, J. R., and Ding, S. W. (2004). Viral virulence protein suppresses RNA silencing–mediated defense but upregulates the role of microRNA in host gene expression. Plant Cell 16, 1302–1313. doi: 10.1105/tpc.018986

 Cohen, S., and Harpaz, I. (1964). Periodic, rather than continual acquisition of a new tomato virus by its vector, the tobacco whitefly (Bemisia tabaci gennadius) 1. Entomol. exp. Appl. 7, 155–166. doi: 10.1111/j.1570-7458.1964.tb02435.x

 Cohen, S., Kern, J., Harpaz, I., and Ben-Joseph, R. (1988). Epidemiological studies of the tomato yellow leaf curl virus (TYLCV) in the Jordan valley, Israel. Phytoparasitica 16, 259–270. doi: 10.1007/BF02979527

 Cooper, J., and Jones, A. (1983). Responses of plants to viruses: proposals for the use of terms. Phytopathology 73, 127–128. doi: 10.1094/Phyto-73-127

 Czosnek, H., Kheyr-Pour, A., Gronenborn, B., Remetz, E., Zeidan, M., Altman, A., et al. (1993). Replication of tomato yellow leaf curl virus (TYLCV) DNA in agroinoculated leaf discs from selected tomato genotypes. Plant Mol. Biol. 22, 995–1005. doi: 10.1007/BF00028972

 Czosnek, H., and Laterrot, H. (1997). A worldwide survey of tomato yellow leaf curl viruses. Arch. Virol. 142, 1391–1406. doi: 10.1007/s007050050168

 Dam, B. V., Goffau, M. D., Lidth De Jeude, J. V., and Naika, S. (2005). Cultivation of tomato: Production, processing and marketing. Available at: https://cgspace.cgiar.org/bitstream/handle/10568/52975/1296_PDF.pdf?sequence=4.

 Davino, S., Napoli, C., Davino, M., and Accotto, G. P. (2006). Spread of tomato yellow leaf curl virus in Sicily: Partial displacement of another geminivirus originally present. Eur. J. Plant Pathol. 114, 293–299. doi: 10.1007/s10658-005-5805-5

 de Castro, A. P., Díez, M. J., and Nuez, F. (2007). Inheritance of tomato yellow leaf curl virus resistance derived from solanum pimpinellifolium UPV16991. Plant Dis. 91, 879–885. doi: 10.1094/PDIS-91-7-0879

 Delbianco, A., Lanzoni, C., Klein, E., Rubies Autonell, C., Gilmer, D., and Ratti, C. (2013). Agroinoculation of b eet necrotic yellow vein virus cDNA clones results in plant systemic infection and efficient p olymyxa betae transmission. Mol. Plant Pathol. 14, 422–428. doi: 10.1111/mpp.12018

 de Nazaré Almeida dos Reis, L., Fonseca, M. E. D. N., Ribeiro, S. G., Naito, F. Y. B., Boiteux, L. S., and Pereira-Carvalho, R. D. C. (2020). Metagenomics of neotropical single-stranded DNA viruses in tomato cultivars with and without the Ty-1 gene. Viruses 12, 819. doi: 10.3390/v12080819

 de Ronde, D., Butterbach, P., and Kormelink, R. (2014). Dominant resistance against plant viruses. Front. Plant Sci. 5, 307. doi: 10.3389/fpls.2014.00307

 Dhaliwal, M. S., Jindal, S. K., Sharma, A., and Prasanna, H. (2020). Tomato yellow leaf curl virus disease of tomato and its management through resistance breeding: A review. J. Hortic. Sci. Biotechnol. 95, 425–444. doi: 10.1080/14620316.2019.1691060

 Edris, S., Abo-Aba, S., Algandaby, M. M., Makki, R. M., Qari, S. H., Al-Quwaie, D. A., et al. (2021). Differential expression of genes contributing to PCD triggered by exogenous oxalic acid in tomato (Solanum lycopersicum). Plant Biosystems-An Int. J. Dealing all Aspects Plant Biol. 155, 871–877. doi: 10.1080/11263504.2020.1810801

 Elebeedy, D., Ghanem, A., Saleh, A., Ibrahim, M. H., Kamaly, O. A., Abourehab, M. A., et al. (2022). In vivo and in silico investigation of the anti-obesity effects of lactiplantibacillus plantarum combined with chia seeds, green tea, and chitosan in alleviating hyperlipidemia and inflammation. Int. J. Mol. Sci. 23, 12200. doi: 10.3390/ijms232012200

 Elmore, J. M., Lin, Z.-J. D., and Coaker, G. (2011). Plant NB-LRR signaling: upstreams and downstreams. Curr. Opin. Plant Biol. 14, 365–371. doi: 10.1016/j.pbi.2011.03.011

 Elmorsy, A. E., El-Kassas, A. I., Kansouh, A. M., and Ibraheem, M. M. (2021). Selection and breeding new lines of tomato (Solanum lycopersicon l.) resistance to tomato yellow leaf curl virus. Sinai J. Appl. Sci. 10, 99–106. doi: 10.21608/sinjas.2021.75775.1024

 El-Sappah, A. H., Elrys, A. S., Desoky, E.-S. M., Zhao, X., Bingwen, W., El-Sappah, H. H., et al. (2021a). (eds). “Comprehensive genome wide identification and expression analysis of MTP gene family in tomato (Solanum lycopersicum) under multiple heavy metal stress.” In: Saudi J. Biol. Sci. 2, 6946–6956. doi: 10.1016/j.sjbs.2021.07.073

 El-Sappah, A. H., Mm, I., H El-Awady, H., Yan, S., Qi, S., Liu, J., et al. (2019). Tomato natural resistance genes in controlling the root-knot nematode. Genes 10, 925. doi: 10.3390/genes10110925

 El-Sappah, A. H., and Rather, S. A. (2022). “Genomics approaches to study abiotic stress tolerance in plants”. In: Plant Abiotic Stress Physiology, Vol. 2, (Burlington: Apple Academic Press) 2, 25. doi: 10.1201/9781003180579-2

 El-Sappah, A. H., Yan, K., Huang, Q., Islam, M. M., Li, Q., Wang, Y., et al. (2021b). Comprehensive mechanism of gene silencing and its role in plant growth and development. Front. Plant Sci. 12, 705249. doi: 10.3389/fpls.2021.705249

 Friedmann, M., Lapidot, M., Cohen, S., and Pilowsky, M. (1998). A novel source of resistance to tomato yellow leaf curl virus exhibiting a symptomless reaction to viral infection. J. Am. Soc. Hortic. Sci. 123, 1004–1007. doi: 10.21273/JASHS.123.6.1004

 Fuentes, A., Carlos, N., Ruiz, Y., Callard, D., Sánchez, Y., Ochagavía, M. E., et al. (2016). Field trial and molecular characterization of RNAi-transgenic tomato plants that exhibit resistance to tomato yellow leaf curl geminivirus. Mol. Plant-Microbe Interact. 29, 197–209. doi: 10.1094/MPMI-08-15-0181-R

 Garcia, B. E., Graham, E., Jensen, K. S., Hanson, P., Mejía, L., and Maxwell, D. P. (2007). Co-Dominant SCAR marker for detection of the begomovirus-resistance Ty-2 locus derived from solanum habrochaites in tomato germplasm. Tomato Genet. Coop. Rep. 57, 21–24.

 Garzón-Tiznado, J. A., Torres-Pacheco, I., Ascencio-Iba Ez, J., and Herrera-Estrella, L. (1993). Inoculation of peppers with infectious clones of a new geminivirus by a biolistic procedure. Phytopathology-New York And Baltimore Then St Paul- 83, 514–514. doi: 10.1094/Phyto-83-514

 Gill, U., Scott, J. W., Shekasteband, R., Ogundiwin, E., Schuit, C., Francis, D. M., et al. (2019). Ty-6, a major begomovirus resistance gene on chromosome 10, is effective against tomato yellow leaf curl virus and tomato mottle virus. Theor. Appl. Genet. 132, 1543–1554. doi: 10.1007/s00122-019-03298-0

 Gnanasekaran, P., Kishorekumar, R., Bhattacharyya, D., Vinoth Kumar, R., and Chakraborty, S. (2019). Multifaceted role of geminivirus associated betasatellite in pathogenesis. Mol. Plant Pathol. 20, 1019–1033. doi: 10.1111/mpp.12800

 Gorovits, R., Moshe, A., Ghanim, M., and Czosnek, H. (2013). Recruitment of the host plant heat shock protein 70 by tomato yellow leaf curl virus coat protein is required for virus infection. PloS One 8, e70280. doi: 10.1371/journal.pone.0070280

 Grimsley, N., Hohn, B., Hohn, T., and Walden, R. (1986). “Agroinfection,” an alternative route for viral infection of plants by using the Ti plasmid. Proc. Natl. Acad. Sci. 83, 3282–3286. doi: 10.1073/pnas.83.10.3282

 Gronenborn, B. (2007). “The tomato yellow leaf curl virus genome and function of its proteins,” IIn  H. Czosnek (eds.) Tomato yellow leaf curl virus disease. (Dordrecht: Springer), 67–84. doi: 10.1007/978-1-4020-4769-5_5

 Guo, J., Sun, K., Zhang, Y., Hu, K., Zhao, X., Liu, H., et al. (2021). SlMAPK3, a key mitogen-activated protein kinase, regulates the resistance of cherry tomato fruit to botrytis cinerea induced by yeast cell wall and β-glucan. Postharvest Biol. Technol. 171, 111350. doi: 10.1016/j.postharvbio.2020.111350

 Gupta, N., Reddy, K., and Bhattacharyya, D. (2021). Plant responses to geminivirus infection: guardians of the plant immunity. Virol. J. 18, 1–25. doi: 10.1186/s12985-021-01612-1

 Gutierrez, C. (1999). Geminivirus DNA replication. Cell. Mol. Life Sci. CMLS 56, 313–329. doi: 10.1007/s000180050433

 Hafrén, A., Macia, J.-L., Love, A. J., Milner, J. J., Drucker, M., and Hofius, D. (2017). Selective autophagy limits cauliflower mosaic virus infection by NBR1-mediated targeting of viral capsid protein and particles. Proc. Natl. Acad. Sci. 114, E2026–E2035. doi: 10.1073/pnas.1610687114

 Hanley-Bowdoin, L., Bejarano, E. R., Robertson, D., and Mansoor, S. (2013). Geminiviruses: masters at redirecting and reprogramming plant processes. Nat. Rev. Microbiol. 11, 777–788. doi: 10.1038/nrmicro3117

 Hanley-Bowdoin, L., Settlage, S. B., and Robertson, D. (2004). Reprogramming plant gene expression: a prerequisite to geminivirus DNA replication. Mol. Plant Pathol. 5, 149–156. doi: 10.1111/j.1364-3703.2004.00214.x

 Hanson, P. M., Bernacchi, D., Green, S., Tanksley, S. D., Muniyappa, V., Padmaja, A. S., et al. (2000). Mapping a wild tomato introgression associated with tomato yellow leaf curl virus resistance in a cultivated tomato line. J. Am. Soc. Hortic. Sci. 125, 15–20. doi: 10.21273/JASHS.125.1.15

 Hanson, P., Green, S., and Kuo, G. (2006). Ty-2, a gene on chromosome 11 conditioning geminivirus resistance in tomato. Tomato Genet. Coop Rep. 56, 17–18.

 Hanson, P., Lu, S.-F., Wang, J.-F., Chen, W., Kenyon, L., Tan, C.-W., et al. (2016). Conventional and molecular marker-assisted selection and pyramiding of genes for multiple disease resistance in tomato. Scientia Hortic. 201, 346–354. doi: 10.1016/j.scienta.2016.02.020

 Haxim, Y., Ismayil, A., Jia, Q., Wang, Y., Zheng, X., Chen, T., et al. (2017). Autophagy functions as an antiviral mechanism against geminiviruses in plants. Elife 6, e23897. doi: 10.7554/eLife.23897.024

 Howladar, S. M. (2016). Exogenous applications of biochar and a-tocopherol improve the performance of salt-stressed tomato plants. Umm Al-Qura Univ. J. Appl. Sci. (UQUJAS) 3 (1), 16.

 Hussain, I., Farooq, T., Khan, S., Ali, N., Waris, M., Jalal, A., et al. (2022). Variability in indigenous Pakistani tomato lines and worldwide reference collection for tomato mosaic virus (ToMV) and tomato yellow leaf curl virus (TYLCV) infection. Braz. J. Biol. 84, 2024. doi: 10.1590/1519-6984.253605

 Hutton, S. F., and Scott, J. W. (2013). Fine-mapping and cloning of Ty-1 and Ty-3; and mapping of a new TYLCV resistance locus,”Ty-6”. In: Tomato Breeders Round Table Proceedings 2013, Chiang Mai. Available at: https://tgc.ifas.ufl.edu/2013/abstracts/SamOrchardAbstract%20TBRT%202013.pdf

 Hutton, S., and Scott, J. (2014). Ty-6, a major begomovirus resistance gene located on chromosome 10. Rept. Tomato Genet. Coop 64, 14–18.

 Hutton, S. F., Scott, J. W., and Schuster, D. J. (2012). Recessive resistance to tomato yellow leaf curl virus from the tomato cultivar tyking is located in the same region as Ty-5 on chromosome 4. HortScience 47, 324–327. doi: 10.21273/HORTSCI.47.3.324

 Hu, X., Wang, R., Li, F., Zhou, T., and Yang, W. (2014). Development of new marker for tomato TYLCV resistant gene and its application in selection of multi resistant gene pyramiding.  China Veg. 10, 18–23.

 Ibne-Siam-Joy, M. (2020). Assessment of varietal performance of selected tomato varieties against tomato yellow leaf curl virus (Tylcv) and its molecular detection through pcr. Department Of Plant Pathol.  13-05417, 1–73.

 Idris, A., and Brown, J. (2005). Evidence for interspecific-recombination for three monopartite begomoviral genomes associated with the tomato leaf curl disease from central Sudan. Arch. Virol. 150, 1003–1012. doi: 10.1007/s00705-004-0484-7

 Incarbone, M., and Dunoyer, P. (2013). RNA Silencing and its suppression: novel insights from in planta analyses. Trends Plant Sci. 18, 382–392. doi: 10.1016/j.tplants.2013.04.001

 Ioannou, N. (1985). Yellow leaf curl and other virus diseases of tomato in Cyprus. Plant Pathol. 34, 428–434. doi: 10.1111/j.1365-3059.1985.tb01383.x

 Islam, M., Qi, S., Zhang, S., Amin, B., Yadav, V., El-Sappah, A. H., et al. (2022). Genome-wide identification and functions against tomato spotted wilt tospovirus of PR-10 in solanum lycopersicum. Int. J. Mol. Sci. 23, 1502. doi: 10.3390/ijms23031502

 Jansson, G., Hansen, J. K., Haapanen, M., Kvaalen, H., and Steffenrem, A. (2017). The genetic and economic gains from forest tree breeding programmes in Scandinavia and Finland. Scand. J. For. Res. 32, 273–286. doi: 10.1080/02827581.2016.1242770

 Jensen, K., Van Betteray, B., Smeets, J., Yuanfu, J., Scott, J., Mejia, L., et al. (2007). Co Dominant SCAR marker, P6-25, for detection of the ty-3, Ty-3, and Ty-3a alleles at 25 cM of chromosome 6 of tomato. College of Agricultural and Life Sciences at University of Wisconsin-Madison, and by grants  from Unilever Bestfoods Ltd. and the Florida Tomato Committee to JW. Scott. p.25

 Jia, Y., Lisch, D. R., Ohtsu, K., Scanlon, M. J., Nettleton, D., and Schnable, P. S. (2009). Loss of RNA–dependent RNA polymerase 2 (RDR2) function causes widespread and unexpected changes in the expression of transposons, genes, and 24-nt small RNAs. PloS Genet. 5, e1000737. doi: 10.1371/journal.pgen.1000737

 Jiang, G.-L. (2013). Molecular markers and marker-assisted breeding in plants. In:  S. B Andersen (ed). Plant Breeding from Laboratories to Fields (Intech) p. 45–83. doi: 10.5772/52583

 Ji, Y., Schuster, D. J., and Scott, J. W. (2007a). Ty-3, a begomovirus resistance locus near the tomato yellow leaf curl virus resistance locus Ty-1 on chromosome 6 of tomato. Mol. Breed. 20, 271–284. doi: 10.1007/s11032-007-9089-7

 Ji, Y., Scott, J. W., Hanson, P., Graham, E., and Maxwell, D. P. (2007b). “Sources of resistance, inheritance, and location of genetic loci conferring resistance to members of the tomato-infecting begomoviruses,” in Tomato Yellow Leaf Curl Virus Disease: Management, Molecular Biology, Breeding for Resistance  H. Czosnek (ed.) (Dordrecht: Springer) p. 343–362. doi: 10.1007/978-1-4020-4769-5_20

 Ji, Y., Scott, J. W., and Schuster, D. J. (2009a). Toward fine mapping of the tomato yellow leaf curl virus resistance gene Ty-2 on chromosome 11 of tomato. HortScience 44, 614–618. doi: 10.21273/HORTSCI.44.3.614

 Ji, Y., Scott, J. W., Schuster, D. J., and Maxwell, D. P. (2009b). Molecular mapping of Ty-4, a new tomato yellow leaf curl virus resistance locus on chromosome 3 of tomato. J. Am. Soc. Hortic. Sci. 134, 281–288. doi: 10.21273/JASHS.134.2.281

 Jones, J. D., and Dangl, J. L. (2006). The plant immune system. Nature 444, 323–329. doi: 10.1038/nature05286

 Jung, J., Kim, H. J., Lee, J. M., Oh, C. S., Lee, H.-J., and Yeam, I. (2015). Gene-based molecular marker system for multiple disease resistances in tomato against tomato yellow leaf curl virus, late blight, and verticillium wilt. Euphytica 205, 599–613. doi: 10.1007/s10681-015-1442-z

 Kadirvel, P., de la Peña, R., Schafleitner, R., Huang, S., Geethanjali, S., Kenyon, L., et al. (2013). Mapping of QTLs in tomato line FLA456 associated with resistance to a virus causing tomato yellow leaf curl disease. Euphytica 190, 297–308. doi: 10.1007/s10681-012-0848-0

 Kalloo, G., and Banerjee, M. (1990). Transfer of tomato leaf curl virus resistance from Lycopersicon hirsutum. Plant Breed. 105, 156–159. doi: 10.1111/j.1439-0523.1990.tb00469.x

 Kasai, K., Morikawa, Y., Sorri, V., Valkonen, J., Gebhardt, C., and Watanabe, K. (2000). Development of SCAR markers to the PVY resistance gene ry adg based on a common feature of plant disease resistance genes. Genome 43, 1–8. doi: 10.1139/g99-092

 Kegler, H. (1994). Incidence, properties and control of tomato yellow leaf curl virus-a review. Arch. Phytopathol. Plant Prot. 29, 119–132. doi: 10.1080/03235409409383102

 Kheyr-Pour, A., Gronenborn, B., and Czosner, H. (1994). Agroinoculation of tomato yellow leaf curl virus (TYLCV) overcomes the virus resistance of wild lycopersicon species. Plant Breed. 112, 228–233. doi: 10.1111/j.1439-0523.1994.tb00675.x

 Kil, E.-J., Kim, S., Lee, Y.-J., Byun, H.-S., Park, J., Seo, H., et al. (2016). Tomato yellow leaf curl virus (TYLCV-IL): A seed-transmissible geminivirus in tomatoes. Sci. Rep. 6, 1–10. doi: 10.1038/srep19013

 Kil, E.-J., Park, J., Choi, E.-Y., Byun, H.-S., Lee, K.-Y., An, C. G., et al. (2018). Seed transmission of tomato yellow leaf curl virus in sweet pepper (Capsicum annuum). Eur. J. Plant Pathol. 150, 759–764. doi: 10.1007/s10658-017-1304-8

 Kil, E.-J., Park, J., Choi, H.-S., Kim, C.-S., and Lee, S. (2017). Seed transmission of tomato yellow leaf curl virus in white soybean (Glycine max). Plant Pathol. J. 33, 424. doi: 10.5423/PPJ.NT.02.2017.0043

 Kim, M., Park, Y., Lee, J., and Sim, S.-C. (2020). Development of molecular markers for Ty-2 and Ty-3 selection in tomato breeding. Scientia Hortic. 265, 109230. doi: 10.1016/j.scienta.2020.109230

 Koeda, S., Fujiwara, I., Oka, Y., Kesumawati, E., Zakaria, S., and Kanzaki, S. (2020). Ty-2 and Ty-3a conferred resistance are insufficient against tomato yellow leaf curl kanchanaburi virus from southeast Asia in single or mixed infections of tomato. Plant Dis. 104, 3221–3229. doi: 10.1094/PDIS-03-20-0613-RE

 Lapidot, M. (2007). “Screening for TYLCV-resistance plants using whitefly-mediated inoculation,” In:  Czosnek, H. (eds.) Tomato yellow leaf curl virus disease (Dordrecht: Springer). doi: 10.1007/978-1-4020-4769-5_19.

 Lapidot, M., Friedmann, M., Lachman, O., Yehezkel, A., Nahon, S., Cohen, S., et al. (1997). Comparison of resistance level to tomato yellow leaf curl virus among commercial cultivars and breeding lines. Plant Dis. 81, 1425–1428. doi: 10.1094/PDIS.1997.81.12.1425

 Lapidot, M., Friedmann, M., Pilowsky, M., Ben-Joseph, R., and Cohen, S. (2001). Effect of host plant resistance to tomato yellow leaf curl virus (TYLCV) on virus acquisition and transmission by its whitefly vector. Phytopathology 91, 1209–1213. doi: 10.1094/PHYTO.2001.91.12.1209

 Lapidot, M., Karniel, U., Gelbart, D., Fogel, D., Evenor, D., Kutsher, Y., et al. (2015). A novel route controlling begomovirus resistance by the messenger RNA surveillance factor pelota. PloS Genet. 11, e1005538. doi: 10.1371/journal.pgen.1005538

 Lapidot, M., and Polston, J. E. (2006). “Resistance to tomato yellow leaf curl virus in tomato,” In:  G. Loebenstein, and J.P. Carr (eds.) Natural resistance mechanisms of plants to viruses (Dordrecht: Springer), 503–520. doi: 10.1007/1-4020-3780-5_23

 Laterrot, H. (1993). “Present state of the genetic control of tomato yellow leaf curl virus and of the EEC-supported breeding programme.” In: Proceedings of the Xiith Eucarpia Meeting on Tomato Genetics and Breeding (ed.  Stamova, L) pp. 27–31. Plovdiv (BG)

 Lee, J. H., Chung, D. J., Lee, J. M., and Yeam, I. (2020). Development and application of gene-specific markers for tomato yellow leaf curl virus resistance in both field and artificial infections. Plants 10, 9. doi: 10.3390/plants10010009

 Legarrea, S., Barman, A., Diffie, S., and Srinivasan, R. (2020). Virus accumulation and whitefly performance modulate the role of alternate host species as inoculum sources of tomato yellow leaf curl virus. Plant Dis. 104, 2958–2966. doi: 10.1094/PDIS-09-19-1853-RE

 Leibman, D., Prakash, S., Wolf, D., Zelcer, A., Anfoka, G., Haviv, S., et al. (2015). Immunity to tomato yellow leaf curl virus in transgenic tomato is associated with accumulation of transgene small RNA. Arch. Virol. 160, 2727–2739. doi: 10.1007/s00705-015-2551-7

 León, J., Lawton, M. A., and Raskin, I. (1995). Hydrogen peroxide stimulates salicylic acid biosynthesis in tobacco. Plant Physiol. 108, 1673–1678. doi: 10.1104/pp.108.4.1673

 Levin, I., Karniel, U., Fogel, D., Reuveni, M., Gelbart, D., Evenor, D., et al. (2013). “Cloning and analysis of the tomato yellow leaf curl virus resistance gene Ty-5,” in Proceedings of the tomato breeders roundtable, Chaing-Mai, Thailand. Available at: http://tgc.ifas.ufl.edu/2013/abstracts/LevinAbstract%20TBRT%202013.pdf. 

 Li, Y., Qin, L., Zhao, J., Muhammad, T., Cao, H., Li, H., et al. (2017). SlMAPK3 enhances tolerance to tomato yellow leaf curl virus (TYLCV) by regulating salicylic acid and jasmonic acid signaling in tomato (Solanum lycopersicum). PloS One 12, e0172466. doi: 10.1371/journal.pone.0172466

 Liu, M. A. (2011). DNA Vaccines: An historical perspective and view to the future. Immunol. Rev. 239, 62–84. doi: 10.1111/j.1600-065X.2010.00980.x

 Liu, J., Shi, M., Wang, J., Zhang, B., Li, Y., Wang, J., et al. (2020). Comparative transcriptomic analysis of the development of sepal morphology in tomato (Solanum lycopersicum l.). Int. J. Mol. Sci. 21, 5914. doi: 10.3390/ijms21165914

 Loriato, V. A. P., Martins, L. G. C., Euclydes, N. C., Reis, P. A. B., Duarte, C. E. M., and Fontes, E. P. B. (2020). Engineering resistance against geminiviruses: A review of suppressed natural defenses and the use of RNAi and the CRISPR/Cas system. Plant Sci. 292, 110410. doi: 10.1016/j.plantsci.2020.110410

 Lucioli, A., Noris, E., Brunetti, A., Tavazza, R., Ruzza, V., Castillo, A. G., et al. (2003). Tomato yellow leaf curl Sardinia virus rep-derived resistance to homologous and heterologous geminiviruses occurs by different mechanisms and is overcome if virus-mediated transgene silencing is activated. J. Virol. 77, 6785–6798. doi: 10.1128/JVI.77.12.6785-6798.2003

 Lu, R., Martin-Hernandez, A. M., Peart, J. R., Malcuit, I., and Baulcombe, D. C. (2003). Virus-induced gene silencing in plants. Methods 30, 296–303. doi: 10.1016/S1046-2023(03)00037-9

 Luna, A. P., Rodríguez-Negrete, E. A., Morilla, G., Wang, L., Lozano-Durán, R., Castillo, A. G., et al. (2017). V2 from a curtovirus is a suppressor of post-transcriptional gene silencing. J. Gen. Virol. 98, 2607–2614. doi: 10.1099/jgv.0.000933

 Luna, A. P., Romero-Rodríguez, B., Rosas-Díaz, T., Cerero, L., Rodríguez-Negrete, E. A., Castillo, A. G., et al. (2020). Characterization of curtovirus V2 protein, a functional homolog of begomovirus V2. Front. Plant Sci. 11, 835. doi: 10.3389/fpls.2020.00835

 Macho, A. P., and Zipfel, C. (2015). Targeting of plant pattern recognition receptor-triggered immunity by bacterial type-III secretion system effectors. Curr. Opin. Microbiol. 23, 14–22. doi: 10.1016/j.mib.2014.10.009

 Makkouk, K., Shehab, S., and Majdalani, S. (1979). Tomato yellow leaf curl: incidence, yield and losses and transmission in Lebanon. Phytopathol. Z. 96, 263–267. doi: 10.1111/j.1439-0434.1979.tb01648.x

 Maliano, M. R. (2021). Investigation of the resistance and susceptible responses of tomato (Solanum lycopersicum) to tomato yellow leaf curl virus, the invasion biology of tomato begomoviruses in Costa Rica and characterization of two weed-infecting begomoviruses in the Caribbean basin (Davis: University of California).

 Mauck, K. E. (2016). Variation in virus effects on host plant phenotypes and insect vector behavior: what can it teach us about virus evolution? Curr. Opin. Virol. 21, 114–123. doi: 10.1016/j.coviro.2016.09.002

 Ma, X., Xu, G., He, P., and Shan, L. (2016). SERKing coreceptors for receptors. Trends Plant Sci. 21, 1017–1033. doi: 10.1016/j.tplants.2016.08.014

 Mazier, M., German-Retana, S., Flamain, F., Dubois, V., Botton, E., Sarnette, V., et al. (2004). A simple and efficient method for testing lettuce mosaic virus resistance in in vitro cultivated lettuce. J. Virol. Methods 116, 123–131. doi: 10.1016/j.jviromet.2003.11.011

 Migicovsky, Z., and Myles, S. (2017). Exploiting wild relatives for genomics-assisted breeding of perennial crops. Front. Plant Sci. 8, 460. doi: 10.3389/fpls.2017.00460

 Milo, J. (2001). “The PCR-based marker REX-1, linked to the gene mi, can be used as a marker to TYLCV tolerance,” in Proc Tomato Breed Roundtable, Antigua. Available at: http://www.oardc.ohiostate.edu/tomato/TBRT%202001%20Abstracts.pdf.

 Mori, N., Hasegawa, S., Takimoto, R., Horiuchi, R., Watanabe, C., Onizaki, D., et al. (2022). Identification of QTLs conferring resistance to begomovirus isolate of PepYLCIV in capsicum chinense. Euphytica 218, 1–12. doi: 10.1007/s10681-022-02970-9

 Morilla, G., Janssen, D., García-Andrés, S., Moriones, E., Cuadrado, I., and Bejarano, E. (2005). Pepper (Capsicum annuum) is a dead-end host for tomato yellow leaf curl virus. Phytopathology 95, 1089–1097. doi: 10.1094/PHYTO-95-1089

 Morinaka, Y., Sakamoto, T., Inukai, Y., Agetsuma, M., Kitano, H., Ashikari, M., et al. (2006). Morphological alteration caused by brassinosteroid insensitivity increases the biomass and grain production of rice. Plant Physiol. 141, 924–931. doi: 10.1104/pp.106.077081

 Mori, T., Takenaka, K., Domoto, F., Aoyama, Y., and Sera, T. (2021). Development of a method to rapidly assess resistance/susceptibility of micro-tom tomatoes to tomato yellow leaf curl virus via agroinoculation of cotyledons. BMC Res. Notes 14, 237. doi: 10.1186/s13104-021-05651-3

 Morris, M., Dreher, K., Ribaut, J.-M., and Khairallah, M. (2003). Money matters (II): costs of maize inbred line conversion schemes at CIMMYT using conventional and marker-assisted selection. Mol. Breed. 11, 235–247. doi: 10.1023/A:1022872604743

 Mourrain, P., Béclin, C., Elmayan, T., Feuerbach, F., Godon, C., Morel, J.-B., et al. (2000). Arabidopsis SGS2 and SGS3 genes are required for posttranscriptional gene silencing and natural virus resistance. Cell 101, 533–542. doi: 10.1016/S0092-8674(00)80863-6

 Nakhla, M., Sorensen, A., Mejía, L., Ramírez, P., Karkashian, J., and Maxwell, D. (2005). Molecular characterization of tomato-infecting begomoviruses in Central America and development of DNA-based detection methods. Acta Hortic 695, 277–288. doi: 10.17660/ActaHortic.2005.695.31

 Navas-Castillo, J., Sánchez-Campos, S., Díaz, J., Sáez-Alonso, E., and Moriones, E. (1997). First report of tomato yellow leaf curl virus-is in Spain: coexistence of two different geminiviruses in the same epidemic outbreak. Plant Dis. 81, 1461–1461. doi: 10.1094/PDIS.1997.81.12.1461B

 Nehra, C., Verma, R. K., Petrov, N. M., Stoyanova, M. I., Sharma, P., and Gaur, R. K. (2022). Computational analysis for plant virus analysis using next-generation sequencing. Bioinf. Agric. 14, 383–398. doi: 10.1016/B978-0-323-89778-5.00013-1

 Nevame, A. Y. M., Xia, L., Nchongboh, C. G., Hasan, M. M., Alam, M., Yongbo, L., et al. (2018). Development of a new molecular marker for the resistance to tomato yellow leaf curl virus. BioMed. Res. Int. 2018, 812028. doi: 10.1155/2018/8120281

 Ning, W., Shi, X., Liu, B., Pan, H., Wei, W., Zeng, Y., et al. (2015). Transmission of tomato yellow leaf curl virus by bemisia tabaci as affected by whitefly sex and biotype. Sci. Rep. 5, 1–8. doi: 10.1038/srep10744

 Pakkianathan, B. C., Kontsedalov, S., Lebedev, G., Mahadav, A., Zeidan, M., Czosnek, H., et al. (2015). Replication of tomato yellow leaf curl virus in its whitefly vector, bemisia tabaci. J. Virol. 89, 9791–9803. doi: 10.1128/JVI.00779-15

 Pan, H., Chu, D., Yan, W., Su, Q., Liu, B., Wang, S., et al. (2012). Rapid spread of tomato yellow leaf curl virus in China is aided differentially by two invasive whiteflies. PloS One 7, e34817. doi: 10.1371/journal.pone.0034817

 Peleg-Grossman, S., Melamed-Book, N., Cohen, G., and Levine, A. (2010). Cytoplasmic H2O2 prevents translocation of NPR1 to the nucleus and inhibits the induction of PR genes in arabidopsis. Plant Signaling Behav. 5, 1401–1406. doi: 10.4161/psb.5.11.13209

 Péréfarres, F., Lefeuvre, P., Hoareau, M., Thierry, M., Magali, D., Reynaud, B., et al. (2010). Rapid displacement as a result of interaction between strains of TYLCV in reunion island. Acta Hortic. 914, 197–201. doi: 10.17660/ActaHortic.2011.914.36

 Pereira-Carvalho, R. C., Díaz-Pendón, J. A., Fonseca, M. E. N., Boiteux, L. S., Fernández-Muñoz, R., Moriones, E., et al. (2015). Recessive resistance derived from tomato cv. tyking-limits drastically the spread of tomato yellow leaf curl virus. Viruses 7, 2518–2533. doi: 10.3390/v7052518

 Pérez de Castro, A., Julián, O., and Díez, M. J. (2013). Genetic control and mapping of solanum chilense LA1932, LA1960 and LA1971-derived resistance to tomato yellow leaf curl disease. Euphytica 190, 203–214. doi: 10.1007/s10681-012-0792-z

 Picó, B., Díez, M., and Nuez, F. (1998). Evaluation of whitefly-mediated inoculation techniques to screen lycopersicon esculentum and wild relatives for resistance to tomato yellow leaf curl virus. Euphytica 101, 259–271. doi: 10.1023/A:1018353806051

 Pico, B., Ferriol, M., Diez, M., and Vinals, F. (2001). Agroinoculation methods to screen wild lycopersicon for resistance to tomato yellow leaf curl virus. J. Plant Pathol. 83, 215–220. doi: 10.2307/41998064

 Picó, B., Herraiz, J., Ruiz, J., and Nuez, F. (2002). Widening the genetic basis of virus resistance in tomato. Scientia Hortic. 94, 73–89. doi: 10.1016/S0304-4238(01)00376-4

 Picó, B., Sifres, A., Elía, M., Díez, M. J., and Nuez, F. (2000). Searching for new resistance sources to tomato yellow leaf curl virus within a highly variable wild lycopersicon genetic pool. Acta Physiol. Plantarum 22, 344–350. doi: 10.1007/s11738-000-0051-0

 Piedra-Aguilera, Á., Jiao, C., Luna, A. P., Villanueva, F., Dabad, M., Esteve-Codina, A., et al. (2019). Integrated single-base resolution maps of transcriptome, sRNAome and methylome of tomato yellow leaf curl virus (TYLCV) in tomato. Sci. Rep. 9, 1–16. doi: 10.1038/s41598-019-39239-6

 Poczai, P., Varga, I., Laos, M., Cseh, A., Bell, N., Valkonen, J., et al. (2013). Advances in plant gene-targeted and functional markers: A review. Plant Methods 9, 1–32. doi: 10.1186/1746-4811-9-6

 Polston, J. E., and Lapidot, M. (2007). “Management of tomato yellow leaf curl virus: US and Israel perspectives,” In:  Czosnek, H. (Eds) Tomato yellow leaf curl virus disease (Dordrecht: Springer), 251–262. doi: 10.1007/978-1-4020-4769-5_15

 Pozharskiy, A., Kostyukova, V., Taskuzhina, A., Nizamdinova, G., Kisselyova, N., Kalendar, R., et al. (2022). Screening a collection of local and foreign varieties of solanum lycopersicum l. in Kazakhstan for genetic markers of resistance against three tomato viruses. Heliyon 8, e10095. doi: 10.1016/j.heliyon.2022.e10095

 Prabhandakavi, P., Pogiri, R., Kumar, R., Acharya, S., Esakky, R., Chakraborty, M., et al. (2021). Pyramiding Ty-1/Ty-3, Ty-2, ty-5 and ty-6 genes into tomato hybrid to develop resistance against tomato leaf curl viruses and recurrent parent genome recovery by ddRAD sequencing method. J. Plant Biochem. Biotechnol. 30, 462–476. doi: 10.1007/s13562-020-00633-1

 Pramanik, D., Shelake, R. M., Park, J., Kim, M. J., Hwang, I., Park, Y., et al. (2021). CRISPR/Cas9-mediated generation of pathogen-resistant tomato against tomato yellow leaf curl virus and powdery mildew. Int. J. Mol. Sci. 22, 1878. doi: 10.3390/ijms22041878

 Prasad, A., Sharma, N., Hari-Gowthem, G., Muthamilarasan, M., and Prasad, M. (2020). Tomato yellow leaf curl virus: impact, challenges, and management. Trends Plant Sci. 25, 897–911. doi: 10.1016/j.tplants.2020.03.015

 Prasanna, H., Sinha, D., Rai, G., Krishna, R., Kashyap, S., Singh, N., et al. (2015). Pyramiding T y-2 and T y-3 genes for resistance to monopartite and bipartite tomato leaf curl viruses of I ndia. Plant Pathol. 64, 256–264. doi: 10.1111/ppa.12267

 Qi, X., Bao, F. S., and Xie, Z. (2009). Small RNA deep sequencing reveals role for arabidopsis thaliana RNA-dependent RNA polymerases in viral siRNA biogenesis. PloS One 4, e4971. doi: 10.1371/annotation/8d1a816e-b366-4833-b558-724ec28d1b87

 Qi, S., Zhang, S., Islam, M. M., El-Sappah, A. H., Zhang, F., and Liang, Y. (2021). Natural resources resistance to tomato spotted wilt virus (TSWV) in tomato (Solanum lycopersicum). Int. J. Mol. Sci. 22 (20), 10978. doi: 10.3390/ijms222010978

 Quamruzzaman, A., Islam, F., and Mallick, S. R. (2021). Insect and diseases resistance in tomato entries. Am. J. Plant Sci. 12, 1646–1657. doi: 10.4236/ajps.2021.1211115

 Raja, P., Wolf, J. N., and Bisaro, D. M. (2010). RNA Silencing directed against geminiviruses: post-transcriptional and epigenetic components. Biochim. Biophys. Acta (BBA)-Gene Regul. Mech. 1799, 337–351. doi: 10.1016/j.bbagrm.2010.01.004

 Ramkumar, G., Sivaranjani, A., Pandey, M. K., Sakthivel, K., Shobha Rani, N., Sudarshan, I., et al. (2010). Development of a PCR-based SNP marker system for effective selection of kernel length and kernel elongation in rice. Mol. Breed. 26, 735–740. doi: 10.1007/s11032-010-9492-3

 Ramkumar, G., Srinivasarao, K., Mohan, K. M., Sudarshan, I., Sivaranjani, A., Gopalakrishna, K., et al. (2011). Development and validation of functional marker targeting an InDel in the major rice blast disease resistance gene Pi54 (Pik h). Mol. Breed. 27, 129–135. doi: 10.1007/s11032-010-9538-6

 Ramos, P., Guevara-Gonzalez, R., Peral, R., Ascencio-Ibanez, J., Polston, J., Argüello-Astorga, G., et al. (2003). Tomato mottle taino virus pseudorecombines with PYMV but not with ToMoV: implications for the delimitation of cis-and trans-acting replication specificity determinants. Arch. Virol. 148, 1697–1712. doi: 10.1007/s00705-003-0136-3

 Rasheed, A., Raza, A., Jie, H., Mahmood, A., Ma, Y., Zhao, L., et al. (2022). Molecular tools and their applications in developing salt-tolerant soybean (Glycine max l.) cultivars. Bioengineering 9, 495. doi: 10.3390/bioengineering9100495

 Raza, A., Salehi, H., Rahman, M. A., Zahid, Z., Madadkar Haghjou, M., Najafi-Kakavand, S., et al. (2022). Plant hormones and neurotransmitter interactions mediate antioxidant defenses under induced oxidative stress in plants. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.961872

 Rehman, U., Parveen, N., Sheikh, A., Abourehab, M. A. S., Sahebkar, A., and Kesharwani, P. (2022). Polymeric nanoparticles-siRNA as an emerging nano-polyplexes against ovarian cancer. Colloids Surfaces B: Biointerfaces 218, 112766. doi: 10.1016/j.colsurfb.2022.112766

 Ren, Y., Tao, X., Li, D., Yang, X., and Zhou, X. (2022). Ty-5 confers broad-spectrum resistance to geminiviruses. Viruses 14, 1804. doi: 10.3390/v14081804

 Reyes, M. I., Nash, T. E., Dallas, M. M., Ascencio-Ibáñez, J. T., and Hanley-Bowdoin, L. (2013). Peptide aptamers that bind to geminivirus replication proteins confer a resistance phenotype to tomato yellow leaf curl virus and tomato mottle virus infection in tomato. J. Virol. 87, 9691–9706. doi: 10.1128/JVI.01095-13

 Roselló, S., and Nuez, F. (1999). Estado actual de la lucha contra el virus del bronceado en el tomate. Vida Rural 90, 48–52.

 Roy, A. (2016). Abstracts of the 8th international geminivirus symposium and the 6th international ssDNA comparative virology workshop, 7–10th November 2016, new Delhi. VirusDisease 27, 405–459. doi: 10.1007/s13337-016-0351-7

 Russo, P., and Slack, S. (1998). Tissue culture methods for the screening and analysis of putative virus-resistant transgenic potato plants. Phytopathology 88, 437–441. doi: 10.1094/PHYTO.1998.88.5.437

 Saeed, M., Briddon, R. W., Dalakouras, A., Krczal, G., and Wassenegger, M. (2015). Functional analysis of cotton leaf curl kokhran Virus/Cotton leaf curl multan betasatellite RNA silencing suppressors. Biol. (Basel) 4, 697–714. doi: 10.3390/biology4040697

 Safarnejad, M. R., Fischer, R., and Commandeur, U. (2009). Recombinant-antibody-mediated resistance against tomato yellow leaf curl virus in nicotiana benthamiana. Arch. Virol. 154, 457–467. doi: 10.1007/s00705-009-0330-z

 Saile, S. C., Jacob, P., Castel, B., Jubic, L. M., Salas-Gonzáles, I., Bäcker, M., et al. (2020). Two unequally redundant" helper" immune receptor families mediate arabidopsis thaliana intracellular" sensor" immune receptor functions. PloS Biol. 18, e3000783. doi: 10.1371/journal.pbio.3000783

 Salati, R. (2001). Epidemiology of tomato yellow leaf curl virus in the Dominican republic and genetic analysis of genes involved in virus movement (Davis: University of California).

 Salus, M. S., Martin, C. T., and Maxwell, D. P. (2007). PCR protocol for the co-dominant SCAR marker, FLUW-25, fordetection ofthe introgression at25 cM {Ty-3 locus) of chromosome 6 [En línea] En. Available at: http://www.plantpath.wisc.edu/GeminivirusResistantTomatoes/Markers/MAS-Protocols/FLUW-25FR.pdf

 Sastry, K. S., and Zitter, T. A. (2014). “Management of virus and viroid diseases of crops in the tropics,” in Plant virus and viroid diseases in the tropics (Springer), 149–480.

 Sattar, A., Sher, A., Abourehab, M. A. S., Ijaz, M., Nawaz, M., Ul-Allah, S., et al. (2022). Application of silicon and biochar alleviates the adversities of arsenic stress in maize by triggering the morpho-physiological and antioxidant defense mechanisms. Front. Environ. Sci. 10. doi: 10.3389/fenvs.2022.979049

 Schuster, D. J., Mueller, T. F., Kring, J. B., and Price, J. F. (1990). Relationship of the sweetpotato whitefly to a new tomato fruit disorder in Florida. HortScience 25 (12), 1618–1620.

 Scott, J. W., Hutton, S. F., and Freeman, J. H. (2015). Fla. 8638B and fla. 8624 tomato breeding lines with begomovirus resistance genes ty-5 plus Ty-6 and Ty-6, respectively. HortScience 50, 1405–1407. doi: 10.21273/HORTSCI.50.9.1405

 Scott, J., and Schuster, D. (1991). Screening of accessions for resistance to the Florida tomato geminivirus. Tomato Genet. Coop Rep. 41, 48–50.

 Selth, L. A., Randles, J. W., and Rezaian, M. A. (2004). Host responses to transient expression of individual genes encoded by tomato leaf curl virus. Mol. Plant Microbe Interact. 17, 27–33. doi: 10.1094/MPMI.2004.17.1.27

 Shankar, R., Harsha, S., and Bhandary, R. (2014). A practical guide to identification and control of tomato diseases. (India: P 24 TROPICA SEEDS PVT LTD|No 54, South End Road, 1st Floor, Nama Aurore Building, Basavangudi, Bangalore 560004). Available at: https://www.tropicaseeds.com/

 Shelake, R. M., Pramanik, D., and Kim, J.-Y. (2019). Exploration of plant-microbe interactions for sustainable agriculture in CRISPR era. Microorganisms 7, 269. doi: 10.3390/microorganisms7080269

 Shen, Q., Liu, Z., Song, F., Xie, Q., Hanley-Bowdoin, L., and Zhou, X. (2011). Tomato SlSnRK1 protein interacts with and phosphorylates βC1, a pathogenesis protein encoded by a geminivirus β-satellite. Plant Physiol. 157, 1394–1406. doi: 10.1104/pp.111.184648

 Shen, X., Yan, Z., Wang, X., Wang, Y., Arens, M., Du, Y., et al. (2020). The NLR protein encoded by the resistance gene Ty-2 is triggered by the replication-associated protein Rep/C1 of tomato yellow leaf curl virus. Front. Plant Sci. 11, 545306. doi: 10.3389/fpls.2020.545306

 Shuey, D. J., Mccallus, D. E., and Giordano, T. (2002). RNAi: gene-silencing in therapeutic intervention. Drug Discovery Today 7, 1040–1046. doi: 10.1016/S1359-6446(02)02474-1

 Sorri, V., Watanabe, K., and Valkonen, J. (1999). Predicted kinase-3a motif of a resistance gene analogue as a unique marker for virus resistance. Theor. Appl. Genet. 99, 164–170. doi: 10.1007/s001220051221

 Stenger, D. C., Revington, G. N., Stevenson, M. C., and Bisaro, D. M. (1991). Replicational release of geminivirus genomes from tandemly repeated copies: evidence for rolling-circle replication of a plant viral DNA. Proc. Natl. Acad. Sci. 88, 8029–8033. doi: 10.1073/pnas.88.18.8029

 Sunitha, S., Shanmugapriya, G., Balamani, V., and Veluthambi, K. (2013). Mungbean yellow mosaic virus (MYMV) AC4 suppresses post-transcriptional gene silencing and an AC4 hairpin RNA gene reduces MYMV DNA accumulation in transgenic tobacco. Virus Genes 46, 496–504. doi: 10.1007/s11262-013-0889-z

 Tabein, S., Laviano, L., Pecchioni, N., Accotto, G. P., and Noris, E. (2017). Pyramiding Ty-1/Ty-3 and Ty-2 in tomato hybrids dramatically inhibits symptom expression and accumulation of tomato yellow leaf curl disease inducing viruses. Arch. Phytopathol. Plant Prot. 50, 213–227. doi: 10.1080/03235408.2017.1287234

 Tashkandi, M., Ali, Z., Aljedaani, F., Shami, A., and Mahfouz, M. M. (2018). Engineering resistance against tomato yellow leaf curl virus via the CRISPR/Cas9 system in tomato. Plant Signaling Behav. 13, e1525996. doi: 10.1080/15592324.2018.1525996

 Teixeira, R. M., Ferreira, M. A., Raimundo, G. A. S., and Fontes, E. P. B. (2021). Geminiviral triggers and suppressors of plant antiviral immunity. Microorganisms 9, 775. doi: 10.3390/microorganisms9040775

 Thomma, B. P., Nürnberger, T., and Joosten, M. H. (2011). Of PAMPs and effectors: the blurred PTI-ETI dichotomy. Plant Cell 23, 4–15. doi: 10.1105/tpc.110.082602

 Valkonen, J., Wiegmann, K., Hämäläinen, J., Marczewski, W., and Watanabe, K. (2008). Evidence for utility of the same PCR-based markers for selection of extreme resistance to potato virus y controlled by rysto of solanum stoloniferum derived from different sources. Ann. Appl. Biol. 152, 121–130. doi: 10.1111/j.1744-7348.2007.00194.x

 Vallad, G. E., Messelink, G., and Smith, H. A. (2018). “Crop protection: Pest and disease management,” in Tomatoes, 2nd ed. Ed.  E. Euvelink (Boston, MA, USA: CAB International), 207–257.

 Van Brunschot, S., Persley, D., Geering, A., Campbell, P. R., and Thomas, J. E. (2010). Tomato yellow leaf curl virus in Australia: distribution, detection and discovery of naturally occurring defective DNA molecules. Australas. Plant Pathol. 39, 412–423. doi: 10.1071/AP10083

 Vanitharani, R., Chellappan, P., and Fauquet, C. M. (2005). Geminiviruses and RNA silencing. Trends Plant Sci. 10, 144–151. doi: 10.1016/j.tplants.2005.01.005

 Varshney, R. K., Thudi, M. R. K., and Börner, A. (2007). Genic molecular markers in plants: development and applications. In:  RK Varshney, and R Tuberosa (eds). Genomicsassisted crop improvement: genomics approaches and platforms (Dordrecht: Springer) 1, 13–29. doi: 10.1007/978-1-4020-6295-7_2

 Verlaan, M. G., Hutton, S. F., Ibrahem, R. M., Kormelink, R., Visser, R. G., Scott, J. W., et al. (2013). The tomato yellow leaf curl virus resistance genes Ty-1 and Ty-3 are allelic and code for DFDGD-class RNA–dependent RNA polymerases. PloS Genet. 9, e1003399. doi: 10.1371/journal.pgen.1003399

 Verlaan, M. G., Szinay, D., Hutton, S. F., De Jong, H., Kormelink, R., Visser, R. G., et al. (2011). Chromosomal rearrangements between tomato and solanum chilense hamper mapping and breeding of the TYLCV resistance gene Ty-1. Plant J. 68, 1093–1103. doi: 10.1111/j.1365-313X.2011.04762.x

 Vidavsky, F., Leviatov, S., Milo, J., Rabinowitch, H., Kedar, N., and Czosnek, H. (1998). Response of tolerant breeding lines of tomato, lycopersicon esculentum, originating from three different sources (L. peruvianum, l. pimpinellifolium and l. chilense) to early controlled inoculation by tomato yellow leaf curl virus (TYLCV). Plant Breed. 117, 165–169. doi: 10.1111/j.1439-0523.1998.tb01472.x

 Voorburg, C. M., Yan, Z., Bergua-Vidal, M., Wolters, A. A., Bai, Y., and Kormelink, R. (2020). Ty-1, a universal resistance gene against geminiviruses that is compromised by co-replication of a betasatellite. Mol. Plant Pathol. 21, 160–172. doi: 10.1111/mpp.12885

 Wang, Y., Jiang, J., Zhao, L., Zhou, R., Yu, W., and Zhao, T. (2018b). Application of whole genome resequencing in mapping of a tomato yellow leaf curl virus resistance gene. Sci. Rep. 8, 1–11. doi: 10.1038/s41598-018-27925-w

 Wang, B., Yang, X., Wang, Y., Xie, Y., and Zhou, X. (2018a). Tomato yellow leaf curl virus V2 interacts with host histone deacetylase 6 to suppress methylation-mediated transcriptional gene silencing in plants. J. Virol. 92, e00036–18. doi: 10.1128/jvi.00036-18

 Wolters, A.-M. A., Caro, M., Dong, S., Finkers, R., Gao, J., Visser, R. G., et al. (2015). Detection of an inversion in the Ty-2 region between s. lycopersicum and s. habrochaites by a combination of de novo genome assembly and BAC cloning. Theor. Appl. Genet. 128, 1987–1997. doi: 10.1007/s00122-015-2561-6

 Xie, Z., Fan, B., Chen, C., and Chen, Z. (2001). An important role of an inducible RNA-dependent RNA polymerase in plant antiviral defense. Proc. Natl. Acad. Sci. U.S.A. 98, 6516–6521. doi: 10.1073/pnas.111440998

 Xu, Y., and Crouch, J. H. (2008). Marker-assisted selection in plant breeding: From publications to practice. Crop Sci. 48, 391–407. doi: 10.2135/cropsci2007.04.0191

 Xu, J., Xie, J., Yan, C., Zou, X., Ren, D., and Zhang, S. (2014). A chemical genetic approach demonstrates that MPK 3/MPK 6 activation and NADPH oxidase-mediated oxidative burst are two independent signaling events in plant immunity. Plant J. 77, 222–234. doi: 10.1111/tpj.12382

 Yamaguchi, H., Ohnishi, J., Saito, A., Ohyama, A., Nunome, T., Miyatake, K., et al. (2018). An NB-LRR gene, TYNBS1, is responsible for resistance mediated by the Ty-2 begomovirus resistance locus of tomato. Theor. Appl. Genet. 131, 1345–1362. doi: 10.1007/s00122-018-3082-x

 Yang, H. H., Xu, X. Y., Jiang, J. B., and Li, J. F.. (2016). Advanced progress on tomato yellow leaf curl disease resistance genes and disease resistance breeding. Mol Plant Breed 14, 2044–2049. 

 Yang, X., Caro, M., Hutton, S. F., Scott, J. W., Guo, Y., Wang, X., et al. (2014). Fine mapping of the tomato yellow leaf curl virus resistance gene Ty-2 on chromosome 11 of tomato. Mol. Breed. 34, 749–760. doi: 10.1007/s11032-014-0072-9

 Yang, X., Guo, W., Li, F., Sunter, G., and Zhou, X. (2019a). Geminivirus-associated betasatellites: Exploiting chinks in the antiviral arsenal of plants. Trends Plant Sci. 24, 519–529. doi: 10.1016/j.tplants.2019.03.010

 Yang, Y., Liu, T., Shen, D., Wang, J., Ling, X., Hu, Z., et al. (2019b). Tomato yellow leaf curl virus intergenic siRNAs target a host long noncoding RNA to modulate disease symptoms. PloS Pathog. 15, e1007534. doi: 10.1371/journal.ppat.1007534

 Yang, Y., Sherwood, T. A., Patte, C. P., Hiebert, E., and Polston, J. E. (2004). Use of tomato yellow leaf curl virus (TYLCV) rep gene sequences to engineer TYLCV resistance in tomato. Phytopathology 94, 490–496. doi: 10.1094/PHYTO.2004.94.5.490

 Yang, X., Xie, Y., Raja, P., Li, S., Wolf, J. N., Shen, Q., et al. (2011). Suppression of methylation-mediated transcriptional gene silencing by βC1-SAHH protein interaction during geminivirus-betasatellite infection. PloS Pathog. 7, e1002329. doi: 10.1371/journal.ppat.1002329

 Yang, M., Zhao, T., Yu, W., and Zhao, L. (2012). New SSR marker linked to Ty-2 resistance to tomato yellow leaf curl virus. Jiangsu J. Agric. Sci. 28, 1109–1113.

 Yan, Z., Pérez-De-Castro, A., Díez, M. J., Hutton, S. F., Visser, R. G., Wolters, A.-M. A., et al. (2018). Resistance to tomato yellow leaf curl virus in tomato germplasm. Front. Plant Sci. 9, 1198. doi: 10.3389/fpls.2018.01198

 Yan, Z., Wolters, A.-M. A., Navas-Castillo, J., and Bai, Y. (2021). The global dimension of tomato yellow leaf curl disease: Current status and breeding perspectives. Microorganisms 9, 740. doi: 10.3390/microorganisms9040740

 Zaidi, S.S.-E.-A., Tashkandi, M., Mansoor, S., and Mahfouz, M. M. (2016). Engineering plant immunity: using CRISPR/Cas9 to generate virus resistance. Front. Plant Sci. 7, 1673. doi: 10.3389/fpls.2016.01673

 Zakay, Y., Navot, N., Zeidan, M., Kedar, N., Rabinowitch, H., Czosnek, H., et al. (1991). Screening lycopersicon accessions for resistance to tomato yellow leaf curl virus: Presence of viral DNA and symptom development. Plant Dis. 75, 279–281. doi: 10.1094/PD-75-0279

 Zamir, D., Ekstein-Michelson, I., Zakay, Y., Navot, N., Zeidan, M., Sarfatti, M., et al. (1994). Mapping and introgression of a tomato yellow leaf curl virus tolerance gene, Ty-1. Theor. Appl. Genet. 88, 141–146. doi: 10.1007/BF00225889

 Zarreen, F., and Chakraborty, S. (2020). Epigenetic regulation of geminivirus pathogenesis: A case of relentless recalibration of defence responses in plants. J. Exp. Bot. 71, 6890–6906. doi: 10.1093/jxb/eraa406

 Zhang, H., Gong, H., and Zhou, X. (2009). Molecular characterization and pathogenicity of tomato yellow leaf curl virus in China. Virus Genes 39, 249–255. doi: 10.1007/s11262-009-0384-8

 Zhao, W., Zhou, Y., Zhou, X., Wang, X., and Ji, Y. (2021). Host GRXC6 restricts tomato yellow leaf curl virus infection by inhibiting the nuclear export of the V2 protein. PloS Pathog. 17, e1009844. doi: 10.1371/journal.ppat.1009844


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 H. El-Sappah, Qi, A. Soaud, Huang, M. Saleh, A. S. Abourehab, Wan, Cheng, Liu, Ihtisham, Noor, Rouf Mir, Zhao, Yan, Abbas and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 28 December 2022

doi: 10.3389/fpls.2022.1098755

[image: image2]


Combined application of plant growth-promoting bacteria and iron oxide nanoparticles ameliorates the toxic effects of arsenic in Ajwain (Trachyspermum ammi L.)


Yan Sun 1, Li Ma 1, Jing Ma 1,2, Bingkun Li 1, Yanfeng Zhu 2 and Fu Chen 1*


1 School of Public Administration, Hohai University, Nanjing, China, 2 School of Environmental Science and Spatial Informatics, China University of Mining and Technology, Xuzhou, China




Edited by: 

Muhammad Ahsan Altaf, Hainan University, China

Reviewed by: 

Najeeb Ullah, Universiti Brunei Darussalam, Brunei

Muhammad Rizwan, Qatar University, Qatar

Zaid Ulhassan, Zhejiang University, China

*Correspondence: 

Fu Chen
 chenfu@cumt.edu.cn

Specialty section: 
 This article was submitted to Plant Abiotic Stress, a section of the journal Frontiers in Plant Science


Received: 15 November 2022

Accepted: 02 December 2022

Published: 28 December 2022

Citation:
Sun Y, Ma L, Ma J, Li B, Zhu Y and Chen F (2022) Combined application of plant growth-promoting bacteria and iron oxide nanoparticles ameliorates the toxic effects of arsenic in Ajwain (Trachyspermum ammi L.). Front. Plant Sci. 13:1098755. doi: 10.3389/fpls.2022.1098755



Soil contamination with toxic heavy metals [such as arsenic (As)] is becoming a serious global problem because of the rapid development of the social economy. Although plant growth-promoting bacteria (PGPB) and nanoparticles (NPs) are the major protectants to alleviate metal toxicity, the study of these chemicals in combination to ameliorate the toxic effects of As is limited. Therefore, the present study was conducted to investigate the combined effects of different levels of Providencia vermicola (5 ppm and 10 ppm) and iron oxide nanoparticles (FeO-NPs) (50 mg/l–1 and 100 mg/l–1) on plant growth and biomass, photosynthetic pigments, gas exchange attributes, oxidative stress and response of antioxidant compounds (enzymatic and non-enzymatic), and their specific gene expression, sugars, nutritional status of the plant, organic acid exudation pattern As accumulation from the different parts of the plants, and electron microscopy under the soil, which was spiked with different levels of As [0 μM (i.e., no As), 50 μM, and 100 μM] in Ajwain (Trachyspermum ammi L.) seedlings. Results from the present study showed that the increasing levels of As in the soil significantly (p< 0.05) decreased plant growth and biomass, photosynthetic pigments, gas exchange attributes, sugars, and nutritional contents from the roots and shoots of the plants, and destroyed the ultra-structure of membrane-bound organelles. In contrast, increasing levels of As in the soil significantly (p< 0.05) increased oxidative stress indicators in term of malondialdehyde, hydrogen peroxide, and electrolyte leakage, and also increased organic acid exudation patter in the roots of T. ammi seedlings. The negative impact of As toxicity can overcome the application of PGPB (P. vermicola) and FeO-NPs, which ultimately increased plant growth and biomass by capturing the reactive oxygen species, and decreased oxidative stress in T. ammi seedlings by decreasing the As contents in the roots and shoots of the plants. Our results also showed that the FeO-NPs were more sever and showed better results when we compared with PGPB (P. vermicola) under the same treatment of As in the soil. Research findings, therefore, suggest that the combined application of P. vermicola and FeO-NPs can ameliorate As toxicity in T. ammi seedlings, resulting in improved plant growth and composition under metal stress, as depicted by balanced exudation of organic acids.
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1 Introduction

Metal contamination issues are becoming increasingly common in China and elsewhere, with many documented cases of metal toxicity in mining industries, foundries, smelters, coal-burning power plants, and agriculture (Afzal et al., 2020; Saleem et al., 2020a; Akram et al., 2022; Al Jabri et al., 2022; El-Kazzaz et al., 2022; Kareem et al., 2022). Heavy metal accumulation in soils is of great concern in agricultural production because of its adverse effects on food safety and marketability, crop growth due to phytotoxicity, and the environmental health of soil organisms (Rehman et al., 2020; Zaheer et al., 2020a; Zaheer et al., 2020b; Ashraf et al., 2022; Chen et al., 2022; Yasmeen et al., 2022; Ma et al., 2022a; Ma et al., 2022b; Ma et al., 2022c; Ma et al., 2022d; Ma et al., 2022e). Arsenic (As) is a highly toxic and carcinogenic element (Irshad et al., 2021; Alsafran et al., 2022b), and the most widespread sources of As in soil and water are natural sources, such as volcanic activities, weathering, erosion of minerals and rocks, and geothermal waters (Bhat et al., 2022; Ulhassan et al., 2022a; Ulhassan et al., 2022b). In addition, use of pesticides, fertilizers, industrial wastes, agricultural chemicals, and copper chromate-arsenate wood preservative are the major anthropogenic sources of As contamination in soil and water (Mondal et al., 2021; Saleem et al., 2022; Tanveer et al., 2022). There is an abundance of evidence that As negatively interferes with several biochemical and physiological processes within a plant, causing reduced plant growth and yield (Farooq et al., 2015; Shahid et al., 2019). Inside the plant cell, heavy metals induce oxidative stress by enhanced production of reactive oxygen species (ROS), which may cause cell death via oxidative processes, such as protein oxidation, enzyme inhibition, DNA and RNA damage, and lipid peroxidation (Mumtaz et al., 2021; Tariq et al., 2021; Ali et al., 2022d). Antioxidants, such as superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX), come into play to scavenge ROS. For example, SOD facilitates the conversion of superoxide (O−1) radicals to hydrogen peroxide (H2O2), whereas POD decomposes H2O2 into water (H2O) and molecular O2 (Afzal et al., 2020; Saleem et al., 2020c; Saleem et al., 2020e; Salam et al., 2022; Ali et al., 2022b). The sites contaminated with As need immediate attention because of the associated severe health risks.

Recently, nanotechnology has gained significant attention because of its widespread application in numerous industries (Hamzah Saleem et al., 2022; Dola et al., 2022). Nanofertilizers could be a favorable methodology, as chemical fertilizers are utilized in very small amounts by plants and other fertilizers left over in the soil can cause environmental risks (Ahmad et al., 2022; Al-Zaban et al., 2022; Ali et al., 2022a; Ali et al., 2022b). The use of nanoparticles (NPs) as a fertilizer may be effective because of decreased nutrient losses in fertilization (Siddiqui et al., 2020). Recently, interest is diverting toward the use of metal-based NPs [e.g., iron oxide nanoparticles (FeO-NPs)] in the agriculture sector (Tanveer et al., 2022). In recent years, several studies on the effects of NPs on plants under abiotic stresses have been accomplished (Rizwan et al., 2019; Ahmed Rather et al., 2021; Ali et al., 2022a). These reports showed that the response of NPs on metal uptake varies with the type of NPs, plants species, and metal species. Plant growth-promoting bacteria (PGPB) help in improving the plant growth and metal resistance (Ali et al., 2022a) by modifying the concentration of growth regulators and phytohormones that facilitate the plant’s ability to tolerate metal contaminants (Rizwan et al.;Saleem et al., 2020d; Ali et al., 2022b). PGPB improve As bioremediation because of their ability to enhance heavy metal bioavailability, uptake, and conversion into less toxic forms through methylation, oxidation, demethylation, and reduction (Panhwar et al., 2020; Ali et al., 2021; Manghwar et al., 2021; Ali et al., 2022b).

Ajwain (Trachyspermum ammi L.), a member of the Apiaceae family, is a herbaceous crop plant and widely cultivated in Pakistan, India, Egypt, Iran, and many European countries (Jalbani et al., 2016; Javed et al., 2020). Seeds of T. ammi contain beneficial essential oil, traditionally used for different ailments and applications, such as antiseptic, diuretic, antimicrobial, antiviral, bronchodilatory, and hepatoprotective (Rao and Ikram, 2015). T. ammi has also been established as an important medicinal plant. During recent years, certain heavy metals have received considerable attention on plant morphology and physiology because of increasing environmental exposure, which also likely to have an negative impact on medicinal plants, including T. ammi (Ashraf and Orooj, 2006). Previously, few studies on T. ammi were executed to investigate its morphology and physiology under metal stress (Ahad et al., 2014; Rao and Ikram, 2015); but synergistic application of NPs and PGRB on various morpho-physiological characteristics, ionomics, electron microscopy and organic acid exudation potential of T. ammi was rarely investigated under metal stressed regimes. Therefore, the present study was conducted to study (1) the effect of different levels of PGPB (Providencia vermicola) and FeO-NPs on plant growth, biomass, and gaseous exchange parameters of T. ammi seedlings under As stress, (2) oxidative stress and the responses of different antioxidative enzymes (enzymatic and non-enzymatic), as well as the response of the specific gene expression; (3) essential minerals uptake, organic acids exudation, and As accumulation in different organs of T. ammi seedlings under As stress; and (4) electron microscopy of membrane-bound organelles of T. ammi seedlings grown under varying levels of As in the soil.



2 Materials and methods


2.1 Experimental setup

A pot experiment was conducted at the Botanical Garden of the Hohai University, Nanjing, China. Viable seeds of Ajwain (T. ammi) were collected from Hohai University. Before sowing, the seeds were carefully washed and sterilized in 0.1% mercuric chloride solution for 1 min and then washed three times with distilled water. The soil sample was air dried, passed through a 5-mm sieve, and was water saturated two times before being used in pots. The soil used for this study was collected from the experimental stations of Hohai University, and its properties was as follow: pH-6.9, EC-0.9 dS cm−1, organic matter-17 g kg−1, EK-21 mg kg−1, TP-0.17 g kg−1 and TN-16 g kg−1 (further details are mentioned in Table S1). All pots were divided in the three subgroups: (1) without any As treatment, (2) addition of 50 µM of As, and (3) addition of 100 µM of As. All of the As-treated pots were further treated with FeO-NPs (50 mg/l–1 and 100 mg/l–1) and PGPB (P. vermicola; 5 ppm and 10 ppm) to evaluate their ameliorative effects on As stress. Thus, all pots were divided into the following 15 treatments: (1) As (0 μM), FeO-NPs (0 mg/l–1), P. vermicola (0 ppm); (2) As (0 μM), FeO-NPs (50 mg/l–1), P. vermicola (0 ppm); (3) As (0 μM), FeO-NPs (100 mg/l–1), P. vermicola (0 ppm); (4) As (0 μM), FeO-NPs (0 mg/l–1), P. vermicola (5 ppm); (5) As (0 μM), FeO-NPs (0 mg/l–1), P. vermicola (10 ppm); (6) As (50 μM), FeO-NPs (0 mg/l–1), P. vermicola (0 ppm); (7) As (50 μM), FeO-NPs (50 mg/l–1), P. vermicola (0 ppm); (8) As (50 μM), FeO-NPs (100 mg/l–1), P. vermicola (0 ppm); (9) As (50 μM), FeO-NPs (0 mg/l–1), P. vermicola (5 ppm); (10) As (50 μM), FeO-NPs (0 mg/l–1), P. vermicola (10 ppm); (11) As (100 μM), FeO-NPs (0 mg/l–1), P. vermicola (0 ppm); (12) As (100 μM), FeO-NPs (50 mg/l–1), P. vermicola (0 ppm); (13) As (100 μM), FeO-NPs (100 mg/l–1), P. vermicola (0 ppm); (14) As (100 μM), FeO-NPs (0 mg/l–1), P. vermicola (5 ppm); and (15) As (100 μM), FeO-NPs (0 mg/l–1), P. vermicola (10 ppm). The salt of sodium arsenate (Na2HAsSO4.7H2O; Sigma-Aldrich, St. Louis, MO, USA) was used to artificially spike natural soil at various levels [i.e., 0 µM (no As), 50 µM and 100 µM]. After adding As, the pots were equilibrated for 2 months, with four cycles of saturation with distilled water and air drying. Application of FeO-NPs and P. vermicola was provided soon after the seed germination (2 weeks after the seed sowing). The concentration of P. vermicola was screened under the As stress and best levels were chosen by following a previous study (Tanveer et al., 2022). The levels of FeO-NPs (50 mg/l–1 and 100 mg/l–1) were selected by following the application levels of a recent report (Manzoor et al., 2021). In addition, (Tanveer et al., 2022) 14 different strains of PGPB were studied, and P. vermicola was selected on the basis of 16S rRNA gene sequencing and it showing maximum resistance against As stress. The extracellular biosynthesis of FeO-NPs using the RNT4 strain was carried out according to Fatemi et al. (Fatemi et al., 2018). Specifically, the RNT4 strain was cultivated with a broth (NB) media in a shaker incubator at 28 ± 2°C and 170 rpm for 24 h. Afterwards, the supernatant was obtained after centrifugation at 6000 g for 10 min. For the biosynthesis of FeO-NPs, 50 ml of the supernatant of RNT4 culture was added into an equal volume of 5-mM ferric chloride hexahydrate (FeCl3.6H2O) solution in a 250-ml Erlenmeyer flask. The reaction mixture was incubated under dark condition in a shaking incubator at 28 ± 2°C and 170 rpm for 24 h. The yielded FeO-NPs were collected using centrifugation at 10,000 g for 15 min after a color change from pale yellow to turbid brown. Irrigation with As-free water and other intercultural operations were performed when needed. All pots were placed in completely randomized design, having five plants in each pot with four replicates of each treatment. The total duration of experimental treatments was 4 weeks under controlled conditions. All plants in the glass house territory received natural light, with a day/night temperature of 35/40°C and a day/night humidity of 60/70%. All chemicals used were of analytical grade, procured from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).



2.2 Analysis of samples and data collection

After 4 weeks, the remaining three seedlings were uprooted and washed gently with the help of distilled water to eliminate the aerial dust and deposition. Hohai University laboratories were employed for the determination of soil parameters. Functional leaf in each treatment was picked at a rapid growth stage during 09:00–10:30. The sampled leaves were washed with distilled water, immediately placed in liquid nitrogen, and stored in a freezer at –80°C for further analysis. All of the harvested plants were divided into two parts (i.e., roots and shoots) to study different physio-biochemical traits. Leaves from each treatment group were picked for chlorophyll, carotenoid, oxidative stress, and antioxidants analysis. Root and shoot lengths were measured straightway after the harvesting by using measuring scale and digital weighting balance to measure fresh biomass. Roots were uprooted and immersed in 20-mM ethylenediaminetetraacetic acid disodium salt (Na2EDTA) for 15–20 min to remove As adhered to the root surfaces. Then, roots were washed thrice with distilled water and, finally, once with de-ionized water, and dried for further analysis. The different parts of the plant (i.e., roots and shoots) were oven-dehydrated at 65°C for 72 h for As determination, and the total plant dry weight was also measured. Although this experiment was conducted in pots, for the collection of organic acids, two seedlings were transferred to the rhizoboxes, which consist of a plastic sheet, a nylon net and wet soil (properties of soil are given in Table S1) (Javed et al., 2013). After 48 h, plants were taken from the rhizoboxes and the roots were washed with redistilled water to collect the exudates from root surface. The samples were filtered through a 0.45-μm filter (Millex-HA, Millipore) and collected in eppendorf tubes (Greger and Landberg, 2008). The collected samples were mixed with sodium hydroxide (NaOH) (0.01 M) to analyze the organic acids. However, the samples used for analysis of oxalic acid were not treated with NaOH.



2.3 Determination of photosynthetic pigments and gas exchange characteristics

Leaves were collected for the determination of chlorophyll and carotenoid contents. For chlorophylls, 0.1 g of fresh leaf sample was extracted with 8 ml of 95% acetone for 24 h at 4°C in the dark. The absorbance was measured by a spectrophotometer (UV-2550; Shimadzu, Kyoto, Japan) at 646.6 nm, 663.6 nm, and 450 nm. Chlorophyll content was calculated by the standard method (Mehmood et al., 2021).

Net photosynthesis (Pn), leaf stomatal conductance (Gs), transpiration rate (Ts), and intercellular carbon dioxide concentration (Ci) were measured from four different plants in each treatment group. Measurements were conducted between 11:30 and 13:30 on days with a clear sky. Rates of leaf Pn, Gs, Ts, and Ci were measured with a LI-COR gas-exchange system (LI-6400; LI-COR Biosciences, Lincoln, NE, USA) with a red-blue LED light source on the leaf chamber. In the LI-COR cuvette, carbon dioxide (CO2) concentration was set as 380 mmol/mol–1 and LED light intensity was set at 1000 mmol m–2 s–1, which was the average saturation intensity for photosynthesis in Spinacia oleracea  (Austin, 1990).



2.4 Determination of oxidative stress indicators

The degree of lipid peroxidation was evaluated as malondialdehyde (MDA) contents. Briefly, 0.1 g of frozen leaves were ground at 4°C in a mortar with 25 ml of 50-mM phosphate buffer solution (pH 7.8) containing 1% polyethene pyrrole. The homogenate was centrifuged at 10,000 × g at 4°C for 15 min. The mixtures were heated at 100°C for 15–30 min and then quickly cooled in an ice bath. The absorbance of the supernatant was recorded by using a spectrophotometer (xMark™ Microplate Absorbance Spectrophotometer; Bio-Rad, Hercules, CA, USA) at wavelengths of 532 nm, 600 nm, and 450 nm. Lipid peroxidation was expressed as l mol g−1 by using the formula: 6.45 (A532 – A600) – 0.56 A450. Lipid peroxidation was measured by using a method previously published by Heath and Parker (Heath and Packer, 1968).

To estimate the H2O2 content of plant tissues (i.e., root and leaf), 3 ml of sample extract was mixed with 1 ml of 0.1% titanium sulfate in 20% (v/v) H2SO4 and centrifuged at 6000 × g for 15 min. The yellow color intensity was evaluated at 410 nm. The H2O2 level was computed by the extinction coefficient of 0.28 mmol−1 cm−1. The contents of H2O2 were measured by the method presented by Jana and Choudhuri (Jana and Choudhuri, 1981).

Stress-induced electrolyte leakage (EL) of the uppermost stretched leaves was determined by using the methodology of Dionisio-Sese and Tobita (Dionisio-Sese and Tobita, 1998). The leaves were cut into minor slices (5 mm in length) and placed in test tubes of 8 ml of distilled water. The tubes were incubated and transferred into a water bath for 2 h prior to measuring the initial electrical conductivity (EC1). The samples were autoclaved at 121°C for 20 min and then cooled down to 25°C before measuring the final electrical conductivity (EC2). EL was calculated by the following formula:

	



2.5 Determination of antioxidant enzyme activities and relative gene expression

To evaluate enzyme activities, fresh leaves (0.5 g) were homogenized in liquid nitrogen and 5 ml of 50-mmol sodium phosphate buffer (SPB) (pH 7.0), including 0.5-mmol ethylenediaminetetraacetic acid (ETDA) and 0.15-mol sodium chloride. The homogenate was centrifuged at 12,000 × g for 10 min at 4°C, and the supernatant was used for measurement of SOD and POD activities. SOD activity was assayed in 3-ml reaction mixture, containing 50-mM SPB (pH 7), 56-mM nitro blue tetrazolium, 1.17-mM riboflavin, 10-mM methionine, and 100-μl enzyme extract. Finally, the sample was measured by using a spectrophotometer (xMark™ Microplate Absorbance Spectrophotometer; Bio-Rad). Enzyme activity was measured by using a method by Chan and Pan, (Chen and Pan, 1996) and expressed as U g−1 FW.

POD activity in the leaves was estimated by using the method of Sakharov and Ardila (Sakharov and Ardila, 1999) and by using guaiacol as the substrate. A reaction mixture (3 ml) containing 0.05 ml of enzyme extract, 2.75 ml of 50-mM phosphate buffer (pH 7.0), 0.1 ml of 1% H2O2, and 0.1 ml of 4% guaiacol solution was prepared. Increases in the absorbance at 470 nm because of guaiacol oxidation was recorded for 2 min. One unit of enzyme activity was defined as the amount of the enzyme.

CAT activity was analyzed according to Aebi (Zainab et al., 2021). The assay mixture (3.0 ml) comprised 100 μl of enzyme extract, 100 μl of H2O2 (300 mM), and 2.8 ml of 50-mM phosphate buffer with 2 mM ETDA (pH 7.0). CAT activity was measured from the decline in absorbance at 240 nm as a result of H2O2 loss (ϵ = 39.4 mM−1 cm−1).

APX activity was measured according to Nakano and Asada (Nakano and Asada, 1981). The mixture containing 100 μl of enzyme extract, 100 μl of ascorbate (7.5 mM), 100 μl of H2O2 (300 mM), and 2.7 ml of 25-mM potassium phosphate buffer with 2-mM EDTA (pH 7.0) was used for measuring APX activity. The oxidation pattern of ascorbate was estimated from the variations in wavelength at 290 nm (ϵ = 2.8 mM−1 cm−1).

Quantitative real-time PCR (RT-qPCR) assay was applied to investigate the expression levels of four stress-related genes [i.e., iron superoxidase dismutase (Fe-SOD), POD, CAT, and APX]. Total RNA was extracted from leaf tissue samples using RNeasy Plant Mini kits (Qiagen, Manchester, UK). Contaminating DNA was then removed and first-strand copy DNAs were prepared using reverse transcription kits (Qiagen). RT-qPCR analysis was conducted in accordance with the protocol of the QuantiTect SYBR Green PCR kit (Qiagen). Reaction volume and PCR amplification conditions were adjusted as mentioned by El-Esawi et al. (El-Esawi et al., 2020). The gene amplifications of Sirhindi et al. (Sirhindi et al., 2016) are given in Table S2.



2.6 Determination of non-enzymatic antioxidants, sugars, and proline contents

Plant ethanol extracts were prepared for the determination of non-enzymatic antioxidants and some key osmolytes. For this purpose, 50 mg of dry plant material was homogenized with 10 mL of ethanol (80%) and filtered through Whatman No. 41 filter paper. The residue was re-extracted with ethanol, and the two extracts were pooled together to a final volume of 20 ml. The determination of flavonoids (Pękal and Pyrzynska, 2014), phenolics (Ali et al., 2022c), ascorbic acid (Azuma et al., 1999), anthocyanin (Lewis et al., 1998), and total sugars (Dubois et al., 1956) was performed from the extracts.

Fresh leaf material (0.1 g) was mixed thoroughly in 5 ml of aqueous sulphosalicylic acid (3%). The mixture was centrifuged at 10000 × g for 15 min, and an aliquot (1 ml) was poured into a test tube having 1 ml of acidic ninhydrin and 1 ml of glacial acetic acid. The reaction mixture was first heated at 100°C for 10 min and then cooled in an ice bath. The reaction mixture was extracted with 4 ml of toluene, and test tubes were vortexed for 20 s and cooled. Thereafter, the light absorbance at 520 nm was measured by using a UV-VIS spectrophotometer (Hitachi U-2910, Tokyo, Japan). The free proline content was determined on the basis of the standard curve at 520 nm absorbance and expressed as µmol (g FW)−1 (Bates et al., 1973).



2.7 Determination of nutrient content

For nutrient analysis, plant roots and shoots were washed twice in redistilled water, dipped in 20 mM of EDTA for 3 s, and then, again, washed with deionized water twice for the removal of adsorbed metal on the plant surface. The washed samples were then oven-dried for 24 h at 105°C. The dried roots and shoots were digested by using a wet digestion method in nitric acid (HNO3) : perchloric acid (HclO4) (7 : 3 V/V) until clear samples were obtained. Each sample was filtered and diluted with redistilled water up to 50 ml. The root and shoot contents of iron, calcium, magnesium, and phosphorus were analyzed by using atomic absorption spectrophotometer (AAS) model Agilent 240FS-AA.



2.8 Determination of root exudates analysis and arsenic concentration

To determine the concentration of organic acids, freeze-dried exudates were mixed with ethanol (80%), and 20 μl of the solutions were injected into the C18 column (Brownlee Analytical C-183 µm; length 150 mm × 4.6 mm2, USA). Quantitative analysis of organic acids in root exudates was executed with high-performance liquid chromatography (HPLC), having a Flexer FX-10 UHPLC isocratic pump (PerkinElmer, Waltham, MA, USA). The mobile phase used in HPLC comprised an acidic solution of aceto-nitrile, containing aceto-nitrile : H2SO4 : acetic acid in ratios of 15 : 4 : 1, respectively, and pH of 4.9. The samples were analyzed at a flow rate of 1.0 ml min−1 for a time period of 10 min. The inner temperature of the column was fixed at 45°C, and quantification of organic acids was carried out at 214 nm wavelength with the help of a detector (UV-VIS Series 200, USA), as described by UdDin et al. (Uddin et al., 2015). Freeze-dried samples were dissolved in redistilled water, and the pH of the exudates was recorded with LL micro-pH glass electrode by using a pH meter (ISTEK Model 4005–08007, Seoul, South Korea).

For the determination of total As concentration in shoots and roots, samples were oven-dried at 65°C for 24 h and ashed in a muffle furnace at 550°C for 20 h. Then, the ash was incubated with 31% (m/v) HNO3 and 17.5% (v/v) H2O2 at 70°C for about 2 h, and added to distilled water. The As concentration in the digest was determined using an AAS.



2.9 Transmission electron microscopy

For transmission electron microscopy (TEM), leaf samples were collected and placed in liquid nitrogen. Small sections of the leaves (1–3 mm in length) were fixed in 4% glutaraldehyde (v/v) in 0.2 mol/l of SPB (pH 7.2) for 6–8 h, post-fixed in 1% osmium tetroxide for 1 h, and then in 0.2-mol/l SPB (pH 7.2) for 1–2 h. Samples were dehydrated in a graded ethanol series (50%, 60%, 70%, 80%, 90%, 95%, and 100%) followed by acetone, filtered, and embedded in Spurr resin. Ultra-thin sections (80 nm) were prepared and mounted on copper grids for observation under a transmission electron microscope (JEOL TEM-1200EX) at an accelerating voltage of 60.0 kV or 80.0 kV.



2.10 Statistical analysis

The normality of data was analyzed using IBM SPSS software (version 21.0. IBM Corporation, Armonk, NY, USA) through a multivariate post-hoc test, followed by a Duncan’s test to determine the interaction among significant values. Thus, the differences between treatments were determined by using ANOVA, the least significant difference test (p< 0.05) was used for multiple comparisons between treatment means and, where significant, Tukey’s honestly significant difference post-hoc test was used to compare the multiple comparisons of means. The analysis showed that the data in this study were almost normally distributed. The graphical presentation was carried out using Origin-Pro 2017 (OriginLab Corporation, Northampton, UK).




3 Results


3.1 Ameliorative effects of iron oxide nanoparticles and Providencia vermicola on growth and photosynthetic efficiency under arsenic stress

In the present study, various growth and photosynthetic parameters were also measured in T. ammi seedlings grown under the different levels of As [i.e., 0 µM (no As), 50 µM, and 100 µM] in the soil, which was also supplemented with the different levels of P. vermicola (i.e., 5 ppm and 10 ppm) and FeO-NPs (i.e., 50 mg/l−1 and 100 mg/l−1). The data regarding shoot length, root length, shoot fresh weight, root fresh weight, shoot dry weight, and root dry weight are presented in Figure 1, and the data regarding the content of chlorophyll-a, chlorophyll-b, total chlorophyll, carotenoid content, net photosynthesis, stomatal conductance, transpiration rate, and intercellular CO2 are presented in Figure 2. According to the results, it was noticed that the increasing levels of As in the soil significantly (p< 0.05) decreased plant growth and biomass and photosynthetic pigments in T. ammi seedlings without the application of P. vermicola and FeO-NPs (Figures 1, 2). According to the given results, increasing levels of As (i.e., 50 µM and 100 µM) in the soil significantly (p< 0.05) decreased shoot length, root length, shoot fresh weight, root fresh weight, shoot dry weight, root dry weight, chlorophyll-a, chlorophyll-b, total chlorophyll, carotenoid content, net photosynthesis, stomatal conductance, and transpiration rate in T. ammi seedlings, compared with the plants grown without the treatment of As in the soil. The exogenous application of P. vermicola and FeO-NPs was also performed to measure various growth (Figure 1) and photosynthetic attributes (Figure 2) in T. ammi seedlings under the elevating levels of As in the soil. The application of P. vermicola and FeO-NPs non-significantly increased shoot length, root length, shoot fresh weight, root fresh weight, shoot dry weight, root dry weight, chlorophyll-a, chlorophyll-b, total chlorophyll, carotenoid content, net photosynthesis, stomatal conductance, and transpiration rate at all levels of As in the soil, compared with the plants that were grown without the application of P. vermicola and FeO-NPs. Our results also showed that the FeO-NPs was more severe and showed better results when we compared with PGPB (P. vermicola) under the same treatment of As in the soil. We also noticed that As toxicity did not significantly affect the intercellular CO2 levels, and that application of P. vermicola and FeO-NPs did not significantly influence the intercellular CO2 levels in T. ammi seedlings under all levels of As in the soil (Figure 2H).




Figure 1 | Effect of combined application of various levels of iron oxide nanoparticles (FeO-NPs) (i.e., 50 mg/l−1 and 100 mg/l−1) and plant growth-promoting bacteria (Providencia vermicola) (i.e., 5 ppm and 10 ppm) on root length (A), shoot length (B), root fresh weight (C), shoot fresh weight (D), root dry weight (E), and shoot dry weight (F) of Ajwain (Trachyspermum ammi seedlings) grown under various stress levels of arsenic (i.e., 0 μM, 50 μM, and 100 μM). Values are demonstrated as means of four replicates, along with standard deviation (SD; n = 4). Two-way ANOVA was performed and means differences were tested by Tukey’s highly significant difference post-hoc test (p< 0.05). Different lowercase letters on the error bars indicate significant difference between the treatments.






Figure 2 | Effect of combined application of various levels of iron oxide nanoparticles (FeO-NPs) (i.e., 50 mg/l−1 and 100 mg/l−1) and plant growth-promoting bacteria (Providencia vermicola) (i.e., 5 ppm and 10 ppm) on chlorophyll-a content (A), chlorophyll-b content (B), total chlorophyll content (C), carotenoid content (D), net photosynthesis, (E) stomatal conductance (F), transpiration rate (G), and intercellular CO2 (H) of Ajwain (Trachyspermum ammi seedlings) grown under various stress levels of arsenic (i.e., 0 μM, 50 μM, and 100 μM). Values are demonstrated as means of four replicates along with standard deviation (SD; n = 4). Two-way ANOVA was performed and means differences were tested by Tukey’s highly significant difference post-hoc test (p< 0.05). Different lowercase letters on the error bars indicate significant difference between the treatments.





3.2 Ameliorative effects of iron oxide nanoparticles and Providencia vermicola on oxidative stress and antioxidant capacity under arsenic stress

MDA content, H2O2 initiation, and EL (%) increased in the roots and shoots of T. ammi seedlings with the increasing concentrations of As (i.e., 50 µM and 100 µM) in the soil medium without P. vermicola and FeO-NPs when compared with plants grown in 0 µM of As in the soil. The data regarding oxidative stress indicators in roots and shoots of T. ammi seedlings are presented in Figure 3. It was observed that the contents (%) of MDA, H2O2, and EL were increased in the roots and also in the shoots grown in 100 µM of As without the application of P. vermicola and FeO-NPs when compared with plants grown in 0 µM of As in the soil without the application of P. vermicola and FeO-NPs. Application of P. vermicola and FeO-NPs significantly (p< 0.05) decreased the contents (%) of MDA, H2O2, and EL in the roots and also in the shoots of the plants grown with As level of 100 µM under P. vermicola and FeO-NPs application when compared with plants grown with 100 µM of chromium (Cr) without the application of P. vermicola and FeO-NPs.




Figure 3 | Effect of combined application of various levels of iron oxide nanoparticles (FeO-NPs) (i.e., 50 mg/l−1 and 100 mg/l−1) and plant growth-promoting bacteria (Providencia vermicola) (i.e., 5 ppm and 10 ppm) on malondialdehyde (MDA) contents in the roots (A), MDA contents in the leaves (B), hydrogen peroxide (H2O2) contents in the roots (C), H2O2 contents in the leaves (D), EL percentage in the roots (E), and EL percentage in the leaves (F) of Ajwain (Trachyspermum ammi seedlings) grown under various stress levels of arsenic (i.e., 0 μM, 50 μM, and 100 μM). Values are demonstrated as means of four replicates along with standard deviation (SD; n = 4). Two-way ANOVA was performed and means differences were tested by Tukey’s highly significant difference post-hoc test (p< 0.05). Different lowercase letters on the error bars indicate significant difference between the treatments.



The activities of various antioxidant enzymes, such as SOD, POD, CAT, and APX, in the roots and shoots of T. ammi seedlings and their specific gene expression (i.e., Fe-SOD, POD, CAT, and APX), and the content of non-enzymatic compounds, such as phenolic, flavonoid, ascorbic acid, and anthocyanin, were also measured in the present study. The data regarding the activities of enzymatic antioxidants (SOD, POD, CAT, and APX) are presented in Figure 4, and their specific gene expression are presented in Figure 5. The results regarding the content of non-enzymatic antioxidants (phenolic, flavonoid, ascorbic acid, and anthocyanin) are presented in Figure 6. The results showed that the activities of enzymatic antioxidants (SOD, POD, CAT, and APX) and their specific gene expression and also the contents of non-enzymatic antioxidants (phenolic, flavonoid, ascorbic acid, and anthocyanin) were increased up to an As level of 50 µM in the soil, but decreased gradually after an As level of 100 µM in the soil, compared with the control treatment. The results also showed that the addition of P. vermicola and FeO-NPs non-significantly increased the activities of enzymatic antioxidants (SOD, POD, CAT, and APX), their specific gene expression, and the content of non-enzymatic antioxidants (phenolic, flavonoid, ascorbic acid, and anthocyanin) at all levels of As [i.e., 0 µM (no As), 50 µM, and 100 µM] in the soil, compared with plants that were grown in the soil not supplemented with P. vermicola and FeO-NPs.




Figure 4 | Effect of combined application of various levels of iron oxide nanoparticle (FeO-NPs) (i.e., 50 mg/l−1 and 100 mg/l−1) and plant growth-promoting bacteria (Providencia vermicola) (i.e., 5 ppm and 10 ppm) on superoxide dismutase (SOD) activity in the roots (A), SOD activity in the shoots (B), peroxidase (POD) activity in the roots (C), POD activity in the shoots (D) catalase (CAT) activity in the roots (E), CAT activity in the shoots (F), ascorbate peroxidase (APX) activity in the roots, (G) and APX activity in the shoots (H) of Ajwain (Trachyspermum ammi seedlings) grown under various stress levels of arsenic (i.e., 0 μM, 50 μM, and 100 μM). Values are demonstrated as means of four replicates along with standard deviation (SD; n = 4). Two-way ANOVA was performed and means differences were tested by Tukey’s highly significant difference post-hoc test (p< 0.05). Different lowercase letters on the error bars indicate significant difference between the treatments.






Figure 5 | Effect of combined application of various levels of iron oxide nanoparticles (FeO-NPs) (i.e., 50 mg/l−1 and 100 mg/l−1) and plant growth-promoting bacteria (Providencia vermicola) (i.e., 5 ppm and 10 ppm) on iron superoxidase dismutase (Fe-SOD) (A), peroxidase (POD) (B), catalase (CAT) (C), and ascorbate peroxidase (APX) (D) of Ajwain (Trachyspermum ammi seedlings) grown under various stress levels of arsenic (i.e., 0 μM, 50 μM, and 100 μM). Values are demonstrated as means of four replicates along with standard deviation (SD; n = 4). Two-way ANOVA was performed and means differences were tested by Tukey’s highly significant difference post-hoc test (p< 0.05). Different lowercase letters on the error bars indicate significant difference between the treatments.






Figure 6 | Effect of combined application of various levels of iron oxide nanoparticles (FeO-NPs) (i.e., 50 mg/l−1 and 100 mg/l−1) and plant growth-promoting bacteria (Providencia vermicola) (i.e., 5 ppm and 10 ppm) on phenolic contents (A), flavonoid contents (B), ascorbic acid contents (C), anthocyanin contents (D), soluble sugar contents (E), reducing sugar contents (F), non-reducing sugar contents (G), and proline contents (H) of Ajwain (Trachyspermum ammi seedlings) grown under various stress levels of arsenic (i.e., 0 μM, 50 μM, and 100 μM). Values are demonstrated as means of four replicates along with standard deviation (SD; n = 4). Two-way ANOVA was performed and means differences were tested by Tukey’s highly significant difference post-hoc test (p< 0.05). Different lowercase letters on the error bars indicate significant difference between the treatments.





3.3 Ameliorative effects of iron oxide nanoparticles and Providencia vermicola on sugar and nutrient uptake under arsenic stress

The content of soluble sugar, reducing sugar, non-reducing sugar, proline, and various nutrients, such as calcium (Ca2+), magnesium (Mg2+), iron (Fe2+), and phosphorus (P), were also measured in the roots and shoots of T. ammi seedlings in the present study under the different levels of As [i.e., 0 µM (no As), 50 µM, and 100 µM] in the soil that was also supplemented with P. vermicola and FeO-NPs. The data regarding the content of soluble sugar, reducing sugar, non-reducing sugar, and proline are presented in Figure 6, and the data regarding the content of Ca2+, Mg2+, Fe2+, and P in the roots and shoots of the plants are presented in Figure 7. The results of the present study show that the increasing levels of As in the soil significantly (p< 0.05) decreased the content of nutrients (Ca2+, Mg2+, Fe2+, and P) in the roots and shoots of the plants, and also decreased the content of sugars (soluble sugars, reducing sugars, and non-reducing sugars), compared with plants that were grown in soil that was not treated with As. However, the content of proline was increased by increasing the levels of As in the soil, when compared with plants not treated with As (Figure 5). The content of various sugars, phenolic acids, and nutrients in the roots and shoots of the plants was determined after the application of P. vermicola and FeO-NPs. The results suggested that the application of P. vermicola and FeO-NPs non-significantly increased the sugar content (soluble sugars, reducing sugars, and non-reducing sugars) and proline content in the shoots, and significantly increased the content of nutrients (Ca2+, Mg2+, Fe2+, and P) in the roots and shoots of the plants, compared with plants grown without the treatment of P. vermicola and FeO-NPs at all levels of As in the soil.




Figure 7 | Effect of combined application of various levels of iron oxide nanoparticles (FeO-NPs) (i.e., 50 mg/l−1 and 100 mg/l−1) and plant growth-promoting bacteria (Providencia vermicola) (i.e., 5 ppm and 10 ppm) on iron contents in the roots (A), iron contents in the shoots (B), magnesium contents in the roots (C), magnesium contents in the shoots (D), calcium contents in the roots (E), calcium contents in the shoots (F), phosphorus contents in the roots (G), and phosphorus contents in the shoots (H) of Ajwain (Trachyspermum ammi seedlings) grown under various stress levels of arsenic (0 i.e., 0 μM, 50 μM, and 100 μM). Values are demonstrated as means of four replicates along with standard deviation (SD; n = 4). Two-way ANOVA was performed and means differences were tested by Tukey’s highly significant difference post-hoc test (p< 0.05). Different lowercase letters on the error bars indicate significant difference between the treatments.





3.4 Ameliorative effects of iron oxide nanoparticles and Providencia vermicola on organic acids, transmission electron microscopy, and arsenic uptake under arsenic stress

The content of fumaric acid, formic acid, acetic acid, citric acid, malic acid, and oxalic acid in the roots, and As concentration in the roots and shoots, of T. ammi seedlings grown under toxic levels of As in the soil, with or without the application of P. vermicola and FeO-NPs, are presented in Figure 8. According to the given results, we have noticed that elevated concentrations of As in the soil (i.e., 50 µM and 100 µM) induced a significant (p< 0.05) increase in the content of fumaric acid, formic acid, acetic acid, citric acid, malic acid, and oxalic acid in the roots, and also As concentration in the roots and shoots, of T. ammi seedlings, compared with plants that were grown in the soil treated with 0 µM of As. The results also illustrated that the application of P. vermicola and FeO-NPs decreased the content of fumaric acid, formic acid, acetic acid, citric acid, malic acid, and oxalic acid in the roots, and also As concentration in the roots and shoots, of T. ammi seedlings, compared with plants that were grown without the exogenous application of P. vermicola and FeO-NPs in the soil.




Figure 8 | Effect of combined application of various levels of iron oxide nanoparticles (FeO-NPs) (i.e., 50 mg/l−1 and 100 mg/l−1) and plant growth-promoting bacteria (Providencia vermicola) (i.e., 5 ppm and 10 ppm) on oxalic acid contents (A), malic acid contents (B), citric acid contents (C), acetic acid contents (D), formic acid contents (E), fumaric acid contents (F), in the roots and As contents in the roots (G), and As contents in the shoots (H) of Ajwain (Trachyspermum ammi seedlings) grown under various stress levels of arsenic (i.e., 0 μM, 50 μM, and 100 μM). Values are demonstrated as means of four replicates along with standard deviation (SD; n = 4). Two-way ANOVA was performed and means differences were tested by Tukey’s highly significant difference post-hoc test (p< 0.05). Different lowercase letters on the error bars indicate significant difference between the treatments.



The As toxicity profoundly influenced the double membrane-bound organelles in the cells of T. ammi seedlings (Figure 9). The ultra-structure of the chlorophyll and other membrane-bound organelles of T. ammi seedlings were significantly affected by As toxicity in the soil. The TEM of the leaf cells of T. ammi seedlings showed that the progression in the exogenous As levels substantially destructed the ultra-structure of membrane-bound organelles. For instance, organelles, such as chloroplast, starch grain, food vacuole, mitochondria, nucleus, peroxisomes, and plastoglobuli, were clearly visible under 0 μM of As and combined application of FeO-NPs and P. vermicola. However, when increasing the As concentration in the soil, the cellular organelles in the plasma of T. ammi seedlings were destroyed considerably and ultimately disappeared by elevating levels of As in the soil (Figure 9).




Figure 9 | Transmission electron microscopy (TEM) photos of Ajwain (Trachyspermum ammi seedlings) grown under various stress levels of As (i.e., 0 μM, 50 μM, and 100 μM). Different lowercase abbreviations in the TEM photos are presented as: C, chloroplast; CW, cell wall; M, mitochondria; FV, food vacuole; SG, starch grain; Po, peroxisome; and Pl, plastoglobuli. Different uppercase abbreviations are used for the various treatments of iron oxide nanoparticles (FeO-NPs) (i.e., 50 mg/l−1 and 100 mg/l−1) and plant growth-promoting bacteria [Providencia vermicola (P. vermicola)] (i.e., 5 ppm and 10 ppm) grown under various stress levels of As (i.e., 0 μM, 50 μM, and 100 μM). For example: (A) FeO-NPs 0 mg/l−1, P. vermicola 0 ppm, and As concentration 0 μM; (B) FeO-NPs 50 mg/l−1, P. vermicola 0 ppm, and As concentration 0 μM; (C) FeO-NPs 100 mg/l−1, P. vermicola 0 ppm, and As concentration 0 μM; (D) FeO-NPs 0 mg/l−1, P. vermicola 5 ppm, and As concentration 0 μM; (E) FeO-NPs 0 mg/l−1, P. vermicola 10 ppm, and As concentration 0 μM; (F) FeO-NPs 0 mg/l−1, P. vermicola 0 ppm, and As concentration 50 μM; (G) FeO-NPs 50 mg/l−1, P. vermicola 0 ppm, and As concentration 50 μM; (H) FeO-NPs 100 mg/l−1, P. vermicola 0 ppm, and As concentration 50 μM; (I) FeO-NPs 0 mg/l−1, P. vermicola 5 ppm, and As concentration 50 μM; (J) FeO-NPs 0 mg/l−1, P. vermicola 10 ppm, and As concentration 50 μM; (K) FeO-NPs 0 mg/l−1, P. vermicola 0 ppm, and As concentration 100 μM; (L) FeO-NPs 50 mg/l−1, P. vermicola 0 ppm, and As concentration 100 μM; (M) FeO-NPs 100 mg/l−1, P. vermicola 0 ppm, and As concentration 100 μM; (N) FeO-NPs 0 mg/l−1, P. vermicola 5 ppm, and As concentration 100 μM; and (O) FeO-NPs 0 mg/l−1, P. vermicola 10 ppm, and As concentration 100 μM.






4 Discussion

Heavy metal contamination of agricultural lands has become an emerging environmental issue worldwide (Saleem et al., 2020b; Saleem et al., 2020f; Afzal et al., 2021; Amna Ali et al., 2021; Farooq et al., 2022). This problem is becoming a serious threat to humans and animals because of the entry of heavy metals in the food web (Salam et al., 2022; Tariq et al., 2022; Ullah et al., 2022). High concentrations of heavy metals significantly reduce plant productivity and crop yields (Javed et al., 2020; Rana et al., 2020; Saleem et al., 2020c; Alsafran et al., 2022a). Arsenite (+3) and arsenate (+5) are toxic anions of As that are readily absorbed by plants (Shahid et al., 2019) because both arsenate and phosphate share the same transport pathway: As (V) interferes with metabolic processes, and As (III) reacts with sulfhydryl groups (−SH) and tissue proteins, thereby disturbing the enzymatic activities (Irshad et al., 2020; Faizan et al., 2021; Faryal et al., 2022). As has no known essential function in plant growth, and generally causes damaging effects to the plant growth and photosynthetic pigments. Similar results were observed in the present study, which showed that increasing levels of As in the soil (i.e., 50 µM and 100 µM) decreased plant growth and biomass (Figure 1), and also decreased the photosynthetic pigments and gas exchange characteristics (Figure 2). It is well known that As is non-essential for plants and causes toxicity even at low and moderate concentrations (Bhat et al., 2022; Saleem et al., 2022; Tanveer et al., 2022). As has been described to decrease the chlorophyll biosynthesis in plants, and it has been well-identified that As causes chlorophyll degradation, growth inhibition, nutrient depletion, photosynthesis activity diminution, and membrane disintegration (Liu et al., 2018; Faryal et al., 2022). As also affects the membrane system of chloroplasts, chlorophyll fluorescence, and photosynthetic pigments, thereby reducing photosynthetic activity (Mushtaq et al., 2020; Bhat et al., 2022).

Heavy metals are considered a primary source of injury to the cell membrane, frequently attributing to lipid peroxidation. As a result of metal accumulation, a large number of active free oxygen radicals are formed, which may be the main cause of cell membrane lipid peroxidation, and may also harm the functioning and structure of the cell membrane (Kamran et al., 2019; Rehman et al., 2019; Afridi et al., 2022a; Afridi et al., 2022b). Excessive ROS production causes oxidative stress, as reported for many crops under heavy metals treatment, and is likely to be commenced by molecular oxygen excitation (O2) to generate singlet oxygen or by electron transfer to O2 and genesis of free radicals (i.e., O2− and OH−) (Mfarrej et al., 2021; Bibi et al., 2024). Plant response to oxidative stress also depends on plant species and cultivars, and this ROS production in plants is removed by a variety of antioxidant enzymes, such as SOD, POD, CAT, and APX (Murtaza et al., 2021; Akhtar et al., 2022; Ali et al., 2022a). However, the reduction in antioxidants under severe levels of As in soil might be due to alterations in gene expression and function of various proteins in plant tissues (Figures 4, 5). Plants produce a variety of secondary metabolites, such as proline, flavonoids, and phenolics, that improve tolerance against metal toxicity (Saadullah et al., 2022; Wahab et al., 2022). Previously, an increase in antioxidant activities under elevated levels of As in the soil/medium was found in Triticum aestivum (Alamri et al., 2022), brinjal (Alamri et al., 2021), Brassica napus (Farooq et al., 2015), and Myracrodruon urundeuva (Gomes et al., 2014).

Furthermore, As has been shown to change the nutrient balance and their assimilation, protein metabolism, and oxidative phosphorylation (Mondal et al., 2021; Alsafran et al., 2022b). Excess As decreased the Ca2+, Mg2+, Fe2+, and P in the roots and shoots of the numerous plant species, which may cause ions deficiency in plants (Figure 7). Roots exclude especially organic acids, which are regarded as active ligands under the excess concentration of metals in the soil. Acidification of mucilage after uptake of As is likely due to the release of protons when plant roots release more cations than anions to maintain their charge balance (Javed et al., 2020; Sayadi et al., 2022). The exudation of organic acids in the roots of T. ammi seedlings (Figure 8), accelerating metal transport from roots to the aboveground parts, is possibly due to the formation of metal-chelated ions, as suggested by Javed et al. (Javed et al., 2017) when they cultivated Zea mays in Cd-polluted soil. However, using TEM technology, it was revealed that excess As mainly affected many membrane-bound organelles of T. ammi seedlings (Figure 9).

As compared with their metal oxides NPs, the FeO-NPs are very eco-friendly, non-invasive, low cost, and a safer option to use for various purposes, especially in alleviating the heavy metal-induced oxidative stresses (Mukherjee et al., 2014; Mushtaq et al., 2020). Furthermore, it is reported that the FeO-NPs enhance the nano-fertilizers and nano-materials in the soil that help the plants in the uptake of essential nutrients from the soil (Nair and Chung, 2015; Tanveer et al., 2022). Recently, it was shown that the FeO-NPs could minimize the oxidative stresses in Cd-stressed Triticum aestivum (Rizwan et al., 2019) and As-stressed Oryza sativa (Rai et al., 2022). On exposure to different levels of FeO-NPs, the plants experienced lower metal uptake and, thus, resulted in lower cellular damage (Hussain et al., 2019; Mushtaq et al., 2020). A study on various parts of the plants demonstrated that the exogenous application of nano-iron (II, III) oxide (200 mg/l−1) alleviated the Pb-, Zn-, Cd-, and Cu-induced toxic effects by stimulating the various antioxidant activities that resulted in reduced metal uptake (Konate et al., 2017). In a hydroponic study, the exogenous application of nano-iron (II) oxide (50 ppm) to mung bean (Vigna radiate L.) induced the increment in growth and biomass, indicating significant roles of the nano-particles in improving plant growth under normal and various stress conditions (Dhoke et al., 2013). Our outcomes are corroborated with the aforementioned studies, as exogenous application of FeO-NPs improved the plant growth (Figure 1), photosynthetic characteristics (enzymatic and non-enzymatic antioxidants), gene expression, sugars, and essential nutrients, and maintained the ultra-structure of the membrane-bound organelles by considerably scavenging the ROS levels, organic acid in the roots, and As accumulation.

Like NPs, PGPB have been identified to cope with various heavy metal-induced toxicity by improving plant growth and development in metal-contaminated soil (Kaushal and Wani, 2016). Generally, it was noticed that the PGPB are involved in the chlorophyll formation, protein biosynthesis, activating the antioxidant potential, up-regulating the production of osmolytes, root formation, extend leaf area, and greater nutrients uptake, and, therefore, increases crop productivity (Kasim et al., 2013; Danish et al., 2019; Mondal et al., 2021). Various PGPB, such as Pseudomonas, Bacillus, Streptomyces and Agrobacterium, are commercialized and easily available in the market, and produce antibiotics that enable plants to resist any pathogen attack (Hussain et al., 2015). Earlier, the same strains of P. vermicola were used by Islam et al. (Islam et al., 2016) in lentil plants. Islam et al. noticed that the P. vermicola exhibited multiple growth-promoting characteristics by improving photosynthetic machinery and increasing plant yield, which helped the lentil plants to mitigate the toxic effects of Cu-induced oxidative stress. The same strains of P. vermicola coupled with NPs were also used by Tanveer et al. (Tanveer et al., 2022). Tanveer et al. found that the application of (10-ppm) P. vermicola considerably enhanced the proline content, relative water content, sugar protein, and indole acetic acid in As-stressed Luffa acutangula. The authors further noticed that the P. vermicola substantially decreased the relative EL and As concentration in Luffa acutangula and, thus, improved the overall growth of the plants. P. vermicola also has the ability to produce siderophores and the ability to uptake essential ions, such as P, K and, Ca, to produce efficient bioinoculants, which were revealed under the biochemical analysis of P. vermicola (Hussain et al., 2015). Soil inoculation with P. vermicola enhanced the activities of enzymatic and non-enzymatic antioxidant compounds by producing defensive enzymes, such as glutathione reductase, which captures the extra ROS produced under metal toxicity (Zuo et al., 2018). Like the aforementioned reports, our study revealed that the use of PGPB (P. vermicola) coupled with FeO-NPs remarkably improved the nutrient uptake and efficacy of the photosynthetic machinery that assisted the T. ammi seedlings in maintaining their cellular structure under As-induced oxidative stress, thus, potentially activating the antioxidant potential and their respective transcript levels, which ultimately led to the improved plant growth. Similar results were obtained by Ahemad, Hofmann et al., and Tanveer et al. (Ahemad, 2019; Hofmann et al., 2020; Tanveer et al., 2022) under different environmental conditions, signifying the fact that the effects of various PGPB and NPs mainly depend on the plant species, soil composition, method of application, and amount and length of the treatments. These results further open the doors for future scientists to focus on the aforementioned factors to gain deeper insights into the role of PGPB and NPs in ameliorating the oxidative damage caused by heavy metal-induced toxicity. The schematic presentation of mechanistic role of P. vermicola and FeO-NPs alleviating the As toxicity in T. ammi seedlings is presented in Figure 10.




Figure 10 | Schematic presentation of the findings from this study under the application of Providencia vermicola (P. vermicola) and iron oxide nanoparticles (FeO-NPs) in arsenic (As)-stressed Ajwain [Trachyspermum ammi (T. ammi)] seedlings grown under different levels of As stress (i.e., 50 μM and 100 μM) in sandy loam soil. The figure shows As sources in the natural soil and its toxic effects on the plants. The figure also shows that As toxicity can be overcome by the application of P. vermicola and FeO-NPs, which decreased oxidative stress in membrane-bound organelles by decreasing As content in various parts of the plants. Overall, this scheme presents the complete description of this experiment and the important findings that we have evaluated from the application of P. vermicola and FeO-NPs in As-stressed Ajwain (T. ammi) seedlings.





5 Conclusion

On the basis of these findings, it can be concluded that the negative impact of As toxicity can be overcome by the external application of P. vermicola and FeO-NPs. Our results depict that As toxicity induced severe metal toxicity in T. ammi seedlings by increasing the generation of ROS in the form of oxidative stress, and also increased the concentration of As in the roots and shoots of the plants. Furthermore, As toxicity also increased organic acids exudation and imbalance the nutritional status of the plants and destroy the ultra-structure of the plants, which ultimately decrease plant growth and yield and photosynthetic efficiency. Hence, As toxicity was eliminated by the application of P. vermicola and FeO-NPs, which also decreased the As concentration in the plant tissues, degenerated ROS, induced ultra-structure alterations and organic acids exudation, and increased the activities of antioxidants and essential nutrients in the plants. Therefore, long-term field studies should be executed to draw parallels among plants/crops root exudations, metal stress, Fe fertigation regimes, nutrients mobility patterns, and plant growth to gain insights into underlying mechanisms.
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Introduction

Drought stress has drastically hampered the growth and yield of many crops. Therefore, environmentally safe agricultural techniques are needed to mitigate drought stress impact. To this end, foliar spray of nano-nutrients solution to (NNS) alleviate harmful aspects of drought stress.



Methods

In a completely randomized design (CRD) experiment, seedlings were transplanted into pots at 2-3 leaf stage, each filled with loam-compost- organic manure soil (3:1:1). Plants were divided into two groups. (a) control group (b) applied stress group. Plants at vegetative stage were treated with 100% FC for control group and 60% FC for drought group, and these  levels were maintained until harvesting. Three treatments of NNS with four levels i.e., 0%, 1%, 3% and 5% were given to all the pots after two weeks of drought stress treatment with a gap of 5 days at vegetative stage.



Results and discussion

Application of 1% of nano-nutrient solution displayed an improvement in shoot length, shoot fresh and dry weight, number of leaves and  flowers. Leaf chlorophylls and carotenoids and total phenolics contents were found maximum while minimum electrolyte leakage was observed at 3% application compared to control. Further, 1% application of NNS increased the Leaf RWC%, total soluble sugars, flavonoids contents. 5% NNS application exhibited higher total free amino acids with minimum lipid peroxidation rate in leaves of tomato under drought. Antioxidant enzyme activities increased in a concentration dependent manner as gradual increase was observed at 1%, 3% and 5%, respectively. Overall, this study introduced a new insights on using nano-nutrient solutions to maintain natural resources and ensure agricultural sustainability
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Introduction

Drought stress is a worldwide issue, and rapid climate change has increased the problem. These climatic changes are leading to increased occurrence and duration of drought episodes with concurrent reduction in crop yields (Ahanger et al., 2014). Drought alters physiological characteristics of plant leaves, such as lowering leaf photosynthetic and transpiration rates, enzyme activity, uptake of water and minerals and stomatal conductance, thus restraining crop productivity and yield (Ahanger et al., 2021). Drought stress results in the excess generation of ROS imparting oxidative damage to plants and hence the functioning of key metabolic pathways like photosynthesis, mineral uptake and assimilation is altered (Begum et al., 2020). Plants up-regulate antioxidant system and accumulation of osmolytes for neutralizing the excess ROS so that metabolism is protected (Ahanger and Agarwal, 2017; Begum et al., 2020).

Introduction of modern agricultural techniques like excessive chemical usage for improving agricultural productivity has rendered most of agricultural fields unproductive (Salehi et al., 2016). Biochar is a carbon-rich byproduct of oxygen-starved burning in low temperature (also referred as pyrolysis) of carbon - containing biomass such residue of crops, bedding of stall, cull lumber and sawmill wastes (Lehmann and Joseph, 2015). It plays many positive roles in agricultural production such as in composting improvement, in mitigation of salinity and drought stress as well as in improving crop production by ROS scavenging (Agegnehu et al., 2017). Therefore, use of nanobiochar can be an ideal choice for improving crop growth and yield in areas with low soil fertility and frequent stress outbreaks (Mahmud et al., 2020). Recent advancements in manufacturing techniques have led to fabrication of nano- materials ranging in size and shape, making base for the further advancement for specific application. Nanomaterials in biochar have received much recent attention among engineered biochars owing to its useful chemical and physical properties (Ramanayaka et al., 2020). Nanomaterials enter plant either through apoplast or symplast and can impart either positive or negative effect (Perez-de-Luque, 2017). Carbon nanoparticles are more useful to plants than their counter macro particles because of the greater surface area and more micro-porosity (Ramanayaka et al., 2020). Shekhawat et al. (2021) elucidated the role of engineered carbon nano-particles in promoting the growth and metabolism of Vigna radiata.

Tomato (Solanum lycopersicum) belongs to the nightshade family solanaceae, the third most economically important after grasses and legumes, and the most valuable in terms of vegetable crops (Foolad, 2007). Tomato contributes to a healthy and well-balanced diet and also plays a pivotal role in improving nutrition resources of poor population as compared to meat, milk, fruits and other high priced fruit items. It is a major contributor of antioxidants such as carotenoids (especially, lycopene and β-carotene), phenolics, ascorbic acid (vitamin C) and small amounts of vitamin E in daily diets (Rai et al., 2012). Current open pollinated varieties of tomato are unable to meet the domestic demand due to their low genetic potential, susceptibility to biotic and abiotic stresses, limited area under cultivation, water shortage and competition with major crops (Saleem et al., 2013).

Despite the documented significance of carbon-based nanomaterials in plant growth and development, the knowledge of the impact of carbon nanoparticles (CNPs) in the form of nano-nutrient solution on physiological and biochemical responses of vegetables is still scarce. Therefore, in this study we tested the validity of the following hypothesis: Foliar spray of nano-nutrients solution could alleviate harmful aspects of drought stress by improving some of the plant metabolites and antioxidant enzymes.



Materials and methods


Experimental design, treatments and sampling

A pot experiment was conducted in September-December 2020 at the green house University of Lahore, Lahore, Pakistan. Tomato seedlings were obtained from Vegetables Research Institute, VRI Faisalabad, Pakistan. Nano-nutrient solution was obtained from Shaanxi Dainong Huitai Biological Health Agricultural Technology Co., Ltd. Seedlings at 2-3 leaf stage were transplanted into plastic pots containing 20 kg loam-compost-organic manure soil (3:1:1). This experiment was designed in a completely randomized design (CRD) with factorial arrangement of four treatments and three replications in each treatment. Plants were grown till the fruit formation/yielding stage. Plants at vegetative stage were treated with two irrigation treatments (a) 100% FC for control group (b) 60% FC for drought group, and these levels were maintained until harvesting. Both the groups (control and drought stress) were foliar sprayed with nano-nutrients solution of biochar. Nano-nutrient solution was foliar applied three times with four levels i.e., 0%, 1%, 3% and 5% after two weeks of drought stress treatment with a gap of 5 days at vegetative stage.

Plant samples were collected after 20 days of foliar application of nano-nutrient solution for physiological and biochemical analysis. The growth and yield parameters were recorded at maturity.



Plant biomass and growth parameters

Shoot and root lengths were measured manually using a scale, fresh weights of shoot and root and fruit, number of fruits and leaves was recorded immediately from each replication. However, samples were oven-dried individually at 60°C until the stable mass was obtained to record the results for dry weights of shoot and root.



Leaf water status

Using the method of Barrs and Weatheley (1962), relative water content (RWC) was calculated. Fresh and mature leaves were weighed immediately for fresh weight, soaked in distilled water for 24 hours for turgid weight, oven dried for 24 hours at 80°C for dry weight and the given formula was used for the calculation of RWC.



Measurement of photosynthetic pigments

Arnon’s method (1949) was used to examine the chlorophyll a, b, total chlorophyll, and carotenoids content in the fresh leaves of tomato kept under drought and control conditions by using the UV/V spectrophotometer HALO SB-10. The chlorophyll a and b contents, total chlorophyll contents, and carotenoid contents were calculated using formulas as Yoshida et al. (1976) reported, results were expressed as (mg/g FW).



Biochemical parameters

After 3 weeks of nano-nutrients solution treatments, leaf samples were extracted in phosphate buffer solution (0.2 M) for biochemical analysis. According to Hamilton and Van Slyke (1943) total free amino acids were calculated by adding 10% pyridine and 1% ninhydrin in 1 ml of leaf extract taken in 25 ml test tubes, kept at room temperature for 30 minutes and OD read at 570 nm. Following the method of Riazi et al. (1985) total soluble sugars were calculated. 0.5ml fresh leaves extract mixed with 2ml anthrone reagent (0.2% anthrone in 65% H2SO4 acid), heated for 10 minutes at 80°C in water bath, cooled for 30 minutes and measurements were taken at 620 nm using spectrophotometer.



Leaf oxidative damage and electrolyte leakage

Lipid peroxidation was measured in terms of content of malondialdehyde (MDA) formation and was determined in accordance of Heath and Packer’s (1968) method. Briefly, fresh tissue was extracted in 1% TCA and extract was centrifuged at 10,000g for 5min. Supernatant was reacted with 0.5% thiobarbituric acid at 95°C for 30min. After cooling samples were centrifuged again at 5000g and optical density of supernatant was measured at 532 and 600 nm.

The percentage of electrolyte leakage (EL) in response to stress injury was determined by using the method of Lutts (1996). Leaves were cut in 1cm segments, washed with deionized water, kept in stoppered vials containing 10 ml deionized water and incubated at 25°C. Electrical conductivity of the bathing solution was determined after almost 3 hours. Samples were then autoclaved at 120°C for 20 minutes and second reading was obtained upon equilibration at 25°C. Calculations were done using the following formula:

EC % = (L1/L2) × 100



Secondary metabolites

Total phenolic contents of leaves were estimated using the Folin-Denis reagent as described by Julkunen-Titto (1985). The 1ml leaf extracts (80% acetone) were mixed with 5ml Na2CO3 and 1ml FC regent put into solution. Solution was shaken with the help of shaker for 20 minutes. Absorbance of the resulting blue color was measured at 765 nm. For the determination of total flavonoid contents, 0.1ml ammonia was added in 0.1ml fresh leaf extract. The falcon tubes were shaken properly with the help of rotary shaker. Then 2 ml sulfuric acid (H2SO4) was added and the solution was left for color generation for about 30 minutes. Measurement was taken at 465 nm, as reported by Pekal and Pyrzynska (2014).



Activity of antioxidant enzymes

Assay of catalase and peroxidase enzymes was carried according to the method of Chance and Maehly (1955) and change in absorbance was recorded at 240 nm for 3 minutes. Superoxide dismutase activity was measured using the method of Dhindsa et al. (1981) and optical density was recorded at



Statistical analysis

The numerical data collected was evaluated by Analysis of Variance (ANOVA) using HSD. Significant differences among treatments were analyzed by Tukey’s test. The least significant difference was used to compare means at p≤.05.




Results


Growth attributes

Drought resulted in a progressive and significant decline in growth attributes (Table 1A) and fresh and dry biomass of tomato plants (Table 1B). Water deficit stress of 60% FC decreased the number of leaves by 19.4%, number of flowers by 13.6%, shoot length and root length by 11.1% and 10.7% respectively, fruit weight per plant was reduced by 18.3%, shoot fresh weight and root fresh weight by 31.8% and 14.6% respectively as compared to control plants. Similarly, the shoot dry weight and root dry weight was also declined by 24.4% and 22.9% respectively under drought conditions (60% FC) as compared to control plants without drought stress.

The foliar application of NNS produced stimulatory effects on growth parameters under drought and control conditions. Specifically, the exogenously applied NNS at the concentration of 1% and 3% has more positive effect on growth attributes (number of leaves and flowers, plant length, plant fresh and dry biomass, fruit weight per plant etc.) as compared to the drought alone or even under non – stressed conditions. The foliar application of NNS at 1% concentration significantly increased the number of leaves by 20.6% and 11.1%, number of flowers by 52.6% and 40.9%, shoot length by 60% and 37.7%, shoot fresh weight by 30% and 9.1%, shoot dry weight by 32.3% and 13.5% as compared to control plants that received no NNS application, in both drought (60% FC) and control conditions respectively. However, 3% application increased root length by 36% and 14.2%, fruit weight per plant by 90% and 63.2%, root fresh weight by 56.8% and 33.8% and dry weight of root by 78.4% and 28.3% as compared to plants with no NNS treatment, in both drought and control conditions respectively.



Relative water content (RWC)

Drought significantly influenced the leaf water status of tomato plant. A considerable reduction was seen by 26% in relative water content of leaves under drought as compared to control plants (Figure 1). On the other hand, foliarly applied nano-nutrients solution at 1% concentration increased the RWC by 45% and 37% as compared to non-treated plants under drought and control conditions respectively.




Figure 1 | The effect of different concentrations of foliar application of nano-nutrients solution on relative water content of leaves of tomato (Solanum lycopersicum) under drought. Mean values are the average of three replicates. The upper case alphabetic letters indicate significant differences (P≤0.05) among treatments using Tukey's test.




Table 1A | The effect of foliar application of nano-nutrient solution on growth attributes of tomato under drought stress.




Table 1B | The effect of foliar application of nano-nutrient solution on plant biomass under drought.






Leaf pigments

Leaf pigments of tomato were influenced significantly by drought. A considerable reduction was observed in chlorophyll a (Figure 2A) by 25.4%, chlorophyll b (Figure 2B) by 3.3%, total chlorophyll (Figure 2C) by 17% and in carotenoids content (Figure 2D) by 32.8% under drought conditions (60% FC) as
compared to control plants. However, exogenous application of NNS in 3% concentration increased chlorophyll a by 46.7% and 21.3%, chlorophyll b by 24.5% and 28.4%, total chlorophyll by 26% and 19.2% and total carotenoids by 42.7% and 22.8% as compared to plants within NNS under drought and control
conditions respectively.




Figure 2 | The effect of different concentrations of foliar application of nano-nutrients solution on (A) chlorophyll a, (B) chlorophyll b, (C) total chlorophyll and (D) carotenoid contents in leaves of tomato (Solanum lycopersicum) under drought. Mean values are the average of three replicates. The upper case alphabetic letters indicate significant differences (P≤0.05) among treatments using Tukey's test.





Biochemical analysis

Significant reduction was observed by 28% in total solule sugars (Figure 3A) and by 43.5% in total free amino acids (Figure 3B) resectively, under drought as compared to control plants. However, an increasing trend for both soluble sugars and total free amino acids was seen by the foliar application of nano-nutrients solution. 1% treatment of nano-nutrientss maximized total soluble sugars by 2-fold and, 5% concentration increased total free amino acids by 4.5 and 5-fold under drought and control conditions respectively as compared to plants with no treatment of nano-nutrientss.




Figure 3 | The effect of different concentrations of foliar application of nanonutrient solution on (A) total soluble sugars, (B) total free amino acids, (C) electrolyte leakage and (D) malondialdehyde in leaves of tomato (Solanum lycopersicum) under drought. Mean values are the average of three replicates. The upper case alphabetic letters indicate significant differences (P≤0.05) among treatments using Tukey's test.





Electrical conductivity and malondialdehyde content

Drought stress resulted in an increase in leakage of electrolytes (Figure 3C) and lipid peroxidation (Figure 3D) by 1-fold in leaves as compared to control. However, foliarly applied nano-nutrientss at 3% reduced EC (%) by 1- and 3-fold and 5% application reduced leaf oxidative damage by 1.5- and 1-fold as compared to non-treated plants under control and drought conditions respectively.




Figure 4 | The effect of different concentrations of application of nano-nutrients solution on (A) phenolics and (B) flavonoids in leaves of tomato (Solanum lycopersicum) under drought. Mean values are the average of three replicates. The upper-case alphabetic letters indicate significant differences (P≤0.05) among treatments using Tukey's test.





Secondary metabolites

In the present study, stress given in the form of drought increased the secondary metabolites (phenolics and flavonoids). Total phenolics (Figure 4A) were increased by 1.5- and flavonoids (Figure 4B) by 1-fold under drought as compared to control plants. Moreover, 1% exogenous application of nano-nutrients solution furthur increased the phenolics by 33% and 28% as compared to non-treated plants under control and drought respectively. However, flavonoid contents were increased by 79% by 3% application under control condition and 41% by the application of 1% treatment under drought.




Figure 5 | The effect of different concentrations of foliar application of nano-nutrients solution on antioxidant enzymes (A) catalase (B) peroxidase and (C) superoxide dismutase in leaves of tomato (Solanum lycopersicum) under drought. Mean values are the average of three replicates. The upper case alphabetic letters indicate significant differences (P≤0.05) among treatments using Tukey's test.





Antioxidant enzymes

The antioxidative activities were observed to assess the effect of foliar spray of nano-nutrientss on antioxidants under drought. Under drought, CAT activity (Figure 5A) increased by 59%, POD activity (Figure 5B) by 92% and SOD activity (Figure 5C) by 2-fold than that of non-stressed condition. Meanwhile, the foliar application of nano-nutrients solution further increased the activities of CAT, POD and SOD under both stressed and non- stressed conditions. Specifically, 3% application increased CAT activity by 59% and 1.5- fold, POD activity by 3-and1-fold and SOD activity by 58% and 10% as compared to plants without any treatment of nano-nutrientss under control and drought conditions respectively.




Discussion

Climatic changes around the world often make plants vulnerable towards various abiotic stresses which limit the crop productivity and yield. Similarly, drought stress has the most devastating effect on crops worldwide. In this backdrop effect exogenous application of foliar application of nano-nutrientss on morphological, physiological and biochemical parameters of drought stressed tomato by enhancing its drought tolerance was investigated.

Drought stress is one of the most harmful stresses which affect plant water metabolism and induce major morphological, physiological, and biochemical alterations in plants. In our study, it is clearly observed that drought has decreased many growth and yield attributes (e.g., number of leaves, flowers, fresh and dry biomass of roots and shoots as well as root and shoot length etc.). our results are consistent with previous reports in a variety of plants (Torres-Ruiz et al., 2015) and (Zhang et al., 2018). The findings indicated that from different concentration of nano-nutrients solution (1%, 3% and 5%) applied foliarly on tomato plants, 1% increased several growth parameters and fresh and dry biomass (number of leaves and flowers, shoot fresh and dry weight, shoot length), and few parameters (root length, dry weight and fruit weight per plant under drought) were improved by 5% application. Similarly, (Panda et al., 2020) discovered an increase in shoot length and number of leaves by foliar spraying a nano-based, water soluble foliar fertilizer on tomato plants. Seed priming with 400ppm nano ZnO particles or seed priming + foliar spray on tomato plants boosted yield and growth, according to Khanm et al. (2017). Nano phosphorus at 20 and 30 ppm increased root length and shoot length in cowpea, according to Priya et al. (2016). Plants treated to ZnO nanoparticles produced fruits which were larger and heavier than control plants (Bhardwaj et al., 2022).

Relative water content of plants has been seen greatly affected by drought. In the present study RWC decreased in water deficit condition and similar results has been reported in many previous studies (Xiao et al., 2009). The exogenous application of nano-nutrientss in varying concentrations gave positive results with improving the leaf water status of tomato plants. 1% application maximized RWC in tomato under drought and our results are consistent with previous reports. In both seasons, soaking the rice grains in silicon and selenium nanoparticles and applying selenium nanoparticles to the leaves resulted in the highest relative water content as stated by Badawy et al. (2021).

Drought stress reduced the production of total chlorophylls and carotenoids significantly and our work is in accordance with the previous findings as reported by Ahanger et al. (2021). Chlorophyll intermediates including δ-ALA are reduced in number by drought (Dalal and Tripathy, 2012). Results of the current study suggested that showed that the use of NNS improved the concentration of δ -ALA, which in turn improved chlorophyll and photosynthetic functions in tomato, as well as prevented drought-induced growth decline. Among them, 3% application has shown significantly higher chlorophyll a and chlorophyll b contents and a similar trend was seen for total chlorophyll and carotenoids where 3% NNS application has more positive effects under both drought and control conditions. Previously, Bhardwaj et al. (2022) reported that for increasing nanoparticle concentrations up to 500 mg kg-1, the chlorophyll content of tomato plants treated with aerosol-foliar sprayed TiO2 nanoparticles increased. In carrots, graphene oxide and zinc oxide NPs at 0.10 mg/ml were beneficial in enhancing chlorophyll and carotenoid content, reported by Siddiqui et al. (2019).

Water deficit stress also resulted in an increase in ROS generation, electrolyte leakage and lipid peroxidation which ultimately resulted in significant oxidative damage in leaves of tomato. Previously, several workers have also observed increased oxidative damage owing to drought (Ahanger and Agarwal, 2017; Mamnabi et al., 2020) which is similar to our findings. lypoxygenase and protease activity are associated with increased ROS generation, resulting in more damage to lipids and proteins. As a result, structural and functional changes in key macromolecules such as proteins and fatty acids are induced (Nahar et al., 2016). Nanomaterials have a cumulative effect on antioxidant metabolites such as phenols, flavonoids, osmolytes, and antioxidant enzymes which causes a decrease in the oxidative effects of ROS. (Sadak and Bakry, 2020; Hussain et al., 2020). This study also indicated drought-induced increase in lipoxygenase and protease activity which was greatly reduced by NNS supplementation, proclaiming that NNS plays a beneficial role in preserving proteins and lipids in tomato under such conditions. 3% application resulted in a decline in electrolyte leakage however 5% brought down the values for oxidative damage. Similarly, Khan et al. (2020) discovered that water-stressed Vicia faba L. plants had increased electrolyte leakage and lipid peroxidation and nano-TiO2 application to stressed plants, reduced them.

Moreover, as intimidated by our findings, other researchers (Ahanger and Agarwal, 2017; Begum et al., 2020) have also documented rise in antioxidant activity as a result of drought stress. Increased antioxidant enzyme activity has been shown to reduce drought-influenced ROS-induced photosynthesis reduction by enhancing membrane stability and removing ROS quickly (Yang et al., 2014). Nanomaterials on the other hand, increase antioxidant enzyme activity, resulting in lower ROS buildup and hence improved photosynthesis, growth and protection of essential metabolic pathways (Sharma et al., 2019). However, depending on the concentration of nanomaterial employed, the impact may vary significantly. Among antioxidant enzymes, SOD acts as a first line of defense against harmful radicals, removing superoxide from cells and preventing impairment of metabolic pathways such as photosynthesis. (Choudhury et al., 2017). Aside from that, CAT and POD are important antioxidant enzymes that help to neutralize H2O2. Our results demonstrated that 3% application of NNS maximized antioxidants including CAT, POD and SOD. Ahmad et al. (2020) recently demonstrated that under arsenic stress, the application of ZnO nanoparticles considerably up-regulated antioxidant functioning which lead to growth and photosynthetic modulations and Mehrian et al. (2015)  stated that, antioxidant activity of SOD, CAT and POD enzymes increased in shoots and roots of tomato when treated with silver nanoparticles.

Furthermore, Increased phenol and flavonoid synthesis in NNS-sprayed tomato plants further improved the antioxidant system under control and drought conditions. By protruding into the lipid bilayer, both phenols and flavonoids have the ability to prevent ROS-mediated lipid peroxidation and maintain membrane fluidity and function (Oteiza et al., 2005). According to the findings of this report, enhanced secondary metabolite content and up-regulation of the antioxidant system in tomato plants foliarly treated with NNS protects photosynthesis by boosting the redox buffer components for effective electron transport. 1% treatment enhanced the activity of phenolics under both control and drought conditions and flavonoids under drought condition however the later was improved better by 5% application under control. Comparably, another study found that silver NMs elevated oxidative stress and increased the levels of phenolics and flavonoids in potato (Homaee and Ehsanpour, 2016) and (Genady et al., 2016) stated that exposure to copper sulphate nanoparticles resulted in an increase in the content of secondary metabolites (phenolics and flavonoids) in Verbena bipinnatifida.

In addition, exogenous application of NNS resulted in production of more osmolytes such as sugars and free amino acids, which may have contributed considerably to tissue water content maintenance. Justifying our results, Ahanger and Agarwal (2017) also reported an increase in in the accumulation of osmolytes under drought in different crops. The ability of osmolytes to sustain a water potential gradient for continuous water intake contributes to their protective effect during drought (Ahanger et al., 2014). More accumulation of suitable osmolytes has a major impact on plant development and yield performance, so in this investigation, NNS spraying increase in osmolytes may lead to improved tomato growth and yield production. 1% application improved content of total soluble sugars however total free amino acids were more liberated at 5% concentration. The use of nano-ZnO and compost on Linum usitatissimum has recently been shown to boost the accumulation of suitable osmolytes such as free amino acids and soluble sugars, resulting in increased growth and yield (Sadak and Bakry, 2020).



Conclusion

Conclusively, growth, physiological and biochemical activities of tomato were rendered by the excessive generation of toxic ROS under drought. The growth and biomass of tomato plants was improved by the exogenous application of nano-nutrientss of nano-biochar and it also ameliorated oxidative stress generated by drought as it reduced ROS accumulation, lipid peroxidation and enhanced membrane stability. Up-regulated antioxidant enzymes, secondary metabolites, and osmolytes due to the foliar treatment of NNS justifies its positive role in averting drought mediated damage to tomato.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Author contributions

AM, HA, AAK, MYM, SMK, Experimentation; Z-u-N, SMK, WAA, MS, HA, Supervision and Research Design; AS, NA, IH, HA, BAA, Review and Drafting; MK, HA, AAK, MYM, LZ, SMK, Validation and Statistical Analysis; IH, HA, AAK, Drafting and Validation. All authors contributed to the article and approved the submitted version. 



Funding

Princess Nourah bint Abdulrahman University Researchers Supporting Project number (PNURSP2023R214), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.



Acknowledgments

Princess Nourah bint Abdulrahman University Researchers Supporting Project number (PNURSP2023R214), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

 Agegnehu, G., Srivastava, A. K., and Bird, M. I. (2017). The role of biochar and biochar-compost in improving soil quality and crop performance: A review. Appl. Soil Ecol. 119, 156–170. doi: 10.1016/j.apsoil.2017.06.008

 Ahanger, M. A., and Agarwal, R. M. (2017). Potassium up-regulates antioxidant metabolism and alleviates growth inhibition under water and osmotic stress in wheat (Triticum aestivum l). Protoplasma 254 (4), 1471–1486. doi: 10.1007/s00709-016-1037-0

 Ahanger, M. A., Qi, M., Huang, Z., Xu, X., Begum, N., Qin, C., et al. (2021). Improving growth and photosynthetic performance of drought stressed tomato by application of nano-organic fertilizer involves up-regulation of nitrogen, antioxidant and osmolyte metabolism. Ecotoxicol. Environ. Saf. 216, 112195. doi: 10.1016/j.ecoenv.2021.112195

 Ahanger, M. A., Tyagi, S. R., Wani, M. R., and Ahmad, P. (2014). “Drought tolerance: role of organic osmolytes, growth regulators, and mineral nutrients,” in Physiological mechanisms and adaptation strategies in plants under changing environment (New York, NY: Springer), 25–55.

 Ahmad, P., Alyemeni, M. N., Al-Huqail, A. A., Alqahtani, M. A., Wijaya, L., Ashraf, M., et al. (2020). Zinc oxide nanoparticles application alleviates arsenic (As) toxicity in soybean plants by restricting the uptake of as and modulating key biochemical attributes, antioxidant enzymes, ascorbate-glutathione cycle and glyoxalase system. Plants 9, 825. doi: 10.3390/plants9070825

 Badawy, S. A., Zayed, B. A., Bassiouni, S., Mahdi, A. H., Majrashi, A., Ali, E. F., et al. (2021). Influence of nano silicon and nano selenium on root characters, growth, ion selectivity, yield, and yield components of rice (Oryza sativa l.) under salinity conditions. Plants 10 (8), 1657. doi: 10.3390/plants10081657

 Barrs, H. D., and Weatherley, P. E. (1962). A re-examination of the relative turgidity technique for estimating water deficit in leaves. Aust. J. Biol. Sci. 15, 413–428.

 Begum, N., Ahanger, M. A., and Zhang, L. (2020). AMF inoculation and phosphorus supplementation alleviates drought induced growth and photosynthetic decline in nicotiana tabacum by up-regulating antioxidant metabolism and osmolyte accumulation. Environ. Exp. Bot. 176, 104088. doi: 10.1016/j.envexpbot.2020.104088

 Bhardwaj, A. K., Arya, G., Kumar, R., Hamed, L., Pirasteh-Anosheh, H., Jasrotia, P., et al. (2022). Switching to nano-nutrients for sustaining agroecosystems and environment: the challenges and benefits in moving up from ionic to particle feeding. J. Nanobiotechnol. 20 (1), 1–28. doi: 10.1186/s12951-021-01177-9

 Chance, B., and Maehly, A. C. (1955). “[136] assay of catalases and peroxidases.” 764–775. doi: 10.1016/S0076-6879(55)02300-8

 Choudhury, F. K., Rivero, R. M., Blumwald, E., and Mittler, R. (2017). Reactive oxygen species, abiotic stress and stress combination. Plant J. 90 (5), 856–867. doi: 10.1111/tpj.13299

 Dalal, V. K., and Tripathy, B. C. (2012). Modulation of chlorophyll biosynthesis by water stress in rice seedlings during chloroplast biogenesis. Plant Cell  Environment 35 (9), 1685–1703. doi: 10.1111/j.1365-3040.2012.02520.x

 Dhindsa, R. S., Plumb-Dhindsa, P., and Trevor, A. (1981). Thorpe. "Leaf senescence: correlated with increased levels of membrane permeability and lipid peroxidation, and decreased levels of superoxide dismutase and catalase.". J. Exp. Bot. 32, 93–101, 1. doi: 10.1093/jxb/32.1.93

 Foolad, M. R. (2007). Genome mapping and molecular breeding of tomato. Int. J. Plant Genomics 2007, 53. doi: 10.1155/2007/64358

 Genady, E. A., Qaid, E. A., and Fahmy, A. H. (2016). Copper sulfate nanoparticales in vitro applications on verbena bipinnatifida nutt. stimulating growth and total phenolic content increasments. Int. J. Pharm. Res. Allied Sci. 5, 196–202.

 Hamilton, P. B., Van Slyke, D. D., and Lemish, S. (1943). The gasometric determination of free amino acids in blood filtrates by the ninhydrin-carbon dioxide method. J. Biol. Chem. 150, 231–250. doi: 10.1017/S0031182000070554

 Heath, R. L., and Packer, L. (1968). Photoperoxidation in isolated chloroplasts: I. kinetics and stoichiometry of fatty acid peroxidation. Arch. Biochem. Biophysics 125 (1), 189–198. doi: 10.1104/pp.19.00405

 Homaee, B. M., and Ehsanpour, A. A. (2016). Silver nanoparticles and silver ions: Oxidative stress responses and toxicity in potato (Solanum tuberosum l) grown in vitro. Horticult. Environ. Biotechnol. 57 (6), 544–553. doi: 10.1007/s13580-016-0083-z

 Hussain, A., Mehmood, A., Murtaza, G., Ahmad, K. S., Ulfat, A., Khan, M. F., et al. (2020). Environmentally benevolent synthesis and characterization of silver nanoparticles using olea ferruginea royle for antibacterial and antioxidant activities. Green Process. Synth. 9 (1), 451–461. doi: 10.1515/gps-2020-0047

 Julkunen-Titto, R. (1985). Phenolic constituents in the levels of northern willows: methods for precursors of clarified apple juice sediment. J. food sci. 33, 254–257. doi: 10.1021/jf00062a013

 Khan, M. N., AlSolami, M. A., Basahi, R. A., Siddiqui, M. H., Al-Huqail, A. A., Abbas, Z. K., et al. (2020). Nitric oxide is involved in nano-titanium dioxide-induced activation of antioxidant defense system and accumulation of osmolytes under water-deficit stress in vicia faba l. Ecotoxicol. Environ. Saf. 190, 110152. doi: 10.1016/j.ecoenv.2019.110152

 Khanm, H., Vaishnavi, B. A., Namratha, M. R., and Shankar, A. G. (2017). Nano zinc oxide boosting growth and yield in tomato: the rise of “nano fertilizer era”. Int. J. Agric. Sci. Res. 7 (3), 197–206.

 Julkunen-Titto, R. (1985). Phenolic constituents in the levels of northern willows: methods for precursors of clarified apple juice sediment. J. Food Sci. 33, 254-257

 Lutts, S., Kinet, J. M., and Bouharmont, J. (1996). NaCl-Induced senescence in leaves of rice (Oryza sativaL.) cultivars differing in salinity resistance. Ann. Bot. 78 (3), 389–398. doi: 10.2307/1236644

 Mahmud, M., Abdullah, R., and Yaacob, J. S. (2020). Effect of vermicompost on growth, plant nutrient uptake and bioactivity of ex vitro pineapple (Ananas comosus var. MD2). Agronomy 10 (9), 1333. doi: 10.3390/agronomy10091333

 Mamnabi, S., Nasrollahzadeh, S., Ghassemi-Golezani, K., and Raei, Y. (2020). Improving yield-related physiological characteristics of spring rapeseed by integrated fertilizer management under water deficit conditions. Saudi J. Biol. Sci. 27 (3), 797–804. doi: 10.1016/j.sjbs.2020.01.008

 Mehrian,,.S.K., Heidari, R., and Rahmani, F. (2015). Effect of silver nanoparticles on free amino acids content and antioxidant defense system of tomato plants. Indian J. Plant Physiol. 20 (3), 257–263. doi: 10.1007/s40502-015-0171-6

 Nahar, K., Hasanuzzaman, M., Rahman, A., Alam, M. M., Mahmud, J. A., Suzuki, T., et al. (2016). Polyamines confer salt tolerance in mung bean (Vigna radiata l.) by reducing sodium uptake, improving nutrient homeostasis, antioxidant defense, and methylglyoxal detoxification systems. Front. Plant Sci. 7, 1104. doi: 10.3389/fpls.2016.01104

 Oteiza, P. I., Erlejman, A. G., Verstraeten, S. V., Keen, C. L., and Fraga, C. G. (2005). Flavonoid-membrane interactions: a protective role of flavonoids at the membrane surface? Clin. Dev. Immunol. 12 (1), 19–25. doi: 10.1080/10446670410001722168

 Panda, J., Nandi, A., Pattnaik, A. K., Mahapatra, P., Jena, N. K., and Swain, A. A. (2020). Effects of nano fertilizer on vegetative growth of tomato (Solanum lycopersicum l.). Int. J. Curr. Microbiol. App. Sci. 9 (3), 1980–1986. doi: 10.20546/ijcmas.2020.903.230

 Pękal, A., and Pyrzynska, K. (2014). "Evaluation of aluminium complexation reaction for flavonoid content assay.". Food Analytical Methods 7 (9), 1776–1782, 9. doi: 10.1007/S12161-014-9814-x

 Perez-de-Luque, A. (2017). Interaction of nanomaterials with plants: what do we need for real applications in agriculture? Front. Environ. Sci. 5. doi: 10.3389/fenvs.2017.00012

 Priya, B., Srinivasarao, M., Satyanarayana, N. H., Mukherjee, S., Das, B., and Sarkar, K. K. (2016). Effect of metal based nano particles (ZnO and TiO2) on germination and growth of cowpea seedling. Ecoscan 9, 359–365.

 Rai, G. K., Kumar, R., Singh, A. K., Rai, P. K., Rai, M., Chaturvedi, A. K., et al. (2012). Changes in antioxidant and phytochemical properties of tomato (Lycopersicon esculentum mill.) under ambient condition. Pak. J. Bot. 44 (2), 667–670.

 Ramanayaka, S., Vithanage, M., Alessi, D. S., Liu, W. J., Jayasundera, A. C., and Ok, Y. S. (2020). Nanobiochar: production, properties, and multifunctional applications. Environ. Sci.: Nano 7 (11), 3279–3302. doi: doi.org/10.1039/D0EN00486C


 Riazi, A., Matsuda, K., and Arslan, A. (1985). Water-stress induced changes in concentrations of proline and other solutes in growing regions of young barley leaves. J. Exp. Bot. 36 (11), 1716–1725. doi: 10.3389/fpubh.2021.567552

 Sadak, M. S., and Bakry, B. A. (2020). Zinc-oxide and nano ZnO oxide effects on growth, some biochemical aspects, yield quantity, and quality of flax (Linum uitatissimum l.) in absence and presence of compost under sandy soil. Bull. Natl. Res. Cent. 44, 98. doi: 10.1186/s42269-020-00348-2

 Saleem, M. Y., Asghar, M., Iqbal, Q., Rahman, A., and Akram, M. (2013). Diallel analysis of yield and some yield components in tomato (Solanum lycopersicum l.). Pak. J. Bot. 45 (4), 1247–1250.

 Salehi, A., Tasdighi, H., and Gholamhoseini, M. (2016). Evaluation of proline, chlorophyll, soluble sugar content and uptake of nutrients in the German chamomile (Matricaria chamomilla l.) under drought stress and organic fertilizer treatments. Asian Pac. J. Trop. Biomed. 6 (10), 886–891. doi: 10.1016/j.apjtb.2016.08.009

 Sharma, S., Singh, V. K., Kumar, A., and Mallubhotla, S. (2019). Effect of nanoparticles on oxidative damage and antioxidant defense system in plants. Mol. Plant Abiotic Stress: Biol. Biotechnol. pp, 315–333. doi: 10.1002/9781119463665.ch17

 Shekhawat, J. K., Rai, M. K., Shekhawat, N. S., and Kataria, V. (2021). Synergism of m-topolin with auxin and cytokinin enhanced micropropagation of Maytenus emarginata. In Vitro Cellular & Developmental Biology-Plant 57 (3), 418–426. doi: 10.1007/s11627-020-10132-6

 Siddiqui, Z. A., Parveen, A., Ahmad, L., and Hashem, A. (2019). Effects of graphene oxide and zinc oxide nanoparticles on growth, chlorophyll, carotenoids, proline contents and diseases of carrot. Sci. Hortic. 249, 374–382. doi: 10.1016/j.scienta.2019.01.054

 Torres-Ruiz, J. M., Diaz-Espejo, A., Perez-Martin, A., and Hernandez-Santana, V. (2015). Role of hydraulic and chemical signals in leaves, stems and roots in the stomatal behaviour of olive trees under water stress and recovery conditions. Tree Physiol. 35, 415–424. doi: 10.1093/treephys/tpu055

 Xiao, X., Yang, F., Zhang, S., Korpelainen, H., and Li, C. (2009). Physiological and proteomic responses of two contrasting Populus cathayana populations to drought stress. Physiologia Plantarum 136(2), 150–168. doi: 10.1111/j.1399-3054.2009.01222.x

 Yang, P. M., Huang, Q. C., Qin, G. Y., Zhao, S. P., and Zhou, J. G. (2014). Different drought-stress responses in photosynthesis and reactive oxygen metabolism between autotetraploid and diploid rice. Photosynthetica 52 (2), 193–202. doi: 10.1007/s11099-014-0020-2

 Yoshida, S., and Coronel, V. (1976). Nitrogen nutrition, leaf resistance, and leaf photosynthetic rate of the rice plant. Soil Sci. Plant Nutr. 22 (2), 207–211. doi: 10.1017/S0014479700004075

 Zhang, D., Jiao, X., Du, Q., Song, X., and Li, J. (2018). Reducing the excessive evaporative demand improved photosynthesis capacity at low costs of irrigation via regulating water driving force and moderating plant water stress of two tomato cultivars. Agr. Water Mgt. 199, 22–33. doi: 10.1016/j.agwat.2017.11.014


Publisher’s note:
All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Copyright © 2023 Mubashir, Nisa, Shah, Kiran, Hussain, Ali, Zhang, Madnay, Alsiary, Korany, Ashraf, Al-Mur and AbdElgawad. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 06 January 2023

doi: 10.3389/fpls.2022.1095772

[image: image2]



Effect of Glomus intraradices on root morphology, biomass production and phosphorous use efficiency of Chinese fir seedlings under low phosphorus stress


Yunlong Tian, Jingjing Xu, Xiaoqian Lian, Bo Wei, Xiangqing Ma
and Pengfei Wu *



College of Forestry, Fujian Agriculture and Forestry University, Fuzhou, China




Edited by: 

Muhammad Ahsan Altaf, Hainan University, China

Reviewed by: 

Wajjiha Batool, Shenyang Agricultural University, China

Mahaveer P. Sharma, ICAR Indian Institute of Soybean Research, India

Muhammad Hafeez, Zhejiang University, China

*Correspondence: 

Pengfei Wu
 fjwupengfei@126.com

Specialty section: 
 
This article was submitted to Plant Abiotic Stress, a section of the journal Frontiers in Plant Science


Received: 11 November 2022

Accepted: 09 December 2022

Published: 06 January 2023

Citation:
Tian Y, Xu J, Lian X, Wei B, Ma X and Wu P (2023) Effect of Glomus intraradices on root morphology, biomass production and phosphorous use efficiency of Chinese fir seedlings under low phosphorus stress
. Front. Plant Sci. 13:1095772. doi: 10.3389/fpls.2022.1095772




Introduction

Available phosphorus (P) scarcity in the highly weathered soils of the subtropical forests in southern China is a serious concern. To ensure whether inoculation of arbuscular mycorrhizal fungi (AMF) with Chinese fir (Cunninghamia lanceolata) under low P stress conditions could promote its growth and P utilization capacity, an indoor pot simulation experiment was carried out with the different P supply treatments and Chinese fir seedlings as the tested material.



Methods

The experiment had two P supply treatments, no P supply (P0, 0 mmol·L-1 KH2PO4) and normal P supply (P1, 1.0 mmol·L-1 KH2PO4). The seedling in each P supply treatment was inoculated with Glomus intraradices (Gi), a widespread species of AMF in the natural environment, and with no AMF inoculation as a control treatment (CK). The Gi infection rate in the root system, root cortex tissue dissolution rate, root morphological indexes and biomass, whole plant P use efficiency, and root P use efficiency of Chinese fir were determined under different treatment conditions.



Results and Discussion

The results showed that P0 treatment significantly increased the Gi infection rate (p< 0.05). After inoculating AMF with different P supply treatments, the root cortex tissue dissolution rate was considerably enhanced. In contrast, the Chinese fir’s root length and surface area were reduced; however, the root volume did not change significantly. The average root diameter in the P0 treatment and inoculated with AMF was significantly more prominent than in the uninoculated treatment (p< 0.05). The root biomass and root-to-shoot ratio at different P supply treatments were significantly higher in the Gi infection treatment than in the CK group. Under different P supply treatments, root inoculation with Gi promoted root P use efficiency and whole plant P use efficiency. In conclusion, low P stress condition promoted the colonization of AMF in the root system, increased the dissolution of root cortex tissue, root volume, and the average diameter, and promoted root biomass accumulation and P use efficiency.
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1 Introduction

Arbuscular mycorrhizal fungi (AMF) are widely distributed in the natural environment, forming a mutually beneficial symbiosis through soil infestation of most terrestrial plant roots (Goltapeh et al., 2008). Numerous studies have shown that AMF colonization facilitates phosphorus (P) uptake for the plant roots (Smith et al., 2004; Rooney et al., 2011). In return, plants transfer fixed carbon (C), sugars, and lipids to satisfy the symbiotic fungi growth (Ferrol et al., 2019). Liu et al. (2014) found that inoculation with AMF promoted Canada poplar’s (Populus × canadensis) growth and physiological activity. However, the positive effect of symbiotic fungi on the hosts varied to different soil conditions, e.g., the nitrogen (N) forms in the culture substrate can remarkably adjust the interaction efficiency between forest trees and fungi (Qin et al., 2017). As one of the leading nutrient elements for tree growth, P is involved in tree growth and development in various ways and plays a vital role in plantation production (Wu et al., 2020). It is crucial to carry out studies to uncover the effectiveness of AMF on the P use efficiency of trees. Previous studies showed that low available P in the highly weathered soil strongly limits the tree’s average growth, especially to changes in natural conditions, including the soil’s physical and chemical properties, climate, and topography. Moreover, inappropriate anthropogenic nurturing practices have exacerbated the P heterogeneous distribution in the soil, resulting in more difficulty for the root system to forage the P nutrient efficiently (Zhang et al., 2013; Zou et al., 2015; Yang, 2018). The biased investment in roots by forest trees inevitably leads to nutrient depletion, limiting tree growth and development (Mou et al., 2013). Therefore, it has become an urgent problem to maintain the high productivity of plantations in the long term in a practical way, combing with the contribution of AMF.

Chinese fir (Cunninghamia lanceolata) is an important plantation species widely used in southern China (Farooq et al., 2019). Its continuous planting further leads to decreased soil available P content, which leads to reduced forest productivity. It was found that under low P stress, some Chinese fir genotypes or clones could improve P foraging ability through root elongation and radial proliferation or through differentiation of fine roots, root secretion, and root cortical aerenchyma (RCA) (Wu et al., 2017; Yu et al., 2017; Wu et al., 2018; Zou et al., 2018). Studies on the symbiotic relationship between Chinese fir and AMF also showed that the species of the Glomus was susceptible to symbiosis with Chinese fir root systems (Li et al., 2019; Lu et al., 2019; Guo et al., 2022), and AMF colonization can promote the growth of Chinese fir (Li et al., 2011). So, does the symbiotic relationship between Chinese fir and AMF help Chinese fir to resist low P stress? Is there a significant difference in the symbiotic relationship between Chinese fir and AMF under different P supply treatments? We hypothesize that: (1) under low P stress, Chinese fir enhances the relationship with AMF, and (2) colonization of AMF in Chinese fir roots is helpful to improve P use efficiency, maintain normal growth and resist low P stress. The improvement of P use efficiency may be related to the morphological changes of roots and the formation of RCA by cortex tissue dissolution.

The present study chose 1.5-year Chinese fir seedlings (clone No. 41) as the test material. We set up two P supply treatments, no P supply 0 mmol·L-1KH2PO4 (0 ppm) and normal P supply 1.0 mmol·L-1KH2PO4 (136.09 ppm) in an indoor experiment. The seedlings in each P supply treatment were inoculated with Glomus intraradices (Gi) and no AMF inoculation (CK). We measured the infection rate of Gi in root systems, root morphological indexes, plant biomass production and allocation, P use efficiency, and root cortex tissue dissolution rate. This study will provide a theoretical basis for the in-depth analysis of soil phosphorus utilization by Chinese fir under symbiotic conditions with AMF mycorrhizae.



2 Materials and methods


2.1 Plant materials and experimental design

1.5-year-old Chinese fir seedlings (Clone No.41) taken from the Chinese Fir Engineering Technology Research Center of the State Forestry and Grassland Administration were selected as the test material. The seedlings’ average height and root collar diameter were 19.1 ± 0.5 cm and 3.03 ± 0.08 mm, respectively. Seedlings were cultivated in a nursery for 17 months, then transplanted and stored in a sand-bed for 1 month, supplying appropriate watering according to weather conditions at the College of Forestry, Fujian Agriculture and Forestry University (Li et al., 2022). Before AMF inoculation treatment, three Chinese fir seedlings were randomly taken from the experimental materials, and their roots were examined under the microscope. It was determined that there was no AMF colonization in the roots (
Figure S1 ).

A polyethylene pot of 20 cm in length, 16 cm in width, and 20 cm in height were set up in a greenhouse at Fujian Agriculture and Forestry University. The pots were soaked in 0.1 g·L-1 KMnO4 solution for 20 min before use, rinsed with clean water, dried, and set aside. One Chinese fir seedling was planted in each pot after being thoroughly disinfected with 0.5% NaClO solution on the root surface for 5s, then repeatedly rinsed with sterile water to reduce exogenous fungal infection.

According to the nutrient characteristics of subtropical red soil in southern China (Chen, 2003), a normal P supply treatment (1.0 mmol·L-1KH2PO4 (136.09 ppm), P1) was set up to ensure that Chinese fir seedlings in this treatment group to grow under rich P environment (Wu et al., 2011; 2018). After P1 addition, the available P content in the mixed matrix was 4.51 ± 0.02 mg·kg−1 (1 mg·kg−1 = 1 ppm). The second treatment was no P supply treatment ((0 mmol·L-1KH2PO4 (0 ppm), P0), with the available P contained in the mixed matrix 0.29 ± 0.02 mg·kg−1). Each P supply treatment was inoculated with Glomus intraradices (Gi) and no inoculation treatment (CK). Seven replicates were performed for each treatment; there were 28 pots in total.

The cultivation substrate was a mixture of river sand and perlite 3:1 (L/L). After washing and drying, the river sand was mixed with perlite by 2 mm mesh sieve. The cultivation substrate was put into a sterilization bag (high-density polyethylene film) with a diameter of 25 cm and a length of 40 cm and sterilized in a vertical-pressure steam sterilizer. The condition of each sterilization was 121°C (0.1 ~ 0.2 MPa); high-temperature sterilization was carried out for 30 min and then dried in a sterile environment for 7 days. Each pot was filled with 5.0 kg of the mixed substrate with fungal soil and cultivation substrate, following the volume ratio of 0.6:6 (L/L). The pH values of the cultivation substrate and the mixed substrate were 6.33 ± 0.12 and 6.59 ± 0.07, respectively, and the available P concentration was 0.21 ± 0.03 mg·kg-1 and 0.29 ± 0.02 mg·kg-1. The fungal soil containing the corresponding matrix, AM fungal spores, and extraradical hyphae were provided by the Institute of Plant Nutrition and Resources, Beijing Academy of Agricultural and Forestry Sciences. The spore density in this fungal soil was 30 spores/10g.

To satisfy the tested seedling requirements for other nutrients, each pot was supplied with a quarter of the modified Hoagland nutrient solution formula (Wu et al., 2011). Each time with 60 ml every 7 days. The potassium (K+) concentration of all treatments was adjusted to a similar level by adding KCl, and 200 ml of pure water was poured every 5 days in the afternoon. The temperature in the greenhouse was 18-28°C; the average photoperiod was 10 h day−1, and relative humidity was >80%. The tested seedlings were harvested after 90d.


 2.2 Data collection and statistical analysis

The root staining procedure was modified from the Trypan Blue staining method (Phillips and Hayman, 1970). The decolorized root segments were placed on slides, pressed with coverslips, and placed under a light microscope with a 10× optical lens for observation. The root infection rate of G. intraradices (Gi) (F/%) was calculated using “MYCOCALC” software with the following formula. As long as mycorrhizal structures such as hyphae, vesicles, and arbuscular appear in the root segments, the roots are considered to have been colonized by Gi (Xie et al., 2014).

 

Under low P stress, plants tend to dissolve root cortical cells to form cavities, which were quickly occupied by air to become aerenchyma, which was conducive to reducing the respiratory consumption of old root tissues in stress environment; besides, the P nutrients and other compounds dissolved in the cortex could be transported to other parts, which was also beneficial to plant growth and development (Postma and Lynch, 2011). A large number of studies have shown that the formation of RCA could be induced, and previous studies have shown that RCA may play an important role in reducing the metabolic cost of P-deficient plants to obtain resources (Wu et al., 2018).

The sections of root segments prepared using the freehand sectioning method were observed under a microscope (10×) and then analyzed using Image J 1.46e software for root cross-sections, mid-column, and area of cortical dissolution to form aeration tissue. The root cortical tissue dissolution rate (%) was calculated as the dissolution area (μm2)/the total root cortical area (μm2).

The root length, surface area, root volume, and average root diameter of the root system were quantified and analyzed using the WinRHizo (version 4.0B) root analysis system software after harvesting the seedlings. After harvesting, the seedlings were harvested separately by root and aboveground parts, weighed, placed in an oven at 105°C for 30 min, and dried at 80°C until constant weight. The aboveground and root biomass were measured separately to calculate the root-to-shoot ratio.

The relative field mycorrhizal dependency (RFMD) index was used to descript the mycorrhizal dependency of the tested Chinese fir seedlings under two P-supplying treatments, which was calculated as follows (Plenchette et al., 1983),

 

The dried samples were crushed, sieved and treated, and then the samples were digested by the H2SO4-HClO4 decoction method, and the P content of each organ was determined by the molybdenum antimony anti-colorimetric method; the P use efficiency of each organ was expressed as the ratio of the biomass of each organ to the P accumulation of each organ.

Two-way ANOVA was used on the experimental data to analyze whether two factors have significant interaction performed using SPSS 25.0. Significant comparisons were made using an independent samples t-test, Duncan’s multiple comparison method (p = 0.05). All data were expressed as mean ± standard error (SE), and correlation charts were drawn using Origin 2021.



 3 Results

 3.1 Infection rate of Gi in the root system of Chinese fir seedlings

The treatment without P supplying (P0) significantly promoted Gi infestation in the Chinese fir seedling root systems (p< 0.05). Gi infection rate was (69.81 ± 4.29%) in the P0 treatment, which was 1.47 times higher than that in the P1 treatment ( Figure 1A ). The different proceeding of infestation of Gi was observed, including the mycelium ( Figure 1C ), the arbuscular morphological structure ( Figure 1D ), the vesicles and spore ( Figure 1E ), compared with non-infected root tissues ( Figure 1B ). Furthermore, compared to the P1 treatment, the RFMD in the P0 treatment was 6.12%, which was 2.72 times higher than P1 ( Table 1 ).

 

Figure 1 | (A) The root infection rate of Glomus intraradices Gi of Chinese fir under different phosphorus treatments. In the figure, P0 represents the no phosphorus supply, P1 represents the normal phosphorus supply, and the different lowercase letters indicate significant differences between the two treatments (p< 0.05). (B–E) show the microscopic observations of arbuscular mycorrhizal fungi infecting the roots of Chinese fir seedlings, no Gi infection was found in (B). Different processes of Gi infection in Chinese fir roots were found in (C–E). 



 Table 1 | Dry weight and calculated mycorrhiza dependence of Chinese fir seedlings inoculated with Gi and without Gi under two phosphorus supply treatments, respectively. 




 3.2 Root morphological plasticity

The root length of Chinese fir was significantly reduced (p< 0.05) after Gi inoculation compared to the non-inoculated treatment under the P0 treatment. However, no significant difference was observed in the root length between the Gi-inoculated and non-inoculated treatment under the P1 treatment (p > 0.05) ( Figure 2A ). Additionally, there was no significant difference (p > 0.05) observed between the root surface area ( Figure 2B ) and root volume ( Figure 2C ) of Chinese fir inoculated with Gi and the non-inoculated treatments under P0 and P1 treatments. The average root diameter reached 1.21 ± 0.03 mm after Gi inoculation under the P0 treatment, which was 1.35 times greater than the non-inoculated treatment ( Figure 2D ). Compared with the P1 treatment, the average root diameter of Chinese fir inoculated with Gi under the P0 treatment condition was significantly larger (p< 0.05). Two-way ANOVA results are shown in ( Table 2 ).

 

Figure 2 | Effects of arbuscular mycorrhizal fungi inoculation with different phosphorus supply treatments on the root morphology of Chinese fir seedlings. In the figure, (A–D) represent the changes of root length, root surface area, root volume and average root diameter when inoculated with Gi under different phosphorus treatments. P0 represents the no phosphorus supply, and P1 represents the normal phosphorus supply. Gi represents the inoculation with Gi, and CK represents no inoculation of Gi. The different lowercase letters indicate significant differences between the two treatments (p< 0.05). 



 Table 2 | The results of two-factor (phosphorus supply treatment and inoculation treatment) variance analysis of phosphorus use efficiency, root morphology, and biomass-related parameters. 




 3.3 Plant biomass production and allocation

The differences in biomass of Chinese fir between treatments did not reach a significant level (p > 0.05,  Figures 3A–C ). The root-to-shoot ratio inoculated with Gi increased significantly (p< 0.05) under the P1 treatment compared to the non-inoculated treatment ( Figure 3D ).

 

Figure 3 | Effects of arbuscular mycorrhizal fungi inoculation with different phosphorus supply treatments on the biomass of Chinese fir seedlings. In the figure, (A–D) represent the changes of plant biomass, shoot biomass, root biomass and root to shoot ratio when inoculated with Gi under different phosphorus treatments. P0 represents the no phosphorus supply, and P1 represents the normal phosphorus supply. Gi represents the inoculation with Gi, and CK represents no inoculation of Gi. The different lowercase letters indicate significant differences between the two treatments (p< 0.05). 




 3.4 Phosphorous use efficiency and cortical tissue dissolution

After inoculation with Gi under P0 treatment, both plant P use efficiency ( Figure 4A ) and root and shoot P use efficiency ( Figures 4B, C ) of Chinese fir showed a significant increase (p< 0.05) compared to Gi inoculation under P1 treatment. For no Gi inoculation, the root P use efficiency of Chinese fir was also significantly increased under the P0 treatment compared to the P1 treatment (p< 0.05) ( Figure 4 ).

 

Figure 4 | Effects of arbuscular mycorrhizal fungi inoculation with different phosphorus supply treatments on the P use efficiency of Chinese fir seedlings. In the figure, (A–C) represent the changes of plant P use efficiency, shoot P use efficiency, root P use efficiency, when inoculated with Gi under different phosphorus treatments. P0 represents the no phosphorus supply, and P1 represents the normal phosphorus supply. Gi represents the inoculation with Gi, and CK represents no inoculation of Gi. The different lowercase letters indicate significant differences between the two treatments (p< 0.05). 



Combined with the observation of Gi infestation on the root system of Chinese fir ( Figures 1C–E ), the root cortical tissue cells and mycelial structure of the root system after Gi infestation could be distinguished. According to  Figure 5 , the root cortical tissue dissolution rate reached upto 5.85 ± 0.76% after inoculation with Gi under P0 treatment, which was 3.75 times higher than CK treatment. Under the P1 treatment, the root cortical tissue dissolution rate after inoculation with Gi was (4.15 ± 0.68%), which was 6.59 times higher than that of the non-inoculated treatment. The treatment with Gi inoculation significantly promoted root cortical tissue dissolution under both P0 and P1 treatments (p< 0.05). Through microscopic observation, it can be seen that some Chinese fir cells have been dissolved in the root cortex ( Figure 5C .)

 

Figure 5 | (A) The effect of Glomus intraradices Gi inoculation on the dissolution of root cortex tissue of Chinese fir under different phosphorus treatments. In the figure, P0 represents the no phosphorus supply, and P1 represents the normal phosphorus supply. Gi represents the inoculation with Gi, and CK represents the no inoculation of Gi. The different lowercase letters indicate significant differences between the two treatments (p< 0.05). (B, C) show the microscopic observation of Gi infecting the roots of Chinese fir seedlings. Compared with (C), the cortex tissue of roots in (B) did not dissolve clearly. 





 4 Discussion

Plants have evolved through various strategies to resist environmental stresses during long-term natural selection (Lamalakshmi et al., 2017). Previous studies have shown that rhizosphere P concentration is one of the main factors affecting AMF infection in plants (Wang et al., 2010). The increase of soluble P concentration in the soil will reduce the fungal colonization of roots (Bi et al., 2003; Leung et al., 2010). In this study, the root infection rate of Gi under the no P supply treatment (P0) was significantly higher than that of the normal P supply treatment (P1). This action benefited trees to establish a mutually beneficial symbiosis with AMF to mitigate the effects of low P stress on its growth (Ramaekers et al., 2010). Numerous studies have shown that plant roots can resist low P stress through morphological and structural responses (Liang et al., 2014; Wu et al., 2017). In this study, the effects of P supply treatment and AMF inoculation on morphological indicators such as root length and average diameter of the root system of Chinese fir were more significant. Under the P0 treatment, the root length was significantly lower. The average root diameter was considerably higher after inoculation with AMF (Gi) than without Gi treatment, probably because the Chinese fir root system formed a mycorrhizal symbiosis with AMF, which reduced the input pathway of P foraging through its own fine root proliferation. The plant increased the material distribution to the root system for its material exchange with AMF and was supplied with P by the extensive mycelial network of AMF (Smith et al., 2000; Ferrol et al., 2019).

It is well known that P promotes root growth and vitality, and N, as the main component of protein, plays a vital role in the development of stems and leaves. Studies have shown that when nutrient availability is low, mangrove seedlings invest more resources to increase root biomass (Naidoo, 2009). Due to the large absorption of P by mycorrhiza, the ratio of N to P decreased, which may affect the growth of aboveground parts (Xie et al., 2014). On the other hand, plants try to balance the P uptake and consumption to maintain normal growth in a low P environment. The plant could adjust the allocation between the aboveground and root systems to reduce the metabolic cost of P foraging for the root system (Ramaekers et al., 2010; Haling et al., 2016). Under both P supply treatment conditions in this study, inoculation with AMF increased the root biomass to some extent. Among them, AMF inoculation significantly increased the root-to-shoot ratio of Chinese fir under P1 treatment conditions (p< 0.05). AMF inoculation under P0 treatment also increased the root-to-shoot ratio of Chinese fir, but this effect did not reach a significant level (p > 0.05). It may be that under low P stress, the plant root system can enhance its ability to form symbiotic structures with soil AMF. The plant can obtain P nutrient from AMF to support growth needs when providing AMF with C mass (Li et al., 2019; Ferrol et al., 2019).

In addition, the results showed that there was no significant difference in biomass between different treatments, which may be due to the short period of the pot experiment and the high physiological activity of seedlings ( Table 2 ;  Figure S2 ). Previous studies have shown that the clone seedlings can resist low P stress by adjusting root growth and secretion, and cortical tissue dissolution to maintain a suitable level of growth (Zou et al., 2018). The biomass changes of seedlings inoculated with Gi under different P treatments were analyzed. It was found that the biomass of seedlings inoculated with Gi increased compared with the non-inoculated Gi group under the P0 treatment; however, only the root biomass of seedlings inoculated with Gi increased compared with the non-inoculated Gi group under the P1 treatment. Combined with the analysis of the RFMD of seedlings under different phosphorus treatments, the results showed that the RFMD of Chinese fir seedlings were 6.12%P0 and 2.25%P1 under different P supply treatments, respectively. The biomass of seedlings at low P concentration depended more on mycorrhizal than the high P concentration.

Plants can maintain growth and development under low P conditions by increasing the P use efficiency in their bodies (Veneklaas et al., 2012; He et al., 2013), which is an important basis for measuring the ability of plants to cope with low P stress (Wu et al., 2011). In terms of the effect of P supply treatment and AMF inoculation on the P use efficiency of Chinese fir, under the condition of no AMF inoculation, the root P use efficiency of Chinese fir was significantly greater under P0 treatment compared to P1 treatment (p< 0.05,  Figure 4C ). Similar to this pattern, the root P use efficiency and whole plant P use efficiency of Chinese fir roots under no P supply stress increased significantly (p< 0.05,  Figures 4A ,  C ) after AMF inoculation of Chinese fir roots. High P use efficiency may be achieved by improving the reuse of P in roots and acquiring P by hyphae. It has been reported that plants in low P environments could also form a large amount of aeration tissue through cortical tissue dissolution to reduce root respiration and satisfy P demand to a certain extent (Wu et al., 2018). Under low P stress, cell lysis in the cortical tissue of the mature zone of Chinese fir roots was evident, and the released P nutrient was involved in recycling in vivo (Postma & Lynch, 2011). At the same time, cortical tissue cells lysed to form a larger space, facilitating AMF colonization and enhancing its ability to resist stress. In this study, we found that inoculation of AMF significantly promoted root cortical tissue dissolution under both P-supply treatment conditions. Among them, the root cortical tissue dissolution rate was the largest after inoculation with AMF under the P0 treatment, which was 3.75 times higher than that of the non-inoculated treatment. It indicates that when AMF colonizes Chinese fir roots, AMF transfers P captured by its mycelium to Chinese fir roots as Chinese fir provides living space and nutrients for it. This increases the P uptake of Chinese fir to some extent (Smith et al., 2004; Rooney et al., 2011) and improves its in vivo P use efficiency to be better used to maintain material exchange between mycorrhizal symbioses.


 5 Conclusions

No P-supplying (P0) treatment considerably enhanced the Gi infection rate in the root system of Chinese fir seedlings. The radial root diameter growth was significantly promoted under low P stress, but root length extension ability was inhibited considerably after Gi inoculation. Inoculation of Gi under different P supply treatments promoted the growth and development of Chinese fir to some extent. No P supply treatment significantly increased root cortical tissue dissolution rate compared to normal P supply. Chinese fir may prefer to form a mutually beneficial symbiosis with AMF to obtain more of the P nutrient required for efficient growth, especially in low P environments. The exchange of organic matter and nutrients through mycorrhizae met the needs of AMF’s growth and enabled the Chinese fir to obtain P nutrients necessary for its organic matter synthesis from the mycorrhizal network.
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Recent changing patterns of global climate have turned out to be a severe hazard to the horticulture crops production. A wide range of biotic and abiotic stresses often affect plants due to their sessile nature. Horticultural crop losses are mainly caused by abiotic factors such as drought, salt, heat, cold, floods, and ultraviolet radiation. For coping up with these adversities, well-developed mechanisms have been evolved in plants, which play a role in perceiving stress signals and enabling optimal growth responses. Interestingly, the use of phytohormones for suppressing the impact of abiotic stress has gained much attention in recent decades. For circumvention of stress at various levels, including physiological, molecular, as well as biochemical, a sophisticated mechanism is reported to be provided by the phytohormones, thus labeling these phytohormones a significant role in plant growth and development. Phytohormones can improves tolerance against abiotic stresses by increasing seed germination, seedling growth, leaf photosynthesis, root growth, and antioxidant enzymes and reducing the accumulation of reactive oxygen species, malonaldehyde, and electrolyte leakage. Recent discoveries highlight the significant role of a variety of phytohormones including melatonin (MEL), Gamma-aminobutyric acid (GABA), jasmonic acid (JA), salicylic acid (SA), brassinosteroids (BRs), and strigolactones (SLs) in abiotic stress tolerance enhancement of horticultural plants. Thus, current review is aimed to summarize the developmental concepts regarding role of phytohormones in abiotic-stress mitigation, mainly in horticultural crops, along with the description of recent studies which identified the role of different phytohormones in stressed environments. Hence, such a review will help in paving the path for sustainable agriculture growth via involvement of phytohormones in enhancement of abiotic stress tolerance of horticultural crops.
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Introduction

With recent changes in global climate, along with the elevations in world population, an increment in the agricultural productivity is a need of time. The estimated agricultural output by the mid-century must be 70 percent more than the current output, for fulfilling the requirements of world growing population (Francini and Sebastiani, 2019). Moreover, climate variabilities also significantly affect production of horticultural crops. Various abiotic and biotic stresses are important factors, limiting the agricultural yield and productivity (Mangal et al., 2022). The response of plants towards varying environmental stimuli is one of the most critical questions, both for agronomists and plant biologists. Amid different environmental stresses affecting growth and development of plants, salt, drought and heat stress are the most important, as well as common ones (Wani et al., 2016). Due to the complex characteristics associated with stress tolerance, traditional breeding techniques show low efficacy, thus needing advancements for filling the gap between world food supply and demand. Development of new and effective methods is a necessity in this area. One of the viable alternatives and realistic option for growing highly productive climate-resilient crops is the phytohormones. Recently, phytohormones are emerged as highly eco-friendly alternative approach, which help to enhance abiotic stress tolerance, particularly in horticultural plants. Phytohormones are the plants’ released chemical regulators targeting the regulation of plant responses, growth, and development under environmental stresses (Kohli et al., 2013; Verma et al., 2016). The important role of phytohormones under abiotic stresses is through coordination of differential signal transduction pathways (Saini et al., 2021; Salvi et al., 2021). They also get involve in regulation of different stimuli, both internal and external, thus bringing key changes in development of plants (Ku et al., 2018). Hitherto, the role of phytohormones as signaling molecules in abiotic stress resistance has been studied in horticultural plants (Wu et al., 2018; Sytar et al., 2019), and these phytohormones also play significant role in crop production of horticultural plants (Figure 1) (Ciura and Kruk, 2018). In recent studies on abiotic stress tolerance, the regulatory role of phytohormones in various plant processes including physiological, molecular, and biochemical, has been highlighted (Arif et al., 2020). In the light of above background, the key focus of current review is to highlight the conceptual improvements in abiotic stress tolerance of horticultural plants through different phytohormones’ functioning, including brassinosteroids (BRs), melatonin (MEL), salicylic acid (SA), jasmonates (JAs), strigolactones (SLs), and gamma-aminobutyric acid (GABA). Figure 1 depicts the illustration of role of these phytohormones.




Figure 1 | Different functions of phytohormones in horticultural plants.





Effects of abiotic stress on horticultural crop performance

Starting from seed germination and through the whole life cycles, plants face multiple stresses (Figure 2). Various abiotic stressors cause crop losses via affecting quality and yield of crop products, including salinity, heat, drought, and nutrient deficiency stresses (Andreotti, 2020). Abiotic stresses impact is not only on yield but also on the product quality, causing morphological, physiological, and biochemical alterations (Rao et al., 2016). Recent changing climatic events also pose multiple abiotic stresses to horticultural crops. Changing climate is also labeled as an eminent challenge that agriculture sector must suffer in the future (Francini and Sebastiani, 2019; Shahid et al., 2021; Gao et al., 2022). A wide range of stress responses are reported in plants, including decline in photosynthetic machinery yield, leaf water potential, membrane integrity, photosynthetic pigments, plant growth, and yield (Ullah et al., 2018). Further, single and/or multiple stress conditions affecting 90 percent of agricultural lands. The horticulture sector is therefore actively seeking for new agronomic tools that are able to contrast the adversities of environmental factors, while maintaining the overall sustainability as well as quality of the production. In this regard, the horticultural plants are protected through various plant hormones against abiotic stressors (Table 1).




Figure 2 | Illustration of several stress factors that impede horticulture plants growth and development.




Table 1 | Phytohormone-mediated regulation of abiotic stress-impacts in horticultural crops: a summary of representative research.





Phytohormones: Key mediators of plant responses to abiotic stresses

Other than playing roles in developmental processes, endogenous phytohormones are significantly involved in abiotic stress tolerance, and are mentioned as key mediators of responses in plants under stress conditions. Plant hormones are small and signaling molecules, acting virtually to some extent, in every aspect of growth and development of plants (Ullah et al., 2018). The acting mechanism behind various processes can vary with different hormones. Thus, a single hormone is sometimes observed to regulate a wide range of processes, both cellular and developmental, whereas, simultaneously, a single process might get regulated by multiple hormones (Ciura and Kruk, 2018). Phytohormones which are crucial for growth and development of plants include BRs, MEL, SA, JA, GABA, and SLs (Figure 3), providing support and management to plants against biotic and abiotic stressors (Sytar et al., 2019). Hence, the application of phytohormones is carried out for enhancing the future crop stress management research.




Figure 3 | Different plant mechanisms regulated by Phytohormones.





Brassinosteroids

Brassinosteroids (BRs) are steroidal plant compounds that are non-toxic, multifunctional, and poly-hydroxylated (Yasir and Wasaya, 2021). 28-homobrassinolide (28-HBL), Brassinolide (BL) and 24-epibrassinolide (24-EBL) are the most effective BRs which are commonly used in plant molecular and physiological research. Seed germination, cell division, senescence, stomatal opening, seedling development, root growth, and vascular differentiation are all aided by BRs (Ullah et al., 2018; Chaudhuri et al., 2022). Different morphological and physiological processes in horticultural crops are effectively controlled by BRs (Mumtaz et al., 2022). Currently, it is clarified that BRs may confer significant tolerance in plants towards many abiotic stressors such as salt, water logging, drought, metals, and high and low temperatures (Ahammed et al., 2020; Kour et al., 2021). The stress protection and growth regulatory ability of BRs nexuses strongly with the protein and nucleic acid biosynthesis, and photosynthesis related metabolic processes (Upreti and Sharma, 2016). Ding et al. (2012) reported that BRs supplementation significantly enhanced growth and antioxidant enzymes pool and reduced electrolyte leakage (EL), malonaldehyde (MDA), sodium and chloride content in eggplant under salt stress. Under salt stress, BRs application efficiently improved strawberry growth characteristics, ion homeostasis, activity of antioxidant enzymes, leaf photosynthesis, and cellular membrane integrity (Karlidag et al., 2011). Furthermore, 24-EBL treatment increased photosynthesis-related characteristics in pepper under drought stress (Hu et al., 2013). Mahesh et al. (2013) discovered that 24-EBL and 28-HBL supplementation boosted osmolyte content, antioxidant enzymes, and reduced levels of MDA under drought stress in radish crop. Kapoor et al. (2014) revealed that 24-EBL application enhanced radish photosynthetic pigments content, level of secondary metabolites under metal (cadmium and mercury) toxicity. Moreover, 24-EBL significantly modulates the ascorbate-glutathione (AsA-GSH) pool.

Exogenous BRs have been proven to alleviate the deleterious effects of abiotic stress on a number of horticultural plants. In Cucumis sativus L., Solanum lycopersicum L., Prunus persica L., and Raphanus sativus L., BRs boosted antioxidant enzymes (SOD, CAT, POD, APX), chlorophyll content, secondary metabolites, and gas exchange components (Ge et al., 2014; Choudhary et al., 2012). Furthermore, the use of 24-EBR significantly enhanced secondary metabolite, leaf photosynthetic parameters, and chlorophyll content in cucumber (Yu et al., 2004). Choudhary et al. (2011) discovered that supplementation with 24-EBR effectively improved growth parameters, secondary metabolites, antioxidant enzyme activity, and decreased oxidative stress biomarkers in Raphanus sativus L. under copper stress. Under metal toxicity, 24-EBL efficiently enhanced root architectural system, chlorophyll content, antioxidant metabolites, and AsA-GSH pool and lowered oxidative damage in grape (Zhou et al., 2018). Under nickel toxicity, 24-EPR supplementation effectively improved metabolic function of tomato (Soares et al., 2016). Under cadmium stress, Hayat et al. (2012) discovered that BRs treatment boosted growth status, yield attributes, photosynthetic pigments content, and antioxidant system in Solanum lycopersicum. In another study, when grapevine seedlings are exposed to chilling stress, 24-EBL application balances the antioxidant machinery, and improves osmolyte content (Xi et al., 2013). The positive regulation of growth and development of sweet pepper plants by BR application has been reported through suppressing the adversities of different abiotic stress factors. (Hegazi et al., 2017), pea (Shahid et al., 2011), cucumber (Hu et al., 2010), and fenugreek (Swamy et al., 2014), and radish (Alper and Sharma, 2013) by overcoming the negative effect of multiple abiotic stresses. Though the variability in BRs’ physiological responses is due to complex actions of molecular mechanisms, the plants’ stress response management is highly dependent on their potential of improving tolerance towards abiotic stresses through BRs. Deep investigations are required in future for effective gains and enhanced scope of BRs research, mainly through studying the BRs stress tolerance mechanisms.



Melatonin

Melatonin is a potential antioxidant with a low molecular weight (Nawaz et al., 2016). Previous research demonstrated that MEL is involved in a variety of plant activities during the vegetative and reproductive stages of plants, including seed germination, seedling growth, root architecture, blooming, plant growth, and leaf senescence (Jahan et al., 2021a; Wu et al., 2021). It has been reported hitherto that plant growth status is maintained normally due to positive effects of MEL under abiotic stresses (Tiwari et al., 2020; Heshmati et al., 2021). The molecule was detected in horticultural plants in 1993, in morning glory and tomato, according to Van Tassel (1997). In plants most common way, MEL controls stress via increasing the antioxidative defense mechanisms, as well as reactive oxygen species (ROS) scavenging. Nawaz et al. (2018) revealed the surprisingly increased growth traits, activity of antioxidant enzymes, root morphology, chlorophyll content, and suppressed oxidative damage in MEL-pretreated watermelon seedlings in vanadium toxicity. Foliar application of melatonin dramatically reduced ROS-induced damage and enhanced growth, metabolites level, and activity of antioxidant enzymes in strawberry seedling under cadmium stress (Wu et al., 2021). Sharma and Zheng (2019) revealed the protective role of MEL in horticultural plants through prevention of damages to antioxidative defense system, photosynthetic apparatus, by regulation of oxidative stress and other defense mechanisms. Various positive effects of exogenously applied MEL are present in literature, including prevention of photosynthetic damages to chloroplast, and improvement of intact spongy tissues, leaves water content, and turgor pressures under drought stress (Tiwari et al., 2020).

The ROS scavenging efficiency gets enhanced and antioxidant defense system of plants gets triggered by the application of MEL. In horticultural plants, the related phenomenal mechanisms for scavenging of H2O2 and regulating superoxide anions are well studied in the form of ascorbate-glutathione cycle’ regulation (Vielma et al., 2014; Ahammed et al., 2019). The photosynthetic damage induced by abiotic stress has been minimized with exogenous treatment of MEL in tomato (Jahan et al., 2021b), watermelon (Li et al., 2017a), peach (Cao et al., 2018), cucumber (Zhang et al., 2020), and pepper (Korkmaz et al., 2017). Furthermore, in Malus hupehensis, the inhibitory effect of UV-B radiation efficiently mitigated by MEL (1 µM) supplementation. MEL controlled photosynthetic properties and decreased damages to leaf membrane. Furthermore, MEL treatment resulted in a considerable decrease in H2O2 levels as well as increased antioxidant machinery (Wei et al., 2019). MEL application significantly improved growth status, photosynthesis, anti-oxidant activity of enzymes, and depletion of ROS generation in ozone-stressed grape leaves (Liu et al., 2021). Jahan et al. (2020) observed that MEL application significantly increased micro and macro-nutrient absorption under nickel toxicity in tomato roots and leaves, whereas MEL treatment significantly lowered nickel deposition in both root and shoot system. Exogenous MEL application significantly reduced ROS production and chlorophyll degradation in leafy vegetables like fenugreek, whereas MEL application significantly enhanced antioxidant enzymes, proline content, and photosynthetic pigments under drought condition (Zamani et al., 2019). Additionally, in pepper plants, the H2O2, and MDA contents and EL level were reduced, and antioxidant enzymes, leaf mineral content, gas exchange elements, leaf area, and seedling biomass were enhanced by the application of MEL under cold stress (Korkmaz et al., 2021). These results suggest the signaling function of MEL, which help to enhance growth and defense mechanisms of horticultural plants under abiotic stresses.



Salicylic acid

Salicylic acid is a versatile natural phenolic compound and an important signaling molecule (Prakash et al., 2021). SA has been demonstrated to be important in the regulation of plant physiological processes such as seedling growth, root growth, leaf photosynthesis, ion homeostasis, secondary metabolite production, fruit ripening, and antioxidant enzymes system (Hernández et al., 2017; Rajeshwari and Bhuvaneshwari, 2017). Miao et al. (2020) revealed that SA supplementation considerably enhanced cucumbers growth characteristics, photosynthetic capability, and root architecture system under salt stress. Under high temperature stress, SA application considerably boosted leaf water potential, metabolites, leaf gas exchange components, antioxidant enzyme system, and decreased ROS-induced damage in Solanum lycopersicum L. (Jahan et al., 2019). SA significantly improved potato growth status, antioxidant enzyme activity, proline content, chlorophyll content, and decreased oxidative damage and reduced cadmium accumulation under cadmium toxicity (Li et al., 2019). Hormonal priming with SA in cucumber seed improves germination of seeds, development of seedling and yield of crop (Rehman et al., 2011). Under water scarcity environments, SA treatment enhanced plant fresh weight, leaf water potential, photosynthetic apparatus, antioxidant enzymes system, anatomical response, and decreased cell damage in tomato (Lobato et al., 2021). Under heat stress, SA increased thermotolerance, chlorophyll concentration, leaf water content, and antioxidant enzyme activity in pepper (Zhang et al., 2019). Moreover, SA improved the photosynthesis of pepper (Kaya, 2021), peach (Zhao et al., 2021), cucumber (Shi et al., 2006), and melon (Zhang et al., 2015). According to Chen et al. (2011), SA application can prevent cold stress-induced oxidative damage in eggplant seedlings by enhancing the activity of antioxidant enzyme and upregulating gene expression. Under high temperature conditions, SA supplementation lowered H2O2 concentration and controlled the system of antioxidant enzymes in banana plants (Kang et al., 2003). Plants subjected to ozone stress, SA treatment significantly increased seed germination, nitrogen absorption, and root properties (Santisree et al., 2020). Spraying of SA improved antioxidant enzyme activity in pepper leaves subjected to UV-B exposure (Mahdavian et al., 2008).

The extant literature highlights the mitigating effects of exogenous SA in horticultural crops under abiotic stress, including spinach (Shin et al., 2018), tobacco (Dat et al., 2000), rosemary (El-Esawi et al., 2017), pea (Embiale et al., 2016), and strawberry (Ergin et al., 2016). The most prevalent plant responses mediated by SA in horticultural plants are enhanced chlorophyll content, secondary metabolites, proline level, and antioxidant enzyme activity. Conversely, other plant responses to abiotic stress conditions include reduced oxidative damage (strawberry, tobacco, and rosemary) and improved growth characteristics, and yield. The synergistic and antagonistic interactions of SA with nutrients, under both favorable and stressed environments, helps to modulate the growth and development of plants. For example, exogenous application of SA significantly reduced salt (Na+) absorption while increasing absorption of mineral nutrients under salt stress in cucumber (Yildirim et al., 2008). Significant increments in antioxidant enzymes (AsA-GSH pathway) and reductions in oxidative damage, along with relevant gene expressions, are exhibited in eggplant seedlings under cold stress (Chen et al., 2011). SA application successfully decreased oxidative damage and boosted antioxidant defense system in okra during cold stress (Bahadoori et al., 2016). SA has the ability to mitigate the harmful environmental effects on horticultural crops.



Jasmonates

Jasmonic acid (JA) and methyl jasmonate (MeJA) belong to a group of multifunctional compounds called Jasmonates (JAs) (Ullah et al., 2018). They are key plant signaling molecules that regulate plant responses to environmental stress and play a variety of role in plants growth and development (Eyidogan et al., 2012). Furthermore, Photosynthesis, root elongation, stomatal development, leaf senescence, chlorophyll breakdown, and nutritional balance are all regulated by JA (Siva et al., 2015). The crucial role of JA in stress tolerance and adaptability of plants is well documented. Interestingly, the resistance of plants towards environmental stress factors in increased by JA (Tables 1, 2). Exogenous MeJA increased cold stress tolerance in peaches via ROS-mediated oxidative damage maintenance and enhanced antioxidant defense mechanism (Jin et al., 2009). Under heat stress, JA application increased antioxidant defense system of grapes seedling (Chen et al., 2006). Furthermore, JA significantly enhanced sugar beet production, antioxidant enzyme activity, and water scarcity tolerance (Ghafari et al., 2020). According to Sayyari et al. (2011), MeJA supplementation significantly increased secondary metabolite content, antioxidant enzyme activity, and mitigated chilling injury in Punica granatum L. In another study, loquat fruit were treatment with MeJA under cold stress. MeJA treatment effectively reduced harmful effect of chilling injury and enhanced antioxidant enzymes system (Jin et al., 2014). Under salinity stress, JA effectively improved growth characteristics, proline, metabolite content, and reduced oxidative damage in bitter melon (Alisof et al., 2020). Under cadmium toxicity, low MeJA significantly lowered MDA levels while increasing root development, antioxidant enzyme defense system, and chlorophyll content in Capsicum frutescens L. (Yan et al., 2013). Faghih et al. (2017) reported considerable increments in antioxidant activity by pretreatment of MeJA under salt stress in strawberry seedlings.


Table 2 | Phytohormones enhanced abiotic stress tolerance of horticultural crops.



Previous literature revealed under abiotic stress environment, JA improved growth status in Solanum nigrum (Yan et al., 2015), increased seed germination in okra (Azooz et al., 2015), enhanced pigments content in strawberries (Yosefi et al., 2020), enhanced leaf gas exchange parameters (Choudhary and Agrawal, 2014) increased antioxidant defense system in cauliflower (Wu et al., 2012), increased osmolytes content in tomato (Bali et al., 2018), reduced ROS production in Malus crabapple (Qiu et al., 2019), and reduced heavy metal accumulation in horticultural plants (Dar et al., 2015; Zhao et al., 2016). Amid jasmonates, JA is found notably well known, best characterized and most abundant one. The defense mechanisms of horticultural crops are well-regulated by JA, when exposed to abiotic stresses including drought (Ghafari et al., 2020), salinity (Abouelsaad and Renault, 2018), cold (Zhao et al., 2013), alkalinity (Ge et al., 2010), heat (Chen et al., 2006), and metal stress (Bali et al., 2019). Thus, the JA is capable of reducing various environmental stress vulnerabilities (Raza et al., 2021). Furthermore, exogenous MeJA helped to increase endogenous levels of JA in pea crop (Shahzad et al., 2015). Meng et al. (2009) indicated that MeJA treatment reduced phenolic content while increasing antioxidant enzyme activity due to chilling damage index. In citrus, JA treatment significantly boosted proline content and antioxidant enzyme activity while decreasing ROS-induced oxidative damage (Habibi et al., 2019). Ouli-Jun et al. (2017) reported that the metabolism, root respiration, antioxidant enzymes activity, and osmolytes content were significantly enhanced, whereas, the hydroxyl free radical’s accumulation, MDA and EL content were declined through the exogenous application of MeJA under waterlogging stress in pepper plants. Hence, the adaption of horticultural crops in abiotic stress conditions is positively regulated by JAs.



Strigolactones

Strigolactones (SLs) are newly discovered multifunctional carotenoid derivative compounds of the plant hormone (Raza et al., 2021). SLs positively regulates seedling growth, photosynthetic efficiency, leaf senescence, blooming, and ion homeostasis (Banerjee and Roychoudhury, 2018). Exogenous supplementation of SLs significantly increased growth, relative water content, anti-oxidant enzyme activity, gas exchange parameters, chlorophyll fluorescence elements and contents in Vitis vinifera under drought conditions, while drastically lowering the oxidative injury, stomatal opening, and EL level (Min et al., 2019). Furthermore, the application of SLs activates the transcription of genes related to SLs production. SLs production promotes root architecture and arbuscular mycorrhizal fungus symbiosis, which boosts nutrient intake (Bhoi et al., 2021). Exogenous SLs modified root growth pattern of tomato (Santoro et al., 2020). Similarly, SL applied to apple plants exogenously exhibited significant increases in chlorophyll content and seedlings’ net photosynthetic rate, when exposed to potassium chloride (KCL) toxicity (Zheng et al., 2021). Furthermore, under KCL toxicity, SLs application enhanced POD and SOD activity while decreasing oxidative stress by increasing accumulation of proline, sustaining absorption of mineral nutrient and osmotic equilibrium. The SLs applied exogenously under salt stress significantly increased cucumbers seedlings’ leaf photosynthetic capability, AsA-GSH pool, and decreased oxidative damage (Zhang et al., 2015). Under drought, SLs treatment considerably improved stomata’s sensitivity in tomato (Visentin et al., 2016).

Additionally, the stress tolerance of various horticultural crops was enhanced under abiotic stress conditions by endogenous SLs, which label them as endogenous growth regulators (Ha et al., 2014; Sytar et al., 2019). Banerjee et al. (2017) stated that SLs have received a significant attention during recent years due to their crucial roles in regulation of multiple processes, both physiological and molecular, throughout the responses of plants towards abiotic stresses. SLs primarily functions as a second messenger in shoot branching by dampening auxin transport in the stem and so suppressing axillary bud development (Saeed et al., 2017). Furthermore, in low-light conditions, SLs foliar spray improved tomato growth traits, chlorophyll fluorescence parameters, pigment molecule and photosynthetic assimilation. Furthermore, SLs application increased antioxidant enzyme gene expression while decreasing H2O2 and MDA levels in tomato under low light-stress (Lu et al., 2019). Exogenous application of SLs in peas significantly increased photosynthetic pigment and shoot branching under cold stress (Cooper et al., 2018). Exogenous SLs improved salt stress tolerance in Solanum lycopersicum L. by boosting antioxidant defense mechanism, chlorophyll and carotenoids content, and endogenous SLs synthesis (Liu et al., 2022). Seed priming with SLs in Lupine resulted in improved germination of seeds and growth of seedlings, and helped to enhance proline content and decline MDA content. Additionally, the antioxidant enzymes activity and glyoxalase system of lupine seedlings showed improvements after application of SLs (Omoarelojie et al., 2020). SLs supplementation regulating antioxidant defense system, increasing nutrient uptake, and reduced MDA accumulation in cucumber under salt stress (Zhang et al., 2022). Under cadmium toxicity, SLs significantly reduced MDA accumulation and enhanced root vigor, activity of antioxidant enzymes, and flavonoid biosynthesis by modulating there encoding gene in melon seedlings (Chen et al., 2022). Overall, SLs shows a vital function in the abiotic stress physiology of horticultural crops in response to various environmental stresses.



GABA

One of the non- proteinogenic amino acid in plants is the Gamma-aminobutyric acid (GABA), which acts as a signaling molecule, having well-recognized ubiquitous status and multifaceted roles (Ansari et al., 2021). In horticultural crops, GABA is known to mediate various physiological function such as regulation of seed germination (Kumar et al., 2019), osmolyte accumulation (Li et al., 2021), balanced photosynthetic capacity (Wu et al., 2020), root architecture (Seifkalhor et al., 2019), plant yield regulation (Sita and Kumar, 2020), and ion homeostasis (Fait et al., 2008), redox homeostasis (Ansari et al., 2021), and antioxidant defense system (Hasan et al., 2021). The morphological and physiological functions of plants including production of proline, soluble sugar, and polyamine metabolism, as well as photosynthetic efficiency, are reported to be significantly improved by the application of GABA under abiotic stress (Jalil and Ansari, 2020). Chen et al. (2018) stated that this molecule is also known for mitigating excess ROS formation under stress conditions, mainly through activation of antioxidant defense mechanism. Furthermore, exogenous GABA supplementation markedly enhanced leaf photosynthesis traits, modulate stomatal opening, improved root growth, balanced ion homeostasis, enhanced osmolytes accumulation, and stress related protein in black pepper under PEG-induced stress (Vijayakumari and Puthur, 2016). Malekzadeh et al. (2013) revealed that foliar application of GABA efficiently improved seedling growth status, proline content, leaf water potential, stomatal opening, and antioxidant enzymes activity in tomato seedling under cold stress. According to Su et al. (2019), GABA shunt components are essential for ion homoeostasis. Under cold stress, GABA treatment significantly increased biomass yield, chlorophyll content, antioxidant enzymes, and lowered ROS production and cell membranes integrity in peaches (Shang et al., 2011). GABA is the primary mediator of induced leaf senesces under oxidative stress. Under short/low light stress, GABA increased chilies stress resistance through activation of antioxidant defense system, and increasing photochemical efficiency. Furthermore, Li et al. (2017b) described that GABA treatment increased gas exchange traits, chlorophyll content and fluorescence characteristics, SOD and CAT activity, and decreased levels of MDA content in chilies.

During environment stress such as salt stress, drought, heavy metals, low and high temperature stresses (Sita and Kumar, 2020; Ansari et al., 2021; Hasan et al., 2021), the production of GABA is escalated with such an intensity that exceeds the cellular levels of this non-proteinogenic amino acid than those amino acids having role in protein synthesis (Srivastava et al., 2021). Notably, the production of high amounts of GABA were observed under abiotic stress conditions, and there found a nexus between its metabolism and other factors including defense against oxidative stress, antioxidant enzymes’ upregulation, osmolytes regulation, and balance ion homeostasis (Khan et al., 2021). The abiotic stress resistance of plants has been successfully improved through GABA priming. The growth of muskmelon was also significantly increased with application of GABA under calcium nitrate stress. Furthermore, GABA treatment significantly increased ADC, PAO, OCD, DAO and SMDC activity. Exogenous GABA treatment successfully increased spermidine and spermine levels while decreasing level of putrescine in leaves, enhancing polyamine biosynthetic concentration (Hu et al., 2015). Furthermore, exogenous application in carrots, tomato, and peach increases endogenous GABA levels, resulting in increased enzymatic activity, pigment content, and ultimately resistance of plants against abiotic stress (Yang et al., 2011; Koike et al., 2013; Bashir et al., 2021). The oxidative stress recovery is also linked with GABA application, which helps to scavenge the excess ROS production through a disturbance in intracellular redox



Future outlook

The adversities linked with abiotic stress factors are surging day-by-day, gaining attention of scientific research from plant biologists so as to avoid threats to sustainable agricultural production I future. Phytohormones have emerged as a viable technique in current stress management because they protect plants from numerous abiotic stressors by boosting antioxidant enzyme activity, lowering oxidative damage, and promoting plant development (Figure 3). Therefore, in flood-, drought-, and saline-prone areas worldwide, the sustainability of crops production can be maintained through utilization of phytohormones, which are proved to better the abiotic stress resistance of horticultural crops. Along with improving the stress resistance in abiotic stresses, the application of phytohormones is also known for ensuring the harmonization of germination process, mainly by increasing the viability and breaking the seed dormancy. Current review is an attempt to provide useful insights into the exogenous application of phytohormones and the role played by these in developing and enhancing the plants’ defense mechanisms. In recent two decades, the identification and characterization of metabolizing enzymes related to phytohormones has been focused by the researchers. Further, for better understanding of growth-regulation mechanisms induced by phytohormones and bringing more clarity to elusive interactive events, intensive executions of phytohormones crosstalk research is being made recently. Finally, in future research, the aim of modernizing agricultural production with the engineering of abiotic stress-resistant crops can be aligned with the manipulation of phytohormones level and their subsequent action at pertinent developmental stage in appropriate tissue/organ.
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Soybean (Glycine max L.) is susceptible to low temperatures. Increasing lines of evidence indicate that abiotic stress-responsive genes are involved in plant low-temperature stress response. However, the involvement of photosynthesis, antioxidants and metabolites genes in low temperature response is largely unexplored in Soybean. In the current study, a genetic panel of diverse soybean varieties was analyzed for photosynthesis, chlorophyll fluorescence and leaf injury parameters under cold stress and control conditions. This helps us to identify cold tolerant (V100) and cold sensitive (V45) varieties. The V100 variety outperformed for antioxidant enzymes activities and relative expression of photosynthesis (Glyma.08G204800.1, Glyma.12G232000.1), GmSOD (GmSOD01, GmSOD08), GmPOD (GmPOD29, GmPOD47), trehalose (GmTPS01, GmTPS13) and cold marker genes (DREB1E, DREB1D, SCOF1) than V45 under cold stress. Upon cold stress, the V100 variety showed reduced accumulation of H2O2 and MDA levels and subsequently showed lower leaf injury compared to V45. Together, our results uncovered new avenues for identifying cold tolerant soybean varieties from a large panel. Additionally, we identified the role of antioxidants, osmo-protectants and their posttranscriptional regulators miRNAs such as miR319, miR394, miR397, and miR398 in Soybean cold stress tolerance.
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Introduction

Soybean (Glycine max L.), one of the largest sources of edible plant oil and protein, have the capability to feed the ever-increasing world population. After originating in East Asia (China), soybean cultivation begins worldwide (Zhou et al., 2015; Schulte et al., 2017). Currently, China is one of the largest producers, consumers and importers of soybean. Soybean is cultivated at different latitudes and altitudes in China. Being tropical in nature, soybean is sensitive to cold (Cheesbrough, 1990), which hampered the soybean production area in China. Depending on the cultivation area, cold stress affects the germination, seedling and reproduction stages of soybean (Ohnishi et al., 2010). Admittedly, a healthy seedling stand is one of the most critical stages in the plant life cycle; it determines the good final yield and quality of cultivated crops. Due to unexpected weather conditions, cold stress at the seedling stage caused irreplaceable production loss of soybean in prominent growing areas (Cheng et al., 2010). Generally, in plants, cold stress results in low germination rates, growth retardation, tissue injures, physiological changes, such as antioxidant metabolism activation and metabolic perturbation, and reduced photosynthetic efficiency (Mehrotra et al., 2020; Gao et al., 2022).

In green plants, the photosynthesis process utilizes light energy and converts it to carbohydrates. Chlorophyll (Chl) contents (SPAD index) and fluorescence is an important indicators of photosystem II (PSII) efficiency. PSII is described as the ratio of Fv to maximal fluorescence emission (Fv/Fm) (Logan et al., 2007; Adams et al., 2013). Cold stress severely damaged the chloroplast structure and chlorophyll content in susceptible sugarcane cultivars which was reduced to lower levels than that in cold-resistant cultivars (Zhang et al., 2015; Li et al., 2018). In response to environmental stresses, plants protect the photosynthetic apparatus through photoinhibition, managing the Fv/Fm, dissipation of light energy as heat and accumulation of osmolytes such as sugars (Adams et al., 2013). Cold stress inhibits stomatal opening and causes a reduction in stomatal size which further impairs the photosynthesis efficiency. In young soybean seedlings, cold stress actively reduces the photosynthesis capability and the effect is more severe during higher illumination (Balestrasse et al., 2010). The Fv/Fm values has been used as nondestructive methods to measure photosynthetic activity under cold stress (He et al., 2019; Mehmood et al., 2021). Cold tolerant varieties maintained higher photosynthesis efficiency by protecting the photosynthesis apparatus which is widely used indicator for cold tolerant germplasm screening which needs to be determined in soybean. During photosynthesis, light energy is captured by light-harvesting complexes (LHCs) located in the thylakoid membrane of chloroplasts and used to drive photochemistry. However, excessive or a fraction of absorbed light through LHCs is lost through non-photochemical quenching (NPQ) as heat or emitted as chlorophyll fluorescence (Bassi & Dall'Osto, 2021; De Souza et al., 2022). The NPQ plays several important roles in protecting the cell organ during photosynthetic processes by dissipating excessive energy and preventing the accumulation of reactive intermediates (Müller et al., 2001; Tietz et al., 2017). For instance, tomato plants treated with Melatonin showed rapid increase in NPQ value to ameliorating the cold effects and to protect the photoinhibition process (Ding et al., 2017). Therefore, differences in NPQ values could be used to identify the soybean varieties with higher cold tolerant capabilities.

Arabidopsis species having the potential to increase the leaves’ thickness under cold stress conditions exhibited higher photosynthesis capacities due to the presence of more significant number of phloem cells and efficient loading and unloading of sugars (Stewart et al., 2016). Therefore, leaf thickness is a nondestructive trait and could be used as a potential trait to identify the cold tolerant soybeans with higher photosynthesis capability. The optimum temperature for leaf-scale maximum photosynthesis varies within plant species, leaf age, growing climates and soil nutrient conditions (Liu, 2020). The immediate effects of temperature fluctuation in photosynthesis efficiency at the leaf-scale were widely studied. Under cold conditions, leaf-scale photosynthetic carbon dioxide assimilation is reduced by the maximum carboxylation rate of Rubisco (Rogers et al., 2017). Plant varieties having the capability to maintain the leaf temperature under normal ranged under stress condition seems to be more stress resilient especially under cold stress conditions.

At the genetic level soybean plant respond to cold stress by activating the various cold-responsive genes including GmDREB3 (Chen et al., 2009), novel MYB transcription factor GmMYBJ1 (Su et al., 2014), GmDREB1 (Yamasaki & Randall, 2016), NIMA-related kinase GmNEK1 (Pan et al., 2017) and mitochondrial calcium uniporter GsMCU (Li et al., 2022). The GmSCOF1 genes responded to cold stress conditions and have been functionally validated by stable ectopic overexpression in Arabidopsis (Liao et al., 2008). However, due to unresponsiveness to the cold acclimation process, the soybean plant showed cold sensitivity. The main possible genetic reason for soybean cold sensitivity could be explained as cold acclimation-related genes are grouped and located on the same chromosome in Arabidopsis and tomato plants, but these genes are scattered in the soybean genome and located on different chromosomes (Yamasaki & Randall, 2016). Therefore, it is worthy to explore new cold stress-responsive pathways in addition to COR pathways in soybean. Accumulation of different antioxidants, metabolites and osmo-protectants to ameliorate the cold stress effects are additional approaches adopted by plants. Antioxidant enzymes SOD, POD and osmo-protectants like trehalose accumulation have been proved to their soothing effects in response to cold stress in Arabidopsis, rapeseed, rice, watermelon and maize (Kosar et al., 2019; Liu et al., 2021; Raza et al., 2022). However, their understandings remained unexplored especially under cold stress conditions in soybean. Being genetically controlled, the posttranscriptional regulations of SOD, POD and trehalose pathways remained to be disclosed in soybean. The miRNAs have been proven as the posttranscriptional regulator of genes and play critical roles in stress response pathways (Cui et al., 2017). The miRNA-mediated genetic pathways such as miR397-LACCASE, miR394-LCR and miR319-PCF/TCP have been functionally validated for their significant cold stress response in plants (Dong and Pei, 2014; Wang et al., 2014; Song et al., 2016). The identification of antioxidant and metabolites genes and their posttranscriptional regulators will help to identify novel cold stress pathways in soybean.

Soybean breeders are striving for the identification of genetic resources and efficient breeding strategies for the development of biotic and abiotic stress-responsive (cold), improved quality and higher yielding soybean varieties (Ray et al., 2013). Therefore, a foremost task to speed up the soybean breeding program is a global dissection of the physiological and genetic basis of important traits (Fang et al., 2017). We hypothesize that the physiology of the natural population of soybean responds differently to cold stress. Thus, the understanding of the physiological mechanisms developed by soybean to thrive under cold conditions will be an enormous source of information for soybean breeders in identifying potential cold-tolerant genotypes. Therefore, one of the objectives of this study was to evaluate the physiological performance of a large soybean population grown under normal and cold stress conditions. Secondly, this study identified the cold tolerant and cold sensitive genotypes and their molecular and genetic differences for cold stress. Our results provide new insights of the nondestructive physiological mechanism that responds to cold condition in soybean. In addition, the traits selected in this study will be helpful for marker-assisted breeding and genome wide association studies to identify candidate QTLs and genes to develop cold stress resilient soybean.



Material and methods


Plant material and growth conditions

The experimental germplasm was obtained from Soybean Research Group, Sanya Nanfan Research Institute (SNRI), Hainan University, China. The experiment was replicated twice, in September–October, 2021 (College of Tropical Agriculture, Hainan University, Haikou) and January–February, 2022 at SNRI, China, under controlled growth chambers (phytotrons) individually at both locations. The research panel contained 100 diverse soybeans (Glycine max L.) (Table S1). These Soybean cultivars were grouped based on their cultivation area (higher or lower latitude), domestication area and final consumption as vegetable, protein source and edible oil into vegetable group (V group), SD group, KC group and C group. These varieties are highly diverse in terms of plant architecture, plant height, leaf size, leaf color, branch angle, pod length, number of seeds per pod, seed size and weight, seed color and luster, earliness, yield and related traits. The soybean seeds were stored at a working temperature of 10°C in yellow paper bags to protect them from light and moisture; for seed sowing, peat soil was prepared by mixing three parts of vermiculate and one part of compost soil and filled in 3 × 3 inches black plastic pot. The pots were arranged following the complete randomization design (CRD) in 3 replications and irrigated with tap water to moist the soil. Selected seeds were free from chemical treatments such as antifungal dressing. Three seeds per pot were sown at a uniform depth in each pot and covered with a plastic tray cover. Plastic trays were transferred to a growth chamber with the following controlled environmental conditions; photoperiod 12/12 h day and night, constant 22°C temperature, 60% relative humidity and 20000 lux light. After seed germination, each pot tray was fertigated every third day. Seedlings were allowed to grow under these growth conditions until they reached the V2 leave stage (2nd trifoliate).



Cold stress treatment

For cold stress treatment, the growth chamber (phytotron) day/night temperature was reduced to 4°C, and healthy and uniform soybean seedlings were selected and transferred to cold stress conditions for five days. In phytotrons, relative humidity 60%, photoperiod 12/12 h day/night and light flux intensity 20000 lux was maintained as for normal growth conditions.



Data collection

Under control growth conditions data were collected from six individual plants. As V1 stage leaves were fully developed compared with V2 stage leaves therefore selected for data collection. Under cold stressed conditions data were collected from five to six plants from each replication and average data of each replication was further used. Leaf area were recorded and analyzed as described previously (Fang et al., 2017) and leaf thickness was recorded with the vernier calipers.



Estimation of PSII photosynthetic efficiency studies

The PSII photosynthetic efficiency under control and cold stress conditioned soybean leaves was determined from the chlorophyll fluorescence analysis of photochemical yield (Fv/Fm), using a portable chlorophyll-fluorometer OS-30p+ (OPTI-SCIENCES, China).



Chlorophyll fluorescence

The qL, PhiNO, and NPQt traits data under control and cold stressed soybean leaves were recorded using MultispeQ 2.0 (PHOTOSYNQ, RoHS, USA). MultispeQ 2.0 device was remotely connected with mobile phones application through Bluetooth and data was immediately stored in an online database (https://photosynq.org). Data was retrieved by accessing the above-given website and analyzed to evaluate the performance of under-study germplasm.



Identification of GmPOD, GmSOD and GmTPS genes and their sequence data retrieval

The soybean genome assembly G. max Wm82.a2.v1 was accessed through Phytozome 13 database (https://phytozome-next.jgi.doe.gov/) to retrieve the coding sequences of all GmPOD, GmSOD and GmTPS genes by blasting the Arabidopsis sequence for these genes as the query sequence. Subsequently, all predicted sequences were further validated by BLAST search using online available conserved domain (CDD) databases and protein family (Pfam) databases (Marchler-Bauer et al., 2015; El-Gebali et al., 2019).



Expression patterns of GmPOD, GmSOD and GmTPS family genes based on transcriptome sequencing data

To analyze the expression profiles of GmPOD, GmSOD, GmTPS and photosynthesis related genes, the soybean transcriptome expression data was used from the NCBI database with accession number GSE117686 submitted under control, 1h and 24h cold stress conditions (Yamasaki and Randall, 2016). The gene expression value for each gene was obtained from an online resource PPRD (http://ipf.sustech.edu.cn/pub/plantrna/) (Yu et al., 2022).



Quantification of POD and SOD enzymes activities, H2O2 content, and MDA level

The POD and SOD, H2O2, and MDA activity levels were measured under control, 1h and 24h cold stress in soybean leave samples stored at -80°C. The activities of POD and SOD, H2O2 content, and MDA accumulations were examined using a peroxidase kit id: BC0090 (SolarBio, Beijing, China), superoxide dismutase kit id: BC0175 (SolarBio, Beijing, China), H2O2 test kit id: BC3595 (SolarBio, Beijing, China), and MDA test kit id: BC0025 (SolarBio, Beijing, China) according to the manufacturer protocols. All measurements were performed with three independent replicates.



Prediction of the 3D protein structure of photosynthesis and GmSOD proteins

The predicted 3D protein structures of photosynthesis and GmSOD genes, amino acid sequence was blasted in the EBI Protein Similarity Search tool (https://www.ebi.ac.uk/Tools/sss/fasta/) and respective DB : ID was searched in AlphaFold Protein Structure Database (https://alphafold.com/search/text/). The PDB file was retrieved from AlphaFold Protein Structure Database and ChimeraX 1.4 (https://www.cgl.ucsf.edu/chimerax/) was used to visualized protein structure.



Prediction of putative miRNA targeting GmPOD, GmSOD and GmTPS genes and GO annotation analysis

The coding sequence (CDS) of GmPOD, GmSOD and GmTPS family genes were blasted in the psRNATarget database (http://plantgrn.noble.org/psRNATarget/) by default mode to predict the posttranscriptional regulation of genes by miRNAs (Dai et al., 2018). The miRNA and predicted targeted genes interactive network were visualized by Cytoscape software (V3.8.2; Available online: https://cytoscape.org/download.html). Gene ontology (GO) annotation analysis was performed by uploading all GmPOD, GmSOD and GmTPS protein sequences to the eggNOG website (Available online: http://eggnog-mapper.embl.de/, 1 July 202) (Powell et al., 2014). An R-package GO-plot (https://wencke.github.io/#circular-visualization-of-the-results-of-gene-annotation-enrichment-analysis-gocircle) was used to perform GO enrichment analysis and data visualization.



Selection index for cold tolerance

The optimum selection index (Falconer, 1967) was calculated for cold tolerance based on high heritability and phenotypic and genotypic correlation. Cold tolerance index (CTI) was measured using the correlated response between leaf injury index (X1), qL (X2) and Fv/Fm (X3) traits:

CTI = b1X1 + b2X2 + b3X3

Where, b1 = 0.967, b2 = 0.505, b3 = 0.335

Here, b1, b2, and b3 represent the index coefficients. The vector of SmithHazel index coefficient b was measured as previously reported (Baker, 1986).

b = P − 1 G,

where P-1 represents the inverse of the observed phenotypic variance-covariance matrix for the selected traits; G is a matrix involving the measurements of genotypic and covariance. The low CTI values indicated higher cold tolerance.



RNA extraction and qRT-PCR analysis

Total RNA was extracted from tissue samples stored at -80°C using a plant total RNA extraction kit (Takara, Japan) following the manufacturer’s instructions. Total RNA quality and quantity were measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, West Palm Beach, FL). Approximately lg total RNA was used for cDNA development using one step cDNA synthesis kit (Tranz, China) according to the manufacturer’s instructions. The qRT-PCR was conducted as previously described for selected genes (He et al., 2019). Genes primers were designed using NCBI-Primer blast webserver, and primers are listed in Table S2. Endogenous Actin gene Glyma.02g091900 (Liu et al., 2016) was used for relative control and three technical or biological replicates were performed per experiment.




Results


Principal component analysis of phenological and physiological traits

A panel of 100 soybean varieties grown in 2021 and 2022 were used in this study (Table S1). Different traits related to photosynthesis and leaf injury index were investigated under 22°C control and 4°C cold stress (Figure 1A). PCA analysis was performed to explore the relationships among six trait variables and the source of trait variation. According to the results, PC1 explained 30.6% and PC2 explained 19.2% of the trait variance individually and presented 49.8% of the accumulative variance in the dataset (Figure 1A). Interestingly, traits negatively affected by cold stress are clustered nearby such as qL and Fv/Fm and, on the contrary, NPQt and leaf thickness increased their values under cold stress are clustered in the same coordinate (Figure 1A). The separation of these traits in different coordinates in PCA indicated that cold stress significantly impacted the studied traits in soybean. The qL and FV/Fm variables of PCA are positively correlated, and both have a significant negative correlation with leaf injury index and NPQt which were aligned on PC2 (Figure 1A). The SPAD traits loaded on PC1 remained independent of other traits under cold stress. The PCA results suggested that PC1 and PC2 can be used as quantitative indices to characterize or identify cold tolerance varieties, respectively.




Figure 1 | PCA analysis and Basic statistical analysis. (A) PCA analysis of different traits. (B) Analysis of Variance (ANOVA). qL, Fv/Fm, Non-photochemical quenching (NPQt), LI= leaf injury, LT=Leaf thickness, SD= standard deviation, CVb= coefficient of variation, H2= Heritability, GA= Genetic advance.





Genetic variation for cold tolerance at the seedling stage in soybean

To explore the genetic variation among Soybean genotypes, we performed analysis of variance (ANOVA) based on physiological and phenotypic data (Figure 1B). The ANOVA results revealed that soybean varieties significantly differ (P < 0.01) for all cold stress-related traits. Heritability analysis (H2) revealed that these traits had high heritability >90% most probably due to similar behavior of traits under cold stress conditions (Figure 1B). This higher heritability behavior of traits also indicates that the difference is entirely due to genotypic variations and the minute role of environmentally-caused variations. The phenotypic variation between varieties in cold tolerance index (CTI) is shown in (Figures 2A, B). The CTI analysis distributed the varieties into five distinct categories based on their cold tolerance capability: tolerant (2 varieties), moderate tolerant (25 varieties), moderately susceptible (47 varieties), susceptible (23 varieties) and severely susceptible (3 varieties). The vegetable soybean variety V100 (CTI = 1.81) was found cold tolerant variety compared to vegetable soybean variety V45 which was the most susceptible (CTI > 8). These results indicate that the symptoms of leaf injury increased gradually with the increment of cold duration and resulting decrease in qL and Fv/Fm index in all soybean varieties.




Figure 2 | Cold tolerance selection index in diverse Soybean germplasm. (A) Cold tolerance indexes, (B) Phenotypic categorization, T, tolerant; MT, moderate tolerant; MS, Moderate sensitive; S, sensitive; SS, severely sensitive. Phenotype was analyzed after three days of recovery.





Evaluation of chlorophyll fluorescence qL parameter in soybean

Chlorophyll fluorescence is a non-destructive quantification of photosystem II (PSII) activity and is widely used to understand the photosynthetic mechanisms in response to abiotic and biotic stresses (Murchie and Lawson, 2013). The qL parameter is known as the coefficient of photochemical quenching. In previous research, differences in the qL parameter were exploited to understand the photosynthesis response mechanism under cold stress (Acidri et al., 2020). In our data, we have observed that cold stress reduced the qL value compared to control conditions in Soybean germplasm. However, the reduction was more abrupt in cold-sensitive Soybean varieties compared to tolerant. We reported qL values under control conditions (0.963 to 0.993) and cold stress (0.181 to 0.814) conditions (Figure 1A). As qL value was measured through a non-destructive method from plant leaves, therefore, we correlated the qL values with leaf injury levels. As shown in Figure 3, the qL value has a significant negative correlation (r2= -0.22) with leaves injury level under cold stress conditions. These results supported our hypothesis that the differences in qL value are a useful indicator of cold tolerance evaluation of a large population to identify the stress-resilient germplasm of soybean.




Figure 3 | Correlation analysis of different evaluated traits in Soybean. Traits for correlation analysis: qL ratio = qL_Cold/qL_CK, Fv/Fm ratio = Fv/Fm_Cold/Fv/Fm _CK, Leaf injury ration (LI) ratio = LI_Cold/LI _CK, Non-photochemical quenching (NPQt) ratio = NPQt_Cold/NPQt_CK, phiNO ratio = phiNO_Cold/phiNO _CK, Leaf thickness (LT) ratio= LT_Cold/LT_CK, and SPAD ratio= SPAD _Cold/SPAD _CK. The ***, ** and * asterisks indicate the significant correlation at p-value <0.001, <0.01 and p-value <0.05, respectively.





Evaluation of chlorophyll fluorescence parameter Fv/Fm in soybean

Cold stress signaling above freezing temperature triggered various physiological processes to ameliorate the deleterious effects on plant cellular organs, referred to as cold or chilling acclimation. Among the immediate physiological response, cold stress reduced the chlorophyll fluorescence trait (maximum quantum efficiency of PSII) (Fv/Fm) in the dark-adapted state and impaired the photosynthesis process (Gao et al., 2022). Similarly, we observed a significant reduction in Fv/Fm under cold stress conditions from 0.105 to 0.790 compared to control conditions from 0.719 to 0.883 (Figure 1B). On average acute reduction of Fv/Fm in our cold-sensitive germplasm indicates severe PSII photoinhibition under cold stress conditions compared to cold tolerant germplasm (Figure 1A). Similarly, in a previous study, in response to freezing stress, transgenic Populus euphratica overexpressing PeSTZ1 maintained higher photosynthetic activity (Fv/Fm) by dissipating more excessive light energy which imparts them higher freezing tolerance compared with wild type (He et al., 2019). These results indicate that the maximum quantum efficiency of PSII in the dark-adapted state (Fv/Fm) could be an essential parameter for screening the cold tolerant germplasm (Gao et al., 2022). Different studies reported that cold stress led to cold injury to plants’ organs, including leaves which were directly facing the environmental anomalies and exhibited the cold effects directly. Being Fv/Fm is a widely accepted index for plant stress tolerance evaluation, such as cold/freezing (Ehlert and Hincha, 2008; He et al., 2019), pathogen (Rousseau et al., 2013), drought (Woo et al., 2008), and heat (Xu et al., 2014). Therefore, to identify the association between Fv/Fm and leaves injury level parameters, we performed a correlation analysis. According to the results, Fv/Fm has a significant negative correlation (r2=-0.30) with leaves injury levels under cold stress (Figure 3). The higher correlation under cold stress indicates that the reduction of Fv/Fm caused an imbalance in the redox state and overproduction of reactive oxygen species which leads to cellular leaves injury and death. Thus, we selected Fv/Fm as one of the parameters for further analysis and screening of cold tolerant and cold sensitive germplasm of soybean.



Evaluation of chlorophyll fluorescence NPQt parameter in soybean

Abiotic stresses acutely inhibit photosynthetic efficiency but increase the nonphotochemical quenching (NPQ) capability of stressed plants (Jahan et al., 2021). When plants faced extreme temperature stress, a surging in P700 oxidation immediately repressed the quantum efficiency of PSII (Y (II)), which directly caused an escalation of NPQ, the decline in the quantum efficiency of PSI and a reduction in the plastoquinone pool (Y(I)) (Wada et al., 2019). In order to determine the role of NPQt in the cold stressed soybean, the change in NPQt was measured compared to control conditions. We observed NPQt values under control conditions (7.652 to 42.576) and cold stress (372.437 to 1753.269) conditions (Figure 1B). This data indicates that under cold stress, NPQt changed vastly, and considerable variability among germplasm for NPQt value showed that the response of each soybean variety is different under cold stress conditions. According to our correlation analysis, NPQt has a significant negative correlation with qL and Fv/Fm parameters and has a positive but insignificant association with leaf injury index (Figure 3). These results indicate that the reduction of qL and Fv/Fm reduced the photosynthesis capability in cold-sensitive varieties and plants responded by increasing the NPQt to dissipate the excessive light energy to protect the leaf damage in soybean. Thus, NPQt levels could be used to differentiate the cold-sensitive and cold-tolerant germplasm of soybean.



Evaluation of leaf injury index and leaf thickness in soybean

Leaves are the major photosynthetic organ responsible for energy harvesting and conversion into life energy and directly face environmental challenges: flavonoids and sugar abundance in leaves and stems are linked with cold stress tolerance. Flavonoids are the product of the phenylpropanoid metabolic pathway (Sharma et al., 2007). In previous studies, chilling stress tolerant maize showed thicker cell walls, mesophyll layers and bundle sheath cells. Additionally, tolerant plants showed less effected Fv/Fm and photosynthetic-related traits compared with the cold-sensitive plant (Bilska-Kos et al., 2018). Thus, leaves are plants organs which are directly affected and exhibit the visible stress effects in the form of injuries in response to environmental anomalies including cold stress. Leaves injury index level and leaf thickness is widely used for the screening of cold tolerance germplasm (Bilska-Kos et al., 2018; Zeng et al., 2021). Therefore, we adopted leaves injury index and leaf thickness along with other traits for screening the soybean cold tolerant material. According to our results, leaf injury index ranged under cold stress from minimum 1.67 to maximum level 8 and leaf thickness 0.102 mm to 0.370 mm compared with 0.10 mm to 0.46 mm control conditions (Figure 1B). This data indicates that cold stress increased the leaf injury level in cold-sensitive varieties; however, cold tolerant varieties exhibited slightly higher leaf thickness along with the slightest leaf injury.



Evaluation of SPAD values in soybean

Under stress, protection of Chlorophyll (Chl) content reflects the plant’s photosynthetic capacity and stress tolerance capability. The Chl content was quantified as SPAD value and depended on stress levels, genotypes and their growing environment (El-Hendawy et al., 2022). The abiotic stresses such as cold stress led to the overproduction of reactive oxygen species (ROS) which reduced Chl synthesis and accelerated Chl degradation in sensitive cultivars (Wang et al., 2016a; Acosta-Motos et al., 2017). Thus, measurement of leaf Chl content is an effective screening criterion for genotype screening to strengthen the breeding programs. Following previous studies, we estimated the SPAD value in the cold-stressed soybean cultivars and found large variability ranging from 20.794 minimum to 38.592 maximum (Figure 1B). However, we could not find a significant correlation of SPAD value with leaf injury index and other studied traits (Figure 3). These results indicate that SPAD value in soybean could be used as an individual selection criterion for screening instead of combined with other traits as previously used for screening freezing tolerance wheat cultivars (Wang et al., 2016a).



Major differences for phenological and physiological traits in cold tolerant and sensitive varieties

In order to choose the most promising soybean varieties with high cold tolerance at the seedling stage, the soybean varieties were categorized based on the direction of cold tolerance indexes (CTI) from most cold tolerant to susceptible in qL, Fv/Fm, NPQt and leaf injury levels (Figure 2A). Then, the two cold tolerant varieties (V100 and V037) and two cold-sensitive varieties (V45 and V004) significantly differed in four traits qL, Fv/Fm, NPQt and leaf injury levels were selected. Among these four, the cold tolerant V100 and cold sensitive V45 were selected for further analysis. We observed that under cold stress, V100 showed a higher qL value (0.63) compared to V45 (0.353) (Figure 4A). Similarly, V100 performed significantly better for Fv/Fm (0.631) in respective to V45 (0.219) (Figure 4B). The NPQt level was found lower in V100 (688.50) compared to cold-sensitive V45 (1199.23), which indicates that V100 maintained the lowest nonphotochemical quenching capability by maintaining the redox level and protecting the photosynthetic system from generated reactive oxygen species (Figure 4C). The levels of PhiNO were significantly lower in V100 which is also attributed to photosynthetic system protection (Figure 4D). The SPAD value and leaf thickness are slightly higher in V100 than in V45 but were not significantly correlated with the leaf injury index (Figures 3, 4E, F). However, these traits could be used as individual traits as cold tolerance indexes but could not best fit in our Soybean genetic material. Hence, we did not include in our selection criteria to choose cold tolerance and cold-sensitive soybean. The leaf area is an important trait and is directly responsible for light energy capturing and plant food preparation. We compared the leaf area between V100 and V45. Our data indicate that the leaf area in V100 is 18.1 cm2 in contrast to V45 which is 12.3 cm2 (Figure 4G). However, no significant differences exist for leaf area measured under control and after cold stress conditions. We further compared the V100 with V45 based on leaf injury protection and found the lowest leaf injury 18% in cold tolerant compared to 98% in cold-sensitive variety (Figure 4H). These results indicate that cold stress stops the growth and development of soybean plants under cold stress conditions. However, the cold tolerant varieties prepared themselves to ameliorate the deleterious effects of cold stress by maintaining and protecting the photosynthesis system possibly by producing various kinds of metabolites and activating the antioxidant system. These findings indeed help to explain why V100 is more cold tolerant than V45.




Figure 4 | Physiological and phenological differences between V100 and V45. Traits were recorded under control 22°C and cold stress 4°C conditions. (A) qL-value, (B) Fv/Fm, (C) NPQt, (D) phiNO, (E) SPAD, (F) Leaf thickness (LT), (G) Leaf area, (H) Leaf injury (LI). Data was analyzed with the Statistix 8.1. The ** and * asterisks indicate the significant differences at p-value <0.01 and p-value <0.05*, respectively.





The expression differences of photosynthesis-related genes in V100 and V45

To understand the expression behavior of photosynthesis-related genes in cold stress conditions in soybean. We performed a genome-wide survey and identified various essential photosynthesis-related genes. We predicted the 3D structure of photosynthesis-related genes in soybean (Figure 5A). The expression of these genes was explored using previous RNA-seq data under control, 1h and 24h of 4°C cold stress treatment in soybean (Yamasaki and Randall, 2016). As illustrated in the heatmap, indeed, cold stress treatment had reduced the expression of most of the photosynthesis-related genes in soybean (Figure 5B). These results verify our physiological data for qL, Fv/Fm and NPQt levels and indicate that these traits are genetically controlled under cold stress conditions in soybean. Therefore, we collected the tissue samples of cold tolerant V100 and cold sensitive V45 under control, 1h and 24h cold stress treatment to explore the variations at genetic levels. Our time course qRT-PCR analysis indicates that the expression of most of these photosynthetic genes was reduced at later stages in both varieties under cold stress (Figure 5C). However, the expression reduction of these genes was found more pronounced in V45 compared to V100. Additionally, some selected genes in V100 showed higher expression compared to previous RNA-seq data which might be due to differences in genetics or stress response mechanism of varieties used in experiments (Figure 5C). Altogether, in comparison with previous RNA-seq data and our time course, qRT-PCR results suggested that cold tolerant soybean varieties maintained their photosynthetic capability by regulating the expression of different photosynthesis-related genes. The expression differences of these genes could be used as a marker to identify the cold tolerance levels in soybean varieties.




Figure 5 | Protein structure and expression of photosynthesis related genes. (A) Predicted protein structure of photosynthesis genes, (B) RNA-seq expression analysis of photosynthesis genes under cold stress conditions, (C) qRT-PCR verification of photosynthesis genes in V100 and V45. Data was analyzed with the Statistix 8.1. The ** and * asterisks indicate the significant differences at p-value <0.01 and p-value <0.05, respectively.





The role of antioxidant SOD, related genes and their post-transcriptional regulators in V100 and V45

To encounter and eliminate the toxic ROS, plant cells have developed a series of antioxidant defense systems which equilibrate the oxidative reaction to protect the cellular damage (Geng et al., 2018). Among these enzymatic defense systems, superoxide dismutase (SOD) has a promising role in ROS scavenging under cold stress (Su et al., 2021). The SOD efficiently catalyzes the toxic O2− free radicals, balances the ROS metabolism, and mitigates the stress effects to protect cell membrane structure (Das and Roychoudhury, 2014; Huang et al., 2022). To understand the role of SOD in cold tolerance in soybean we quantified SOD activity in V100 and V45 in control and cold stressed samples for 1h and 24h. Our SOD enzyme quantification assay revealed that SOD activity was increased under cold stress in both varieties compared with control conditions. However, we observed a quick increment of SOD enzymatic levels in V100 compared to V45 from 1h to 24h (Figure 6E). These results indicate that V100 has a higher capability to maintain the ROS at an acceptable level somehow by activating the SOD enzymes activities in contrast to V45. Furthermore, considering the antioxidant role of SOD activity in cold stress tolerance, we genome-wide identified the GmSOD genes in soybean (Table S3.1) and predicted their 3D protein structure (Figure 6A). To confirm the genetic regulations of SOD, we downloaded the GmSODs expression levels from the RNA-seq database, and found variable expression patterns under cold stress treatment, as shown in the heatmap (Figure 6C). Then, we analyzed the gene ontology (GO) terms of these GmSODs. As expected GmSODs were enriched in various oxidative stress-responsive cellular organs, such as mitochondria (21%), extracellular regions (43%), and vacuole (4%). (Figure 6F). Subsequently, we analyzed the expression pattern of GmSOD in V100 and V45 under control and 1h and 24h cold stress through qRT-PCR. As expected, the expression levels of selected GmSOD genes such as GmSOD01, GmSOD08, and GmSOD12 were observed higher in V100 compared to V45 (Figure 6D). However, as shown in the heatmap, few GmSODs expression levels were downregulated in cold compared to control in soybean (Figure 6C). This situation drew us to the strict posttranscriptional regulation of GmSOD genes by miRNA in soybean. Therefore, we predicted the genome-wide abundance of miRNA families that target the SOD genes in soybean. It was interesting to report that GmSOD genes were regulated by multiple miRNAs or their family members (Figure 6B; Table S3.2). The most famous abiotic stress-responsive miRNA families that regulated GmSODs were included miR159, miR156, miR167, miR319, miR395, miR396, and miR398 (Figure 6B). However, these miRNAs somehow relaxed the GmSODs expression under cold stress conditions to combat produced ROS to protect cellular membrane or organ damage. All these results suggested that SOD antioxidant activity played a protective role and expression of these GmSODs is strictly controlled by their posttranscriptional regulators miRNA to enhance cold tolerance.




Figure 6 | GmSOD genes and posttranscriptional regulation in V100 and V45. (A) Predicted protein structure of GmSOD genes in Soybean. (B) Post-transcriptional regulation of GmSOD genes by gma-miRNA. (C) RNA-seq expression analysis of GmSOD genes under (CK) and cold stress conditions. Expression data was normalized by log2FC. (D) qRT-PCR verification of GmSOD genes in V100 and V45. (E) SOD enzyme activity. (F) Gene ontology analysis of GmSODs. Data was analyzed with the Statistix 8.1. The ** and * asterisks indicate the significant differences at p-value <0.01 and p-value <0.05, respectively.





The role of antioxidant POD, related genes and their post-transcriptional regulators in V100 and V45

Excessive ROS production, such as H2O2 due to disequilibrium of oxidative reactions under stress conditions, eventually leads to oxidative damage in plants (Zhang et al., 2022). Peroxidases (PODs) are plant-specific glycoproteins are responsible for scavenging stress-induced H2O2 and transferring downstream stress signaling. Class III peroxidases (PODs) are mainly located in the cell wall and storage vacuoles of plants (Passardi et al., 2005). The POD genes are well known for their physiological and developmental role including cell elongation, cell wall, lignin and suberin formation, ROS scavenging, and protection against abiotic stresses including cold stress (Gabaldón et al., 2005; Wu et al., 2019). Considering the significant role of POD in cold tolerance, we measured the POD antioxidant activity in V100 and V45 in the cold stressed samples for 1h and 24h and control conditions. Cold stress Increased the POD antioxidant activity in both varieties which showed a physiological stress response. Interestingly, compared with V45, the POD enzyme activities were noticed higher in V100 which indicates the robust and decisive response of cold tolerant variety to generated ROS during 1h to 24h stress (Figure 7D). As POD genes are activated in response to abiotic stresses and play an antioxidant role in response to cold stress, therefore, we genome-wide discerned the GmPOD genes in soybean (Table S4.1). To confirm their role and biological function we performed a GO enrichment analysis of GmPODs. As per expectations, GmPODs were enriched in extracellular regions (39%), vacuole (22%), Golgi apparatus (17%), cell wall (21%) and cytoplasm (1%) in soybean (Figure 7E). To learn about genetic regulations of POD activities under cold stressed soybean, we retrieved the GmPODs RNA-seq expression data under cold stress treatment and shown in a heatmap (Figure 7B). Heatmap results exhibited that majority of GmPOD genes remained silent. However, with few exceptions, some GmPODs showed a dispensable role by exhibiting the conserved similar relative expression under control and cold stress conditions. Then, we selected a few GmPOD genes and evaluated their relative expression in V100 and V45 under control, 1h and 24h cold stress through qRT-PCR. As per expectations, the relative expression levels of GmPOD genes such as GmPOD29, GmPOD37 and GmPOD72 were recorded significant higher in V100 compared to V45 which solely indicates the response of the genetic difference in varieties (Figure 7C). Interestingly, a large number of GmPODs gene expression remained unchanged under cold stress; possibly, they respond to different stresses or activate at different growth stages in soybean (Figure 7B). To find out whether GmPODs are regulated at the post-transcriptional level, for this, we predicted the genome-wide abundance of miRNAs that target and regulate the POD gene expression in soybean. Interestingly, GmPOD genes were regulated by hundreds of miRNAs or their family members (Figure 7A; Table S4.2). Among these miRNA, abiotic stress-responsive miRNA families that regulate GmPODs including miR156, miR164, miR167, miR171, miR390, miR393, miR408, and miR319 (Figure 7A). However, higher expression of some GmPODs under cold stress indicates these genes are regulated by situation mode by miRNAs to ameliorate plant stress effects. These findings suggested that POD have an antioxidant role in protecting cellular damage from stress and their expression is coordinately regulated by a plethora of miRNAs to enhance cold tolerance.




Figure 7 | GmPOD genes and posttranscriptional regulation in V100 and V45. (A) Post-transcritpional regulation of GmPOD by gma-miRNA. (B) RNA-seq expression analysis of GmPOD genes under control (CK) and cold stress conditions. Expression data was normalized by log2FC. (C) qRT-PCR verification of GmPOD genes in V100 and V45. (D) POD enzyme activity in V100 and V45. (E) Gene ontology analysis of GmPODs. Data was analyzed with the Statistix 8.1. The ** and * asterisks indicate the significant differences at p-value <0.01 and p-value <0.05, respectively.





The role of trehalose (TPS) related genes and their post-transcriptional regulators in V100 and V45

Cold stress triggers the overproduction of ROS which causes redox imbalance and subsequently accumulation of osmo-protectants in plants (Ding et al., 2019; Mehmood et al., 2021). Trehalose is a non-reducing disaccharide sugar that acts as osmo-protectant molecules induced by numerous abiotic stresses, including cold stress. Interestingly, Trehalose has a dual role not only in supporting plant metabolisms but also acts as a signaling molecule (Kosar et al., 2019; Joshi et al., 2020; Raza et al., 2022). Different studies reported the importance of trehalose in cold stress in different crops; therefore, we selected the GmTPS genes to evaluate their expression response under cold stress in soybean. We performed genome-wide identification and downloaded the trehalose genes and retrieved their RNA-seq expression level under cold stress conditions in soybean (Figure 8B, Table S5.1). As illustrated in the heatmap, the expression of different GmTPS genes were upregulated in response to cold stress (Figure 8B). Then we did qRT-PCR to evaluate the expression differences in V100 and V45 for selected trehalose genes. Interestingly, under cold stress conditions, GmTPS genes were induced as expected, and the expression was significantly up-regulated in V100 compared to V45 which indicated the genetic differential response under cold stress conditions (Figure 8C). GO analysis for GmTPS genes showed enrichment of various biological functional terms; most important among them are catalytic activity (28%), cytoplasm (22%), and nucleus (17%) (Figure 8D). To further explore the posttranscriptional regulation of GmTPS genes, we genome-wide extracted the miRNA and their family members in soybean. We found that hundreds of miRNAs regulate the expression of GmTPS genes in soybean; among them, well-known miRNAs are also involved including, miR171, miR393, miR397, miR169, miR2111 and miR396 (Figure 8A, Table S5.2). However, higher expression of some trehalose genes (GmTPS01, GmTPS13 and GmTPS37) under cold stress indicates these genes are critical to reducing the cold stress effects in soybean.




Figure 8 | GmTPS genes and posttranscriptional regulation V100 and V45. (A) Posttranscritpional regulation of GmTPS genes by gma-miRNA. (B) RNA-seq expression analysis of GmTPS genes under (CK) and cold stress conditions. Expression data was normalized by log2FC. (C) qRT-PCR verification of GmTPS genes in V100 and V45. (D) Gene ontology analysis of GmTPS. Data was analyzed with the Statistix 8.1. The ** and * asterisks indicate the significant differences at p-value <0.01 and p-value <0.05, respectively.





Induced H2O2 and MDA levels in cold stressed soybean seedlings

Cold stress induced the production of different ROS including H2O2. H2O2 plays a dual function, such as activating the stress-responsive mechanism; however, excessive H2O2 produces deleterious impacts on cellular organs and cell membranes. We observed that cold stress increased the accumulation of H2O2 in V45 in contrast to V100 and control conditions (Figure 9A). Similarly, the MDA levels indicate oxidative damage to cells by lipid peroxidation under stress. In our study, MDA content surged in V45 compared to V100, under cold stress respectively (Figure 9B). Briefly, cold stress induced the production of H2O2 and MDA; however, their production was lowered in tolerant variety compared to sensitive variety.




Figure 9 | Comparison of H2O2 and MDA accumulation in V100 and V45. (A) H2O2 levels under control (CK) and cold stress in V100 and V45. (B). MDA levels under control (CK) and cold stress in V100 and V45. Data was analyzed with the Statistix 8.1. The ** asterisks indicate the significant differences at p-value <0.01.





Effect of cold stress on the expression levels of cold-related marker genes in V100 and V45

Soybean genome is enriched with various kinds of cold stress-related CBF/DREBs and COR genes that participate in cold signaling and plant stress response mechanism. Cold stress genes usually work in a complex network and their promoter regions are enriched with stress-responsive binding element sites to regulate the expression of downstream cold genes. To get comprehension insights into the cold-mediated regulation and gene expressions, we attempted the qRT-PCR analysis to observe the expression levels of CBF/DREBs and COR genes in soybean (Figure 10). Our qRT-PCR results showed the induction of CBF/DREBs and COR genes in cold-stressed seedlings compared to control conditions (Figures 10). Likewise, the expressions of DREB1E, DREB1Ds, SCOF-1 and MPK3 were induced/reduced in cold-stressed seedlings of V100 at different time points compared to V45. Whereas at control conditions, the expression levels of COR genes remained quite similar with few exceptions in both varieties. (Figures 10). However, there was considerable expression change in the cold regulated protein (COR) genes under cold stress in V45. Altogether, all the cold-related genes exhibited differential and higher expression levels in the cold stress seedlings of V100 and V45. However, higher induction of COR/DREBS genes along with other improved physiological traits make the V100 more cold tolerant variety.




Figure 10 | qRT-PCR expression analysis of cold related marker genes in V100 and V45. The time course qRT-PCR was performed to evaluate the expression differences of cold marker genes in cold tolerant V100 and cold sensitive V45. Data was analyzed with the Statistix 8.1. The ** and * asterisks indicate the significant differences at p-value <0.01 and p-value <0.05, respectively.






Discussion


Evaluation of soybean germplasm for physiological traits under control and cold stress

Soybean is a multipurpose crop, most vitally as oilseed and protein, grown worldwide and affected by cold stress. In this study, we performed cold stress screening of a large population of vegetable soybean varieties grown in wide geographic latitudes and altitudes, intending to identify cold stress-tolerant varieties for the soybean breeding program. With the advancement of technology and improvement in the biostatistical algorithm, non-destructive methods for (cold) tolerant genotype screening are efficiently applied with high confidence (Wang et al., 2015; Wang et al., 2016a; Yang et al., 2021). Cold stress reduces photosynthesis and affects growth performance. Therefore, we used the non-destructive method of germplasm screening by selecting the photosynthesis-related traits such as qL, Fv/Fm, NPQt, SPAD and phenological trait leaf injury index, leaf thickness under cold stress. Analysis of variance depicted that these traits had high heritability which indicates that these traits are genetically controlled and any difference in these varieties is purely due to their genetics and there is little influence of environment under controlled experiment (Figure 1B). The selected photosynthesis traits qL, Fv/Fm, NPQt, SPAD and leaf injury index (Zeng et al., 2021) in our study have been efficiently exploited for the screening and evaluation of drought, salt (Cho et al., 2021; El-Hendawy et al., 2022), and cold (Wang et al., 2016a; He et al., 2019), stress-tolerant crop germplasm and for genome-wide association studies which help identification of important genomic loci/QTLs, and genes. To better correlate these traits, we performed correlation analysis which indicates the higher and significant negative correlation among qL, Fv/Fm and leaf injury index traits which indicates that, indeed, cold stress halted the photosynthesis and caused a cellular injury which was displayed at recovery conditions in the form of leaf injury. Accumulatively, this helps us to identify the cold tolerant (V100) and cold sensitive (V45) soybean varieties.



Physiological, biochemical and genetic differences between V100 and V45 under cold stress

To better understand the physiological, biochemical and genetic differences between V100 and V45 for cold tolerance capability, we individually evaluated these two varieties. We observed that V100 outperformed in all studied traits such as qL, Fv/Fm, NPQt and leaf injury index compared with V45 for physiological traits as described (Figures 4A–H). The V100 protects its photosynthesis apparatus by maintaining the significantly higher qL, Fv/Fm and by reducing the NPQt level which indeed helps to maintain a normalized leaf cellular environment and provide protection against leaf injury. Similarly, cold or freezing tolerant poplar maintained higher qL and Fv/Fm by protecting the photosystem (He et al., 2019). In previous studies, comparative RNA-seq analysis showed up-regulation of several photosynthetic genes in response to cold in tobacco and M. × giganteus (Spence et al., 2014; Gao et al., 2022). The chloroplast is the primary biosynthesis place of defense-related hormones (Bwalya et al., 2022); therefore, we determined whether photosynthesis genes are involved in cold defense in soybean. The significantly higher expression of photosynthesis-related genes in V100 compared to V45 also indicates these traits are genetically controlled and well preserved in tolerant varieties (Figure 5C). The cold stress response is a very complex process, and the response mechanism involves various kinds of ROS such as H2O2 and membrane peroxidation by MDA. The induction of H2O2 and MDA is negatively correlated with cold tolerance in plants (He et al., 2021; Raza et al., 2022). Thus, we quantified the H2O2 and MDA in the cold-stressed soybean; strikingly the contents of H2O2 and MDA were significantly increased under cold stress. However, significantly lower accumulation of H2O2 and MDA levels in V100 under cold stress indicates that strong scavenging and ROS control mechanism was activated in cold tolerant variety compared to cold sensitive variety. These results are in accordance with the physiological traits we studied; hence, V100 had higher qL and Fv/Fm levels and had better protection for leaf injury from ROS (Figure 5H). The differences in ROS levels in V100 and V45 attracted our attention to the role of activating a strong antioxidant system in response to cold stress. Antioxidative enzymes SOD and POD displayed significant function in the redox stability by ROS scavenging and are generally considered markers of cold tolerance (Mittler, 2002; Liu et al., 2021). Indeed, cold stress enhanced the accumulation of SOD in both varieties however SOD levels were higher in V100 after 24h cold treatment. H2O2 could act as a signaling molecule to provoke SOD enzyme activity. Under cold stress, the induced SOD antioxidant activity accelerated the conversion of O2− to H2O2, then efficiently converted into H2O and O2 by APX enzymes (Liu et al., 2021). Similarly, our POD quantification analysis depicted the enhanced levels in V100; these results are anti-correlated with H2O2 level. These results indicate the strong induction of the antioxidant system to ameliorate the cold effects in soybean. Therefore, upon cold stress treatment, the membrane lipid peroxidation damage was lower in V100 by strong activation of SOD and POD enzymes which improves the physiological traits same as previously reported in drought stressed sweet basil (Zulfiqar et al., 2021). To understand the genetic mechanism of SOD and POD regulation in cold response in V100 and V45, we genome-wide identified the gene families of GmSOD and GmPOD. GO analysis of these genes’ families showed the enrichment in various stress-responsive biological terms. Most importantly SOD genes family is enriched in the following top GO terms such as extracellular region (GO:0005576), mitochondrion (GO:0005739), cytosol (GO:0005829), vacuole (GO:0005773), thylakoid (GO:0009579) and nucleus (GO:0005634) (Figure 6F). These results showed that SOD genes are activated in multiple organs to remove excessive ROS within the cell boundary to maintain and protect the cell structure from cold damage. In contrast to SOD genes, the POD genes family enriched in the following top GO terms response to stress (GO:0006950), cell wall (GO:0005618), Golgi apparatus (GO:0005794), cytoplasm (GO:0005737), vacuole (GO:0005773), and extracellular region (GO:0005576) in soybean. The differential enrichment of these terms in SOD and POD genes further suggested that different genes and their final products coordinated to reduce the detrimental effects of cold stress conditions in soybean. We compared the expression levels of GmSOD and GmPOD genes through qRT-PCR among V100 and V45, and between previously reported RNA-seq data under cold stressed soybean for 1h and 24h. Interestingly, only a few SOD and POD genes were upregulated in response to cold treatment in soybean. The higher expression of selected GmSOD and GmPOD genes in V100 compared to the previous study indicates genetic differences in the response of varieties under cold stress. Similarly, SOD genes respond to multiple stresses including, salt, drought, and cold in different plants (Song et al., 2018; Su et al., 2021). In previous studies, overexpression of POD genes enhanced the tolerance to cold (Llorente et al., 2002), salt (Jin et al., 2019), drought (Kumar et al., 2012; Aleem et al., 2022), bacterial pathogen (Wally and Punja, 2010), and fungal disease (Mika et al., 2010). These studies indicate that SOD and POD gene families are inbuilt with diverse functions and their family members respond selectively and cooperatively in plants. To further analyze the cooperative role between antioxidants, metabolites and osmo-protectants during cold stress in soybean, we retrieved and analyzed the GmTPS gene family. Trehalose act as a molecular cushion and transfer downstream signals to activate the stress responses. Similarly, exogenous application of Trehalose improved stress resilience such as cold (Fu et al., 2020; Raza et al., 2022), salt (Yang et al., 2014), and drought (Zulfiqar et al., 2021). Due to its smaller molecule size trehalose is easily absorbed through cell pores and enhanced the stress response to reduce oxidative damage by activating the proline, SOD, POD, CAT, and APX enzymes and stress-responsive gene expression (Liu et al., 2021). Gene ontology analysis revealed that trehalose genes are enriched in following terms; catalytic activity (GO:0003824), carbohydrate metabolism (GO:0005975), cytoplasm (GO:0005737), nucleus (GO:0005634), extracellular region (GO:0005576), and vacuole (GO:0005773) (Figure 8D). The enrichment of trehalose genes in these biological terms indicate the important role in energy conversion and maintenance of internal organ in cell structure from oxidative stress and cold damage. Thus, in this study, we fetched the RNA-seq expression data of trehalose genes and found that most of the genes showed variable and higher expression in cold stressed soybean (Figure 8C). Similarly, our qRT-PCR expression analysis identified the enhanced expression of selected GmTPS genes in cold stressed V100 and V45. The expression level of genes GmTPS01, GmTPS13 and GmTPS37, was found higher in V100 compared to V45 under cold stress; however, GmTPS37 and GmTPS37 had no significant differences in V100 compared to V45 at normal conditions. Thus, trehalose genes increased cold tolerance by ameliorating oxidative stresses and activating the antioxidant system in cold-tolerant soybean.



Role of posttranscriptional regulators and cold marker genes under cold stress in soybean

The miRNAs proved important posttranscriptional regulators of target genes expression and a plethora of genome-wide studies had identified miRNA in soybean that responds to multiple environmental stresses (Sun et al., 2015; Ramesh et al., 2019). In the present study, we identified multiple miRNAs families targeting GmSODs, GmPODs and GmTPS genes. Interestingly, many miRNAs regulate the expression of a single gene in soybean. Similarly, in cotton, the GhSODs were regulated by 20 miRNAs (Wang et al., 2017). In our study, previously reported miRNA that regulates expression of SODs genes were also procured, which showed the conserved role of these miRNA in different plant species such as Arabidopsis miR398 mediates regulation of AtSOD genes (Beauclair et al., 2010) were also observed in soybean. Furthermore, we predicted hundreds of miRNAs that regulate the expression of GmPOD genes (Figure 7A, Table S4.2). Few of these miRNAs have been previously functionally validated for their stress response in various plants such as miR397 for cold stress in Arabidopsis (Dong & Pei, 2014). To identify the role of miRNA in trehalose gene regulation, we predicted several well-known miRNAs that played a significant role in plant stress adaptation such as miR159, miR169, miR172, miR390, and miR394. These miRNAs have been validated for a different role in addition to abiotic stresses such as miR159 regulating the fatty acid metabolism in rapeseed (Wang et al., 2016b). The miR172 participated in transition from development to flowering (Zhu and Helliwell, 2011). The miR396 enhanced cold tolerance (Zhang et al., 2016), and miR394 increased, cold, drought and salinity tolerance (Song et al., 2013; Song et al., 2016). It was interesting to note that we also found that multiple miRNA families commonly targeted GmSOD, GmPOD and GmTPS genes. These results also suggested that, by modifying the expression of single miRNA it could be possible to change the expression of genes that belong to different gene families and involved in different stresses in soybean. As previous studies identified that antioxidant, metabolites and COR genes jointly regulate stress response and total fitness of plant is dependent on their functionality. Our qRT-PCR analysis for well-studied cold responsive ICE-CBF/DREBs-COR signaling pathways gene (Ding et al., 2019; Kidokoro et al., 2022) revealed the activation of COR pathways in cold stressed soybean. Our qRT-PCR results revealed that cold stress treatment for 1h and 24h substantially increased the expression levels of DREB1E, DREB1Ds, SCOF-1, and MPK3 genes in cold-stressed V100 compared to V45 and control plants (Figure 10). These results provide insights that endogenous activation of trehalose genes involved in the transcriptional regulation of CBF/DREBs and CORs genes which act in a concert with antioxidant system in soybean to dispose of the effects of cold stress. Similar findings also reported in Arabidopsis and rapeseed where different metabolites activate the expression of CBF/DREBs and COR genes under cold stress (Shi et al., 2015; Raza et al., 2022).




Figure 11 | Methodology adopted to identify the cold tolerant germplasm in Soybean. Soybean varieties were screened under control and cold stress conditions to identify the cold tolerant germplasm based on physiological and phenological traits. Physiological traits such as qL, Fv/Fm, NPQT (non‐photochemical quenching), SPAD value, antioxidants enzymes activity such as SOD, POD, and H2O2 and MDA level were measured. Phenological leaf injury (LI) and leaf thickness were recorded and analyzed. For genetic analysis, the expression levels of cold stress related genes and cold marker genes were analyzed through RNA-seq and qRT-PCR analysis. The posttranscriptional regulators of these genes were excavated. All these analysis combinedly help to explain the major difference for cold tolerance and cold sensitivity in soybean varieties.






Conclusion

In the current study, we screened a large panel of soybean varieties under cold stress to identify the cold tolerant and cold sensitive varieties. The strategy adopted here included the non-destructive phenological and physiological approaches such as photosynthesis-related traits and leaf injury index as a screening method (Figure 11). Thus, using these methods, we identified two cold tolerant (V100 and V037) and cold sensitive (V45 and V004) varieties. Cold tolerant V100 and cold sensitive V45 were selected for further analysis to identify the differences in their genetic response. These two varieties were evaluated for photosynthesis-related traits, leaf injury index, relative expression of photosynthesis, SOD, POD, and TPS related genes through qRT-PCR. Additionally, we identified the posttranscriptional regulators miRNAs of GmSOD, GmPOD and GmTPS genes. Furthermore, ROS such as H2O2 and MDA and accumulation of antioxidants SOD and POD levels were quantified. Finally, qRT-PCR for cold marker genes was performed. Altogether, our results exhibited that most of these genes significantly responded to cold stress treatment and differences in V100 and V45 cold tolerance lies in their genetics and response mechanism involving activation of various kinds of antioxidant genes, their byproducts, metabolites and less accumulation of ROS and MDA to protect the photosynthesis apparatus and cellular injury. The cold stress response is a complex mechanism; it involves various kinds of stress-responsive pathways and better coordination between these pathways helps to ameliorate the cold stress effects. Thus, additional functional genomic work is direly needed to confirm the role of these pathways in soybean cold tolerance. We identified cold tolerant and sensitive soybean varieties which could be used for comparative transcriptomic, metabolomic, and proteomics studies and as a crucial genetic resource for future environment resilient breeding programs.
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Abiotic stress, particularly drought, will remain an alarming challenge for sustainable agriculture. New approaches have been opted, such as nanoparticles (NPs), to reduce the negative impact of drought stress and lessen the use of synthetic fertilizers and pesticides that are an inevitable problem these days. The application of zinc oxide nanoparticles (ZnO NPs) has been recognized as an effective strategy to enhance plant growth and crop production during abiotic stress. The aim of the current study was to investigate the role of ZnO NPs in drought stress management of drought-susceptible Coriandrum sativum L. (C. sativum) in two consecutive seasons. Drought regimes (moderate drought regime—MDR and intensive drought regime—IDR) were developed based on replenishment method with respect to 50% field capacity of fully irrigated (control) plants. The results showed that foliar application of 100 ppm ZnO NPs improved the net photosynthesis (Pn), stomatal conductance (C), and transpiration rate (E) and boosted up the photosynthetic capacity associated with photosynthetic active radiation in MDR. Similarly, 48% to 30% improvement of chlorophyll b content was observed in MDR and onefold to 41% in IDR during both seasons in ZnO NP-supplemented plants. The amount of abscisic acid in leaves showed a decreasing trend in MDR and IDR in the first season (40% and 30%) and the second season (49% and 33%) compared with untreated ZnO NP plants. The ZnO NP-treated plants showed an increment in total soluble sugars, total phenolic content, and total flavonoid content in both drought regimes, whereas the abaxial surface showed high stomatal density and stomatal index than the adaxial surface in foliar-supplied NP plants. Furthermore, ZnO NPs improve the magnitude of stomata ultrastructures like stomatal length, stomatal width, and pore length for better adaptation against drought. Principal component analysis revealed the efficacy of ZnO NPs in inducing drought tolerance in moderate and intensive stress regimes. These results suggest that 100 ppm ZnO NPs can be used to ameliorate drought tolerance in C. sativum plants.
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1 Introduction

Drought is one of the critical environmental factors impairing plants’ metabolic machinery, thereby restricting the growth, development, and overall agricultural yield globally (Tanveer et al., 2019). Major aspects of drought conditions are global warming, changes in the pattern of precipitation, and limited access to underground water. Mostly, drought affects physio-biochemical processes like accumulation of osmo-protectants, reduction in phenolic and flavonoid content, and production of reactive oxygen species (Afshari et al., 2021; Srivastava et al., 2021). Water deficit condition restrains the efficacy of photosynthetic activity, causes significant damage to the ultrastructure of cells, and distorts the metabolic process (Liu et al., 2022b). Furthermore, water deficiency affects the integrity of thylakoid membranes, accelerates leaf senescence, induces necrosis and chlorosis, and degrades the chlorophyll content (Demmig-Adams et al., 2018; Desoky et al., 2021; Batool et al., 2022). Therefore, plants have adapted to ensure their survival under drought stress through osmotic adjustment, activation of the antioxidant defense system, and modulation of stomatal attributes (Sharma et al., 2020).

Plants show the most prominent response through stomatal regulations against climatic variability, particularly drought (Song et al., 2022). Both abaxial (lower surface of leaf) and adaxial (upper surface of leaf) stomata are important gateways for the exchange of gases (Wankmüller and Carminati, 2022). Stomatal density and stomatal index are the key features concerning the determinants of photosynthesis, transpiration rate, and stomatal conductance (Lei et al., 2018). A number of reports that are associated with the response of stomatal attributes on account of salinity, extreme temperature, canopy cover and plant density, elevated carbon dioxide, variation in active photosynthetic radiations, and insufficient water availability are available (Arve et al., 2011; Bharath et al., 2021; Li et al., 2021; Ramos-Zambrano et al., 2021; Abdalla et al., 2022).

Stomatal regulation is one of the features that decide the fate of plant growth, development, and yield through photosynthetic activity. Photosynthesis is a driving force of various physiological and biochemical processes (Verma et al., 2020). Under drought stress, the internal concentration of CO2 is decreased due to stomatal closure, which changes the activities of enzymes, reduces ATP formation, disrupts the stability of the membrane, affects the regeneration of RuBP, limits the RUBISCO enzyme activity, and disturbs the overall phenomena of photosynthesis (Muhammad et al., 2021). Moreover, water stress disrupts the electron transport chain, reduces photosynthetic pigments, intensifies photo-inhibition, decreases the water potential, and increases turgor pressure to impair plant growth (Chen et al., 2017; Semerci et al., 2017; Li et al., 2019).

In addition, an important phytohormone that plays a vital part in drought stress response is abscisic acid (ABA), which is involved in stomatal operations (opening and closing) through biochemical signal transduction (Müller, 2021). It acts as a primary mediator in water deficit conditions and confers plant drought tolerance (Verma et al., 2016). Therefore, ABA has mainly been accompanied by regulating water deficit conditions in plants (Nian et al., 2021)—for instance, the endogenous level of ABA increased exponentially in Arabidopsis, wheat, rice, tomato, soybean, maize, and sesame under drought conditions (Dossa et al., 2020). It has been documented that ABA indirectly regulates plant development by modifying stomatal resistance to control transpiration and CO2 uptake and control the eco-physiological features of the plant (Zhang et al., 2012; Dong et al., 2017; Liang et al., 2022). Furthermore, ABA is a regulatory component in seed germination, biomolecule synthesis, senescence, and root architecture modification under water deficit conditions (Liu et al., 2022a). These adaptive changes induced by ABA may be of significant importance for the survival and better growth of Coriandrum sativum with limited or no water supply. Therefore, these findings indicated that ABA-assisted drought tolerance is a prerequisite for plants to respond fully to drought.

The provision of microelement supplements like Co, Cu, Mn, Ni, Fe, and Zn has proven to boost crop production, particularly under drought conditions (Ashraf et al., 2012; Tripathi et al., 2018). Among them, Zn plays a very vital role in amelioration of drought tolerance (Farooq et al., 2021). Zn improves the performance of plants through the regulation of various processes like overexpression of proteins to stimulate the defensive mechanism and accumulation of osmo-protectants. Furthermore, it increases the germination index, significantly improves cell division, improves water use efficiency and plant water relation, and interacts with plant growth regulator to cope up the drought effects (Umair Hassan et al., 2020). It is also involved in carbon metabolism due to the integral component of carbonic anhydrase, biomolecules such as phospholipids, and co-factor of auxins, activator of adolase, and therefore it plays an important role in plant nucleic acid metabolism (Umair Hassan et al., 2020).

However, foliar application of nanoparticles (NPs) as nanofertilizers and growth regulator is becoming more popular in agriculture compared with the typical soil–root treatment. It is due to the stomata which are primarily the entry source for NPs and easily transported to other plant sections through apoplastic and symplastic routes. Therefore, foliar application of green synthesized engineered NPs enhances the efficiency of plant growth as well as plant protection strategies (Hong et al., 2021).

A limited number of studies have shown that the appropriate application of ZnO NPs can regulate drought tolerance in different crops as wheat, sunflower, tomato, and red cabbage (Umair Hassan et al., 2020). However, there is lack of information regarding ZnO NP-induced mechanisms conferring drought tolerance in plants. Therefore, the current study addressed the impact of ZnO NPs in physiological, biochemical, and stomatal attributes to induce drought stress tolerance and to evaluate the role of stress hormone (ABA) in the induction of drought tolerance under different water regimes. Therefore, changes induced by osmoregulators on account of ZnO NP application may be of significant importance for the survival and better growth of C. sativum with limited water supply. Therefore, it assumed that ZnO NPs may have an ameliorative role in drought tolerance against different irrigation regimes.



2 Materials and methods


2.1 Experimental location and climatic data

Experiment was conducted in the research area of the Department of Botany, University of Education Lahore (Dera Ghazi Khan Campus) during the period 2019/2020 and 2020/21 from early November to late March under natural conditions. The site specification was 30°06′ N (longitude) and 70°62′ E (latitude) at an elevation of 129 m above sea level. The climate of this area is subtropical dry arid with 104 mm average annual rainfall. The average temperature from November to April was 25 ± 3°C and 23± 1°C in two consecutive seasons. The total annual precipitation was 173 and 104 mm in both seasons, respectively.



2.2 Properties of irrigated water and soil

The physio-chemical properties of water and soil (obtained from botanical garden; 30.067423, 70.627243) are given in Tables 1, 2. All plastic pots (25 cm × 20 cm × 15 cm) were filled with 7.2 kg of clay-loamy-textured soil with a leaching hole at the bottom.


Table 1 | Chemical properties of irrigation water.




Table 2 | Physiochemical analysis of soil.





2.3 Growth conditions and experimental design

The C. sativum var Dilpazeer (lot number FD-898602) seeds were obtained from Vegetable Research Institute, Faisalabad, Pakistan. The seeds (sterilized) were sown in the second week of November in both seasons, with a density of 10 per plastic pot and maintained to five plants/pot until seedling establishment (Se). At each time, the pots were watered to their respective field capacity. The pots were placed under natural conditions to match the almost field conditions. The weather forecast was monitored after every 4 h to make necessary arrangements before the account of rain ZnO NPs. Therefore, rain protected sheet (transparent) was used to prevent the experiment from the effect of precipitation.

Drought stress applied after the seedling establishment (after 24 days) based on keeping the water content at field capacity (FC) of soil. It was calculated by flooding 7.2 kg potted test soil without plants and allowing the water to trench off completely for 12 h and weighed as initial weight (Iw). Dried this soil at 105 °C for 24 hours in oven and weighed it as final weight (Fw). Thereafter, the FC % was calculated by the following formula, namely, Equation 1:

	

The benchmark for the next irrigation was 50% of FC of control or fully irrigated (FI). Therefore, on set of 50% FC in FI, there was application of 75% and 50% irrigation (with respect to 50% FC of FI) to generate drought stress regimes (MDR—moderate drought regime and IDR—intensive drought regime) as mentioned in Appendix A. Therefore, inspection of reduction of water from field capacity was conducted throughout the season by usual soil sampling on a weekly basis through gravimetric method (105°C, 24 h). The same protocol was followed for replenishment throughout the experiment until harvest. Drought stress was applied on December 9, 2019 and December 15, 2020 after seedling establishment.

Zinc oxide nanoparticles (ZnO NPs) of average size 37 nm were obtained from Applied Environment Biology & Environmental Biotechnology Research Lab, Institute of Botany, University of Punjab, Lahore, Pakistan. This article is an extension of our previous research paper in which the optical specifications of NPs were described (Khan et al., 2021). Foliar application of ZnO NPs was initiated from the 10th day of applying drought stress and continued at regular interval of 10 days for three times (2 ml for each pot every time).

In this experiment, the influence of three irrigation regimes, including two drought regimes MDR and IDR, was evaluated through eco-physiological, bio-chemical, and stomatal analysis, and its adaptive response to drought stress under foliar-applied ZnO NP C. sativum was examined. This experiment was designed to determine the performance of FI, MDR, and IDR along with the efficacy of ZnO NPS (control; 0 and 100 ppm). In previous studies, 100 ppm ZnO NPs showed a strong effect on C. sativum growth attributes in pot conditions (Stakhova et al., 2000; Khan et al., 2021). Therefore, the following six treatments were designed based on previous trials:


 



where TR is treatment, FI is full irrigation, MDR is moderate drought regime, IDR is intensive drought regime, and ZnO NPs is zinc oxide nanoparticles.



2.4 Assessment of eco-physiological features

Photosynthetic rate (Pn), transpiration rate (E), and stomatal conductance (C) were used to measure, from two healthy and totally expanded leaves of the main stem at constant vapor pressure, deficit of about 2.5 kPa (0.08 ± SE) with ambient air temperature of the leaf chamber at 25.0 ± 0.18°C through infrared gas analyzer (CI-340 Portable Photosynthesis System; CID Bio-Science Inc., Washington, USA) (Mitchell, 1992). These parameters were examined from 9:30 am to 11:30 am. Sunlight was used as the light source by customizing the quantum flux of the photosynthesis system according to sunny situation.



2.5 Measurement of chlorophyll and ABA content

Chlorophyll a and b content (mg/g), respectively, was calculated using the method of Arnon (1949) and Davies and Goodwin (1976). In detail, 1 g of finely diced fresh leaves was crushed with a solution of one part 0.1 normal (N) ammonium hydroxide solution to nine parts acetone v/v (volume to volume). Then, it was centrifuged for 5 min at 5,000–10,000 rpm, and the supernatant was diluted to a quantity that produces an absorbance value of between 0.2 and 0.8 at wavelengths of 663 and 645 nm (Spectro UV-Vis 2505, Labomed, Los Angeles, CA, USA). The absorbance of each solution was measured by comparing with a blank solvent, and the content of chlorophyll a and b, respectively, was determined.

ABA content was determined through the ABA immunological bioassay test kit of Agresera AS20 4392 (ELISA) by following the catalog number CSB-E09159P. A total of 1 mg of fresh leaves of coriander was ground with 1 ml of lysis buffer and placed on ice for 1.5 h. Afterwards, a homogenized mixture was obtained with the help of a homogenizer (Bead Bug, Bead Mill Homogenizer; Benchmark Scientific, NJ, USA). Then, the mixture was centrifuged at 12,000 rpm for 4 m. Dilutions were prepared at 0, 0.155, 0.312, 0.625, 1.25, 2.5, and 5 µg/ml for standard curve calibration. Then, 50 µl of dilutions and samples was added into microplate wells (pre-coated with ABA-specific antibody), followed by the addition of horseradish peroxidase (HRP) conjugate (50 µl) in each well except blank. Incubation was done at 37°C for 1 h. A competitive inhibition reaction with pre-coated antibodies was initiated between labeled ABA (HRP) and unlabeled ABA. Then, 100 µl of substrate was added in the dark (to prevent temperature fluctuations) to each well. Incubation was done again at 37°C for 15 min. The reaction was stopped by using 50 µl of stop solution in each well. The optical absorbance of each well was observed at 450 nm by using a microplate reader (DR-200Bs Microplate Reader, Hangzhou Boyn Instrument Co., Hangzhou, China).



2.6 Quantification of total soluble sugar, phenolic, and flavonoid production

Total soluble sugar (TSS) was measured by following the method of Jayaraman (1981). Specifically, 0.5 g of fresh leaves was taken and ground into liquid nitrogen along with 5 ml of ethanol (95%) to discharge out sugar, and then 5 ml of ethanol (75%) was added. The mixture was centrifuged at 4,000 rpm for 15 min. This solution was kept in the refrigerator for 1 week at below 4°C. The fresh anthrone reagent was prepared by adding 150 mg of anthrone into 100 ml of H2SO4 (72%). Then, 0.1 ml of stored ethanolic extract was prepared, mixed with anthrone reagent of 3 ml, and put into a water bath at 95°C. A UV spectrophotometer was used to measure the absorbance at 625 nm.

Dried leaves (10 g) from each treatment were obtained for the preparation of leaf extract. The samples were added with 75 ml of ethanol (95% v/v) for 10 min at 40°C. This extraction method was repeated three times. The extract was heated to evaporate the solvent at 40°C. The dried extract was used for further analysis. About 20–50 mg of the dried extract was added in 5 ml methanol and sonicated for 45 min (Ultra sonicated bath, Branson 2510, Marshal Scientific, NH, USA) at 40°C, followed by centrifugation for 10 min at 1,200 rpm. A clear supernatant was obtained and stored in amber glass bottle for further analysis.

Singleton and Rossi (1965) measured the total phenolics content (TPC) of the leaf extract by using the Folin–Ciocalteu reagent with some modifications. Sample and standard curve readings were measured through a spectrophotometer at 765 nm against the blank (reagent). The given sample (0.2 ml) was mixed well with the Folin–Ciocalteu reagent (0.2 ml) and added with water (0.6 ml) by 1:1. After 5–8 min had passed, a saturated solution of NaCO3 (8% w/v) was prepared. Then, 1 ml of saturated solution was taken and supplemented into the mixture. Moreover, distilled water was used to adjust the volume to up to 3 ml. This reaction combination was placed in the dark for 35 min. Afterwards, the solution was centrifuged for 8 min at 4,000 rpm. The absorbance peaks of the supernatant (blue color) were observed at 765 nm. The TPC was measured as gallic acid equivalent (GA Eq)/gram dry weight (g d. wt.) with respect to the standard calibration curve of GA (0 to 100 mg/ml).

Total flavonoid content (TFC) was measured through the aluminum colorimetric method (Meda et al., 2005). For the determination of TFC, the standard calibration curve of quercetin (C15H10O7) was used. A stock solution of quercetin was formed by adding 5 mg C15H10O7 in 1 ml methanol (CH4OH). Then, the standard concentrations of C15H10O7 (0.25 to 1 mg/ml) were prepared by serial dilutions using CH4OH. Then, 1 ml of each concentration was taken and put into a test tube, and distilled water (4 ml) was poured into the test tube. In addition, 5% of NaNO2 (0.3 ml) and 10% of AlCl3 (0.3 ml) water were put into test tubes after 5 min. Then, 1 M of NaOH (2 ml) was added after 5 min, and the volume was increased to 10 ml by adding distilled water. After stirring, the mixture was placed for 60 min at 25°C. A UV spectrophotometer (Labomed Spectro UV-2505) was used to calculate the absorbance at 510 nm against blank. The amount of TFC in the test samples was estimated through the standard curve and expressed as milligram quercetin equivalent (QE)/g of dried weight.



2.7 Evaluation of stomatal micrographs

Stomatal index (SI) was calculated using the approach of Salisbury (1928) based on an average of 50 microscopic fields by using the given formula:

 

where S was the number of stomata/unit area, and E was the number of epidermal cells within the same unit area. Stomatal density (SDdens) was measured by using BM13070131 Biological Microscope (California, USA) at ×400 total magnification with a field of view 0.045 mm, followed by microscopic image processing with image J application (https://Imagej.nih.gov/ij/). The number of stomata was counted and divided by area of field-of-view to obtain the amount of stomata per millimeter square of leaf (Eisele et al., 2016). The option “sharpen” was used in ImageJ to better view the guard cells. The width and the length of the stomata opening were measured at 50-µm scale.



2.8 Statistical analysis and assessment

In the current study, a two factorial-based, completely randomized block design was used to sort out the experimental data. Data for each treatment were analyzed statistically by using STATISTICS 8.1 and MS Excel 2019, and the values were reported as means of four replications with standard error for difference in the means (SE) by following the analysis of variance (ANOVA) technique. The LSD test was then applied at probability P<0.05 to treatment means for ranking and comparison. Principal component analysis was done through Origin 8 Pro.




3 Results


3.1 Evaluation of photosynthetic response

The gaseous exchange parameters like photosynthetic active radiation (PAR), transpiration rate (E), stomatal conductance (C), internal carbon dioxide (Int. CO2), and net photosynthetic rate (Pn) were measured after post-anthesis stage to evaluate the effect ZnO NPs (100 ppm) under two regimes of drought MDR and IDR and well-watered (FI) plants.

The values of PAR are drastically decreased after the anthesis stage. Significantly, the range of PAR was 627.65 to 400.25 µm/m2/s in the first season, while in the second season, this range was 588.27 to 331.72 µm/m2/s as shown in Figure 1.




Figure 1 | Effect of different treatments on (A) Pn (net photosynthesis), (B) C (stomatal conductance), (C) E (transpiration rate), and (D) Int. CO2 (internal carbon dioxide) in leaves and impact of photosynthetic active radiation on these physiological features of C. sativum after anthesis under drought regimes. The graph values are the mean ± SE of four replicates. Bars exhibited with different alphabets indicate the significant difference between samples by least significant difference (p ≤ 0.05). TR1: FI, TR2: FI + ZnO nanoparticles (NPs), TR3: MDR, TRT4: MDR + ZnO NPs, TRT5: IDR, and T6: IDR + ZnO NPs.



The considerable increase in Pn was observed in TR2 (16.00 and 16.28 µm/m2/s) at the maximum value of PAR, when FI plants were treated with and ZnO NPs in both seasons as indicated in Figure 1. Under IDR, the maximum Pn was observed in TR6 (8.35 and 8.56 µm/m2/s) when the plants were treated with ZnO NPs, and the PAR value was 401.92 and 342.25 µm/m2/s for both seasons. The IDR plants (TR5) showed the lowest Pn when the least PAR was found, as indicated in Figure 1A. 

The optimum stomatal conductance was observed in TR2 (119.73 and 110.06 mmol/m2/s) in FI when treated with ZnO NPs, followed by MDR plants (51.19 and 49.5 mmol/m2/s) when PAR showed optimum values, as shown in Figure 1B, in the first and the second seasons. The TR5 plants showed the lowest C (41.35 and 38.67 mmol/m2/s) under IDR when plants were not treated with ZnO NPs in both consecutive seasons.

The highest E values—2.07 and 2.26 mmol/m2/s—were found in FI plants when treated with ZnO NPs indicated in TR2 followed by TR4 plants, as presented in Figure 1C, in both seasons when optimum PAR was present. The lowest E rate followed the same trend as those of Pn and C when the lowest PAR was present in TR5 plants in both seasons.

The amount of Int. CO2 in leaves showed an inverse relationship associated with PAR in FI and MDR in both seasons except IDR. The greater amount of Int. CO2 in the leaf of C. sativum was found in TR6 (582.75 and 552.32 µmol/mol) in the first and the second season when IDR plants were treated with ZnO NPs as indicated in Figure 1D, while the minimum amount of Int. CO2 was in TR5 (349.65 and 299.36 µmol/mol) in two consecutive seasons with respect to the lower values of PAR.

These results suggested that PAR plays a very vital role in photosynthetic induction. The highest value of PAR along with foliar application of ZnO NPs increased the Pn, C, and E, while it decreased the internal concentration of CO2 in FI and MDR, showing a contradictory association. In addition, the lowest PAR improves the Int. CO2 in IDR plants treated with ZnO NPs.



3.2 Determination of chlorophyll content

The chlorophyll content, like chlorophyll a (Chl a) and chlorophyll b (Chl b), was examined under two regimes of drought MDR and IDR and well-watered (FI) plants. The plants of MDR showed a decrease of 3% (31.71 mg/g f. wt.) and 11% (34.56 mg/g f. wt.) in Chl a content in the first and the second season, respectively. However, IDR plants had a decreased Chl a content of 7% (30.49 mg/g f. wt.) and 23% (29.88 mg/g f. wt.) in the first and the second season, respectively, compared with FI plants as indicated in Figure 2A. Similarly, Chl b also decreased under drought stress. In the first season, Chl b was reduced to 15% (20.63 mg/g f. wt.) in MDR plants and 34% (15.88 mg/g f. wt.) in IDR in comparison with FI plants. The foliar application of ZnO NPs enhanced the concentration of Chl a to 2% (32.29 mg/g. f. wt.) and 5% (32.06 mg/g. f. wt.) in MDR and IDR plants in the first season, but in second season, the content of Chl a was increased to 21% (41.65 mg/g. f. wt.) in MDR plants and 29% (38.47 mg/g. f. wt.) in IDR plants compared with control plants (Figure 2A). Furthermore, improvement in Chl b content in MDR plants (48% and 30%) in both seasons was determined in the results when the plants were treated with foliar-applied ZnO NPs, while IDR plants showed a significant improvement of more than onefold and 41% in Chl b content in the first and the second season compared with untreated ZnO NP plants (Figure 2B).




Figure 2 | Effect of foliar application of ZnO nanoparticles (100 ppm) on (A) Chl a (chlorophyll a), (B) Chl b (chlorophyll b), and (C) abscisic acid content in the first and second seasons in full irrigation, moderate drought regimes, and intensive drought regime plants. The graph values are the mean ± SE of four replicates. Bars exhibited with different alphabets indicate the significant difference between samples by least significant difference (p ≤ 0.05).





3.3 Estimation of ABA

Data revealed that ABA significantly increased to twofold (0.27 µg/g. f. wt.) and fourfold (0.62 µg/g f. wt.) in MDR and IDR plants compared with well-watered plants (0.07 µg/g f. wt.) under drought regimes in the first season (Figure 2C). Similar results that showed a substantial increase in the concentration of ABA content to one-and-half-fold (0.30 g/g f. wt.) and more than fourfold (0.64 µg/g f. wt.) were obtained in the second season in MDR and IDR plants compared with control plants (0.07 µg/g f. wt.) in the second season. The foliar application of ZnO NPs lowered the content of ABA to 40% (0.16 µg/g f. wt.) and 30% (0.43 µg/g f. wt.) in MDR and IDR plants in the first season, but in the second season, the content of MDA was significantly reduced to 49% (0.15 µg/g f. wt.) in MDR plants and 33% (0.43 µg/g f. wt.) in IDR plants compared with control plants (Figure 2C).



3.4 Quantification of TSS, TPC, and TFC

The presented results revealed that the concentration of TSS significantly increased to 40% (72.42 mg/g d. wt.) and 64% (84.69 mg/g d. wt.) in MDR and IDR plants compared with well-watered plants (51.60 mg/g d. wt.) under drought stress in the first season (Figure 3A). Similar results that showed a substantial increase in the concentration of TSS to 20% (75.90 mg/g d. wt.) and 44% (90.71 mg/g d. wt.) in MDR and IDR plants compared with control plants (63.05 mg/g d. wt.) were obtained in the second season. The foliar application of ZnO NPs enhanced the concentration of TSS to 24% (90.11 mg/g d. wt.) and 11% (84.09 mg/g d. wt.) in MDR plants of the first and the second season. The concentration of TSS was increased to 35% (114.59) and 16% (105.60 mg/g d. wt.) in IDR plants of both seasons compared with control plants (Figure 3A).




Figure 3 | Effect of foliar application of ZnO nanoparticles (100 ppm) on (A) total soluble sugars, (B) total phenolic content, and (C) total flavonoid content in the first and second seasons in full irrigation, moderate drought regimes, and intensive drought regime plants. The graph values are the mean ± SE of four replicates. Bars exhibited with different alphabets indicate the significant difference between samples by least significant difference (p ≤ 0.05).



Under drought stress, TPC and TFC significantly increased to 58% (8.01 mg GAL Eq/g d. wt.) and 66% (7.15 mg QE/g d. wt.) in MDR plants (TRT5), while these were 8% (5.44 mg GAL Eq/g d. wt.) and 15% (4.94 mg QC Eq/g d. wt.) in IDR (TRT9) plants in the first season. A similar trend of significant increment in TPC and TFC was observed in MDR plants (77% and 72%) and IDR plants (17% and 37%) in the second season compared with fully irrigated plants (Figures 3B, C).

Under drought stress, ZnO NPs significantly enhanced the TPC to 13% (9.06 mg GAL Eq/g d. wt.) and 8% (9.54 mg GAL Eq/g d. wt.) in MDR plants (TRT7), while in severe drought stress (IDR), TPC considerably increased to 23% (6.32 mg GAL Eq/g d. wt.) and 25% (7.55 mg GAL Eq/g d. wt.) in plants compared with untreated ZnO NP plants in both consecutive seasons (Figure 3A). An increase of 20% (5.93 mg QC Eq/g d. wt.) and 12% (6.37 mg QC Eq/g d. wt.), respectively, was found in IDR plants, followed by 11% (7.92 mg QC Eq/g d. wt.) and 6% (7.73 mg QC Eq/g d. wt.) in MDR plants in the case of TFC amount compared with untreated ZnO NP plants in both consecutive seasons under drought stress regimes (Figure 3C).



3.5 Assessment of stomatal attributes

The stomatal attributes like stomatal density (SD), stomatal index (SI), stomatal length (SL), stomatal width (SW), pore length (PL), and pore width (PW) of abaxial and adaxial surface were measured to find out the effect of ZnO NPs (100 ppm) on the anatomical features and surface morphology of stomata under drought regimes as well as FI plants using micrographs.

Plants of MDR treated with ZnO NPs showed a significant result by improving 19% (106 stomata/mm2) and 21% (100 stomata/mm2) of SD of abaxial surface in both seasons as indicated in TR4 (Figure 4) compared with untreated ZnO NP plants of MDR, while plants of IDR showed 21% and 23% decrease in SD of abaxial surface after post-anthesis in TR5 plants. Similarly, plants treated with ZnO NPs showed a significant increase of 67% (75 stomata/mm2) and 48% (67 stomata/mm2) in SD of adaxial surface of MDR plants in two consecutive seasons, while the plants of IDR showed low SD of adaxial surface when treated with ZnO NPs in TR6 compared with untreated ZnO NP plants in both seasons. The plants grown under drought regimes treated with ZnO NPs presented non-significant effects in SI of abaxial surface in TR4 plants and decreased the SI (abaxial) to 18% in IDR (TR5) in both the first and the second season compared with untreated ZnO NP plants. Plants treated with foliar-applied ZnO NPs showed a significant increase of 40% and 36% in SI of adaxial surface of TR4 in MDR plants in the first and the second season, respectively, while the plants of IDR (TR6) showed a decrease in SI (adaxial) in the first season and the second season compared with the control.




Figure 4 | Effect of foliar application of ZnOx nanoparticles (NPs; 100 ppm) on stomatal density and stomatal index in the (A) first and (B) second seasons at different irrigation regimes. The graph values are the mean ± SE of four replicates. Bars exhibited with different alphabets indicate the significant difference between samples by least significant difference (p ≤ 0.05). TR1: FI, TR2: FI + ZnO NPs, TR3: MDR, TRT4: MDR + ZnO NPs, TRT5: IDR, and T6: IDR + ZnO NPs.



The stomatal dimensions clearly revealed that drought regimes decreased the SL and SW on both surfaces of leaves (abaxial and adaxial) as presented in Table 3, whereas the PL increased along with the application of moderate to intensive drought on abaxial surface, while non-significant results were observed on the adaxial surface. As for the concern related to PW, both surfaces showed a significant increment in MDR and IDR compared with FI plants. Foliar-applied ZnO NPs improve the SL and SW in FI and MDR plants, while IDR plants reduced the SL on abaxial surface. The adaxial surface showed a non-significant effect of ZnO NP application. In addition, foliar-applied ZnO NPs have no influential effects on PL and PW on the abaxial and adaxial surface, respectively, as indicated in Table 3. Micrographs of stomatal magnitudes were observed at ×400 as shown in Figure 5.


Table 3 | Effect of different treatments on stomatal dimensions of abaxial and adaxial surface of C. sativum under drought regimes in the first and second seasons.






Figure 5 | Microscopic magnitudes (×400) of the abaxial and adaxial surfaces of stomatal length, stomatal width, pore length, and pore width at different treatments: (A) TR1, (B) TR2, (C) TR3, (D) TR4, (E) TR5, and (F) TR6.





3.6 Interpretation of PCA

A biplot demonstrated the combination of scree and loading plot with respect to six different treatments as indicated in Figure 6. The eigenvalues of correlation matrix indicates that there were four principal components (PC) considered to account for variance in the observed six treatments (imparted 94%) in both consecutive seasons. Concerning the extracted eigenvector values that disclosed the physiological, biochemical, and stomatal characteristics of PCs, in our study, 10 parameters in terms of the original set of 23 parameters showed significant loadings in determination of drought tolerance within six treatments. Thus, with reference to principal component analysis (PCA), PC1 and PC2 exhibited 46% and 24% variability within data in the first season and while 48% and 20% variability in the second season. Therefore, these two PCs explained 70% and 68% of variance. The coefficient correlation of PC1 and PC2 further revealed that nine chemical constituents, i.e., TSS, SW adaxial surface (ADX), SL abaxial surface (ABX), PW ABX, PL ABX, TPC, TFC, PW, and ADX, had a weak to moderate correlation. These parameters showed a significant role in the ZnO NP-induced drought tolerance. Out of these, Chla, Chlb, PAR, E, SD, ADX, C, Int. CO2, SI ADX, Pn, SD ABX, PL ADX, and SI ADX showed a positive direction, while the rest of the parameters showed a negative direction in both seasons as shown in Figures 6A, B.




Figure 6 | Principal component analysis of the chemical components of Essential oil under drought stress in two consecutive seasons. PC: principal component: (A) first season and (B) second season. TR, treatment; ABA, abscisic acid; Chla, chlorophyll a; Chlb, chlorophyll b; Pn, net photosynthesis; C, stomatal conductance; E, transpiration rate; Int. CO2, internal carbon dioxide; TSS, total soluble sugars; TFC, total flavonoid content; TPC, total phenolic content; SL, stomatal length; SW, stomatal width; PL, pore length; PW, pore width; ABX, abaxial; and ADX, adaxial.






4 Discussion

Nanoparticles are an effective tool for modulation crop production and sustainable agriculture in upgrading the plant mechanism under drought stress conditions (Dieleman et al., 2015). Although a lack of water input from rainfall is typically the primary cause of drought stress, the loss of water from soils due to evaporation, which is exacerbated by high temperature events, high light intensity, and dry wind, can exacerbate an already existing drought stress event (Salehi-Lisar and Bakhshayeshan-Agdam, 2016). Drought stress conditions are common because of global climate change across huge areas on a worldwide scale (Hasanuzzaman et al., 2013). In addition to drought, salt stress is regarded as a key cause of water shortage in plants (Mostofa et al., 2018). It was found that drought stress is the most adverse environmental factor that is mainly caused by temperature fluctuations, irradiance, and water scarcity, although drought stress exhibits chronic, inconspicuous influence and its multifaceted nature has a significant impact on physiological, biochemical, morphological, and molecular characteristics of C. sativum, with a negative impact on photosynthetic capacity (Xiong et al., 2022). Therefore, application of ZnO NPs is a better option to evolve various strategies for adaptations as well as make adjustments to cope with drought stress as presented in the current study (Seleiman et al., 2021).

The current study revealed that an appropriate amount of water supply is important for the growth and development of plants. However, a reduction in the water content of soil beyond 50% FC could significantly influence plant performance, grain yield, and quality due to drought stress (Khan et al., 2021). Furthermore, it was observed that water availability which is less than the optimal level in the rhizosphere inhibits plant development and hence plant nutrient intake as reported by previous studies (Elemike et al., 2019; Desoky et al., 2021). It could be due to the ability of plants to minimize resource consumption and regulate their growth to deal with severe environmental conditions such as drought (Kaur and Asthir, 2017). Our results revealed that modulation of stomatal conductance may play a vital role in the process of CO2 fixation and maintaining the relative water content during photosynthesis (Wankmüller and Carminati, 2022), while the distortion in signaling pathway and loss in turgor pressure occur as a result of stomatal closure due to vapor pressure under drought conditions (Jin et al., 2017). As a result, we observed the yellowing of leaves, leaf blistering, and stunted growth of plants (Cohen et al., 2021). Furthermore, the retarded growth in C. sativum plants under drought stress could restrict the cell expansion affected by water deficiency. Hence, to compensate for water shortage, stressed plants of C. sativum maintain their osmotic adjustment by increasing the amount of TSS, TPC, and TFC (Ghani et al., 2022). It was observed that the maximum PAR value plays a very vital role in enhancing the physiological features such as Pn, C, and E as compared with low PAR values as reported by Proietti et al. (2021). When plants of C. sativum were treated with water deficit regimes MDR and IDR, the SD and SI have been reduced to conserve water loss and maintain internal water balance (Ding et al., 2021). The DILP variety is unable to adapt to environmental circumstances for sustainable growth as a result of prevailing conditions due to poor water availability.

Moreover, the study revealed the role of TSS in drought tolerance through the modulation of membrane integrity (major component) and adjustment in the osmoregulation of plants (El Sabagh et al., 2019). The current study reported that foliar application of ZnO NPs significantly improved the amount of TSS under water deficit regimes, as shown in Figure 3A. Our results are consistent with the findings of Raeisi Sadati et al. (2022) and Khan et al. (2021). A higher amount of TSS under drought stress on the account of foliar application of ZnO NPs is a phenomenal adaptation of plants for osmotic adjustments (Sun et al., 2020). Therefore, through the accumulation of TSS in cells, it retains the RWC, stimulated the osmotic potential, and improved the drought tolerance in C. sativum (Sadak et al., 2020).

The increment in the concentration of Chlb on the account of foliar application of ZnO NPs in drought regimes is inconsistent with the findings of Gurmani et al. (2012) that describe the role of Zn in the enhancement of chlorophyll content in tomato. The same approach has been observed in another study in white lupin (Lupinus termis) (Latef et al., 2017). The reason behind this increase could be the role of ZnO in carbonic anhydrase (Zn metalloenzymes). This is a Zn derivative enzyme that facilitates the plants’ photosynthetic machinery for the efficient utilization of CO2 (Priester et al., 2017).

The data shown in Figure 2C indicate the substantial decrease in ABA amount in C. sativum when treated with ZnO NPs under both drought regimes. A noticeable reduction was observed in IR50 plants when treated with NPs (Khan et al., 2022). The possible phenomena may be the initiation of melatonin synthesis in C. sativum that improved the activity of antioxidant enzymes (Luo et al., 2022). This may ameliorate the drought tolerance through a reduction in ABA and increasing the osmo-protectants (proline and chlorophyll content) as described by Luying Sun et al. (2020). One of the other prospects is the inactivation of ABA produced under drought stress through the conjugation with soluble sugars, specifically glucose, to produce ABA-glucosyl ester as reported by Srivastava (2002). In addition, a previous report revealed the role of ZnO NPs in the facilitation of downregulation of ABA gene expression in strawberry (Fragaria ananassa), which further endorses our findings (Li et al., 2015). Our results showed an improvement in stomatal conductance when plants treated with ZnO NPs further confirmed the reduction in ABA content that plays a key role in stomatal operations under drought stress (Khan et al., 2022).

Bioactive compounds like phenols and flavonoids are actively produced under drought as secondary metabolites, as indicated in Figure 2C in our results (Zahir et al., 2014). Available reports revealed the improvement in phenol and flavonoid concentration on the account of foliar application of ZnO NPs. The improved concentration of phenols and flavonoids in IR75 when treated with 100 ppm ZnO NPs that has been reported in the current experiment is contradictory to the results of El-Zohri et al. (2021). This study showed that the foliar application of 100 mg/L of ZnO NPs decreased the phenolic content in tomato due to toxicity, or the results may be differ due to different plant types, cultivars, and climatic conditions, but a number of studies that supported our results are available (Javed et al., 2017). It may be due to the protective role of phenols and flavonoids that is produced by plants at the onset of foliar metal spraying, like ZnO NPs, as a defensive approach (Skórzy Ska-Polit et al., 2004). Furthermore, phenols act as metal-chelating agents, and ROS scavengers play an important role in retaining the homeostasis of cell (Phuyal et al., 2020; Kołton et al., 2022). Flavonoids may be used as flavonol peroxidase for the cleansing of H2O2 (ROS) under drought stress (Yamasaki et al., 1997). Therefore, a higher amount of phenols and flavonoids improves the antioxidant activity of C. sativum (Gharibi et al., 2016). We assumed that the higher concentration of TPC and TFC under the influence of ZnO NPs showed a mechanistic approach of C. sativum to tolerate drought stress.

The results showed that the foliar application of Zn enhanced stomatal magnitudes that could promote drought tolerance as described by Khan et al. (2004). It could be due to the involvement of Zn in the synthesis and regulation of various enzymes like carboxylases, alcohol dehydrogenase, and carboxypeptidase that enhanced cell division and expansion as described by Dimkpa et al. (2019), which improved the SL, SW, and PL. Furthermore, Zn maintained the concentration of K+ within the guard cell that maintained membrane integrity and improved the gs, which significantly improved the growth under a water deficit scenario (Khan et al., 2003).

Additional literature stated that these ZnO NPs increased the chlorophyll content, stomatal conductance, transpiration rate, and water use efficiency in drought conditions to improve photosynthesis and plant growth (López-Valdez et al., 2018; Alabdallah et al., 2021; Sun et al., 2021). This might be the result of the accumulation of secondary metabolites (TSS, TPC, and TFC) for osmotic adjustment under water shortage that improves the function of photosynthetic machinery as well as the overall yield of C. sativum (Ghasemi et al., 2017). In the end, we assumed that ZnOx NPs increased the tolerance of C. sativum against water stress by enhancing the stomatal attributes, which improved the photosynthetic rate to provide sustainable plant growth. The PCA revealed that TR2 and TR4 showed significant drought tolerance compared with other treatments. Therefore, the efficacy of 100 ppm ZnO NPs in the amelioration of stress tolerance may be used as a coping strategy against drought conditions for sustainable plant growth.



5 Conclusion

In this study, the foliar application of 100 ppm ZnO NPs play an effective role in the modulation of growth mechanism of Coriander sativum L. under two regimes of drought stress. The results showed that the foliar application of ZnO NPs improves the photosynthetic activity and chlorophyll content by regulating the Pn, E, and C. These NPs increased the amount total soluble sugars, total phenolics content, and total flavonoid content in drought stress regimes. The maximum stomatal density and stomatal index were observed in the abaxial surface (ABX) rather than the adaxial surface in foliar-supplemented ZnO NP plants. Furthermore, alterations in the dimensions of stomata like stomatal length, stomatal width, and pore length have been found as an adoptive strategy against drought regimes. These adaptive changes induced by ABA may be of significant importance for the survival and better growth of Coriandrum sativum with limited or no water supply. Therefore, these findings indicated that ABA-assisted drought tolerance is a prerequisite for plants to respond fully to drought. The PCA analysis revealed the efficacy of ZnO NP-induced drought tolerance in moderate and intensive stress regimes. Overall, the drought stress regime MDR showed better results in ZnO NP-treated plants. Our study assured the simplest approach to expose the efficacy of 100 ppm of ZnO NPs in the amelioration of drought tolerance in Coriander sativum by applying drought stress regimes for sustainable plant growth. To understand this complex phenomenon of tolerance though, ZnO NPs need to be evaluated further at the molecular and transcriptomic levels to explore the genome annotations with a future perspective of sustainable agriculture.
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Boron (B) deficiency severely affects the quality of sugar beet production, and the employment of nutrient-efficient varieties for cultivation is a crucial way to solve environmental and resource-based problems. However, the aspect of leaf photosynthetic performance among B-efficient sugar beet cultivars remains uncertain. The B deficient and B-sufficient treatments were conducted in the experiment using KWS1197 (B-efficient) and KWS0143 (B-inefficient) sugar beet cultivars as study materials. The objective of the present study was to determine the impacts of B deficiency on leaf phenotype, photosynthetic capacity, chloroplast structure, and photochemical efficiency of the contrasting B-efficiency sugar beet cultivars. The results indicated that the growth of sugar beet leaves were dramatically restricted, the net photosynthetic rate was significantly decreased, and the energy flux, quantum yield, and flux ratio of PSII reaction centers were adversely affected under B deficiency. Compared to the KWS0143 cultivar, the average leaf area ratio of the KWS1197 cultivar experienced less impact, and its leaf mass ratio (LMR) increased by 26.82% under B deficiency, whereas for the KWS0143 cultivar, the increase was only 2.50%. Meanwhile, the light energy capture and utilization capacity of PSII reaction centers and the proportion of absorbed light energy used for electron transfer were higher by 3.42% under B deficiency; KWS1197 cultivar managed to alleviate the photo-oxidative damage, which results from excessive absorbed energy (ABS/RC), by increasing the dissipated energy (DIo/RC). Therefore, in response to B deprivation, the KWS1197 cultivar demonstrated greater adaptability in terms of morphological indices and photosynthetic functions, which not only explains the improved performance but also renders the measured parameters as the key features for varietal selection, providing a theoretical basis for the utilization of efficient sugar beet cultivars in future.




Keywords: Beta vulgaris L., boron deprivation, chlorophyll fluorescence, gas exchange indices, ultrastructure



Introduction

Boron (B) is a metalloid and a beneficial element for maintaining the structural integrity of cell walls, which can reduce the uptake and accumulation of harmful substances in crops, thereby alleviating physiological damage caused by abiotic stresses (Qin et al., 2021; Qin et al., 2022; Yan et al., 2022). Negative alterations in these aforementioned physiological processes lead to a significant reduction in leaf area as well as biomass, retarded plant growth, and declined yield quality (Wang et al., 2015; Wei et al., 2022). Boron deficiency in soils is a widespread problem in agricultural production. Currently, B deficiency has led to reductions in yields of 132 crops in over 80 countries (Latifi and Jalali, 2018; García-Sánchez et al., 2020). Moreover, the exogenous application of B was reported to enhance dry matter synthesis and accumulation, which leads to an increase in crop yield (Zhou et al., 2013; Ahmed et al., 2020). Additionally, B plays a vital role in photosynthesis and transportation of the photoassimilates (Sharma and Ramchandra, 1990; Mishra et al., 2018). Boron deficiency is known to cause the impairment of leaf structure and function of the plant, resulting in reduced photosynthetic pigment content, reduced CO2 assimilation rate, and modulated blade expansion (Mukhopadhyay et al., 2013; Cong et al., 2015).

The cultivated land in China has a deficiency of B spreading across 33 million hectares. Sugar beet is an economic crop in northern China with a high B requirement. Low B-containing soils inevitably affect yield and sugar content, leading to lower economic returns from sugar beet cultivation and seriously limiting the development of the sugar industry in China. Different crop genotypes vary in their B requirements and utilization capacity (Pommerrenig et al., 2018). Employing B-efficient crops can effectively ameliorate the environmental risks associated with B administration and may help to promote sustainable agricultural development. Earlier studies on screening B-efficient grape cultivars (Vitis vinifera L.) have been reported as early as 1941 (Scott, 1941). Currently, the identification of B-efficient genotypes, with in-depth knowledge of physiological and molecular mechanisms, has been widely carried out in plants such as cotton (Gossypium spp) (Wu et al., 2018), oilseed rape (Brassica napus L.) (Yang et al., 2013), citrus (Citrus sinensis Obs) (Liu et al., 2017) and other horticultural crops.

In previous studies, 57 sugar beet cultivars grown worldwide for B utilization efficiency were identified (Song et al., 2021a; Wu et al., 2021; Song et al., 2022), and have obtained sugar beet B-efficient cultivars. Nevertheless, it is still unclear whether the physiological traits of B-efficient sugar beet cultivars correlate with leaf photosynthetic parameters under B-deficient conditions. The study investigated the changes and associations of leaf growth parameters, chloroplast ultrastructure, photosynthetic rate, and chlorophyll fluorescence (ChlF) parameters in sugar beet cultivars differing in B-efficiency under B deficit. Moreover, the study demonstrated how B-efficient cultivars responded to B stress, leading to changes in the leaf morphology, structure, and photochemical efficiency in different cultivars. This study will provide a theoretical basis for the utilization of B-efficient sugar beet cultivars in future breeding programmes.



Materials and methods


Plant material and growth indices

The current study was carried out at the experimental field of Heilongjiang University, Harbin (longitude: 126.61°, latitude: 45.71°), Heilongjiang, China. The B-efficient (H) genotyped sugar beet cultivar KWS1197 and B-inefficient (L) genotyped cultivar KWS0143 were selected from a previous study conducted by (Song et al., 2021a). The plants were cultivated in an artificial climate chamber (24°C/20°C). The sugar beets were cultured in 2 L containers and the roots were kept in the dark. The relative humidity was 65% and the photoperiod of seedlings was maintained 12:12 L to D; detailed information on the nutrient solution is presented in Table 1 (Hoagland and Arnon, 1950). The plants were cultivated in the quarter-strength nutrient solution (25 μM H3BO3) in the first 7 days, then transplanted with half-strength nutrient solution at 7-day intervals. The plants were cultured in B-sufficient (50 μM H3BO3, B50) and B-deficient (0.1 μM H3BO3, B0.1) nutrient solution from the 7th day (Song et al., 2021b); each treatment had three replications. The sugar beets were harvested at 28 d after treatment. The fresh weight (FW) was measured and oven dried to a constant weight at 60°C and dry weight (DW) to obtain the following parameters.


Table 1 | The nutrient solution composition used in this study.



	

Relative growth rate (RGR), net assimilation rate (NAR) and mean leaf area ratio (LARm) were determined according to the methods of Poorter (1999).



Measurement of gas exchange parameters

The net photosynthetic rate (Pn), stomatal conductance (Gs), transpiration rate (Tr), and intercellular CO2 concentration (Ci) of fully expanded leaves were measured by the LI-6400 (LI-COR., Lincoln, NE, USA) photosynthesis measurement system. Pn/Tr was used as the water use efficiency (WUE). portable photosynthesis measurement system. All measurements were performed between 9am and 12am, with relative humidity of 50–70%, CO2 concentration of 400 μmol mol−1, air temperature of 25°C to 28°C and photosynthetic photon flux density of 144 μmol m−2 s−1.



Measurement of chlorophyll pigments

The chlorophyll pigment contents were determined according to the method described by Li et al. (2022). The fresh leaves (0.2 g) were cut and immersed in 10 mL of 95% ethanol (48 h) and the absorbance values were measured at 665 nm, 649 nm, and 470 nm.

	

The content of chlorophyll pigments in the leaf was calculated by the following formula:

	



Transmission electron microscopy

The cell structure of leaves was analyzed according to the protocol standardized by Song et al. (2019). The blade sections (1mm×2mm) after immersing in 2.5% (v/v) glutaraldehyde solution (2 h), and washing with 0.1 M phosphate buffer (pH 6.8) for 15 min (3 times) at 4°C, were fixed in 1% (w/v) OsO4 for two hours, followed by immersion in ethanol. Post-embedding in Spurr resin, the samples were cut with an ultra-microtome and examined photographed under a transmission electron microscope (H-7500, Japanese).



Measurement of ChlF traits

The OJIP fluorescence induction curves of seedlings with different B efficiency under B deficient treatment were determined using Handy PEA (Hansatech Instruments Limited, Norfolk, UK). The OJIP curves were normalized to O-P and O-J: between Fo and FJ: Vt =(Ft−Fo)/(Fp−Fo), and the differences of samples to the CK (KWS0143 B0.1treatment); between Fo and FI: Wk=(Ft−Fo)/(Fk −Fo) and the differences of the CK (KWS0143 B0.1treatment), and IP phase: (Ft−Fo)/(FI−Fo)−1=(Ft−FI)/(FI−Fo). All ChlF parameters were measured following the methods described by Ye et al. (2019) and Wang et al. (2022). For this particular parameter, there were 9 replicates per treatment which were taken. Detailed information on the ChlF parameters evaluated in this study is presented in Table 2.


Table 2 | The ChlF parameters used in this study.





Statistics analysis

Significant differences in physiological parameters across the treatments were analyzed by one-way ANOVA using SPSS 25.0 (SPSS Inc, Chicago, IL) software. The illustration figure was drawn using Figdraw (https://www.figdraw.com/static/index.html). The graphs and PCA were drawn using Origin 2022 (Origin Lab Corporation, Wellesley Hills, Wellesley, MA, United States), whereas significant and extremely significant differences were expressed by “*” (P<0.05) and “**” (P<0.01).




Results


Effect of B deficiency stress on growth parameters of sugar beet seedlings with contrasting B efficiency

The development of different cultivars of sugar beet was inhibited by B-deficiency stress. The leaf mass ratio (LMR), support biomass of root (SBR), leaf mass fraction (LMF), and mean leaf area ratio (LARm), all showed an increasing trend under B deprivation. The LMR, LMF, and LARm of the KWS1197 sugar beet cultivar increased by 26.82%, 25.81%, and 56.15% respectively, while those of the KWS0143 cultivar increased by 2.50%, 11.32%, and 13.54% respectively. The increase was greater in the KWS1197 sugar beet cultivar than in the KWS0143 (Figures 1A–C, F). The RGR and NAR of the KWS1197 cultivar decreased by 9.17% and 41.91%, whereas for the KWS0143, it decreased by 13.60% and 24.13%, respectively (Figures 1D, E).




Figure 1 | Effect of different B levels on growth paraments of two contrasting sugar beet cultivars (B-efficient: KWS1197(H) and B-inefficient: KWS0143 (L) cultivar). LMR is leaf mass ratio (A). SBR is supporting organ biomass ratio (B). LMF is leaf mass fraction (C). RGR is relative growth ratio (D). NAR is net assimilation ratio (E). LARm is mean leaf area ratio (F). Different letters (a, b, c) within a column represent significant differences at P<0.05. The seedlings were treated with B deficient (0.1 μM H3BO3, B0.1) and B sufficient (50 μM H3BO3, B50).





Effect of B deprivation on photosynthetic and chlorophyll indices of different cultivars of sugar beet

The Pn, Tr, Gs, and Ci of the two sugar beet cultivars’ foliage decreased (P<0.05) under B deficient growth conditions. Compared to the B50 treatment, Pn, Tr, Gs, and Ci of KWS1197 cultivar decreased by 15.29%, 22.84%, 26.84% and 12.08%, respectively (Figure 2). Moreover, the WUE of different sugar beet cultivars increased under B0.1 treatment; compared to the KWS0143 cultivar, the WUE was greater in the KWS1197 cultivar. The chlorophyll pigment content of sugar beet leaves showed no significant changes in response to B deprivation. Under the B0.1 treatment, the KWS0143 cultivars showed a reduction of 13.26%, 7.87%, and 5.75% in Chl a, Chl b, and Chl a/b, respectively. However, in the KWS1197 cultivar, the reduction in Chl a, Chl b, and Chl a/b was only 3.98%, 5.22% and 1.38%, respectively (Figures 3A, B, D). These results showed how the KWS1197 cultivars maintained the chlorophyll pigment system under low B stress conditions. Furthermore, in B-deficient conditions, the car content of sugar beet leaves increased by 2.03% in the KWS1197 cultivar, while a 10.61% decrease was recorded for KWS0143 cultivar (Figure 3C).




Figure 2 | Effect of photosynthesis parameters in KWS1197 and KWS0143 cultivars. The seedlings were treated with B deficient (0.1 μM H3BO3, B0.1) and B sufficient (50 μM H3BO3, B50). Pn is the net photosynthetic rate (A), Tr is the transpiration rate (B), Gs is the stomatal conductance (C), Ci is the intercellular CO2 concentration (D) and WUE is the water use efficiency (E). Different lowercase letters (a, b, c) indicated significant differences between different treatment. Bars denote the mean (n=3) and error bars the standard error.






Figure 3 | Effect of chlorophyll pigments in KWS1197 and KWS0143 cultivars. The seedlings were treated with B deficient (0.1 μM H3BO3, B0.1) and B sufficient (50 μM H3BO3, B50) treatments. The chlorophyll pigments include the content of chlorophyll a (A), chlorophyll b (B) carotenoid (D) and the ratio of chlorophyll a to chlorophyll b (C). Different lowercase letters (a, b, c) indicated significant differences between different treatments. Bars denote the mean (n=3) and standard error bars.





Effect of B deprivation at the ultrastructural level

The microscopic studies revealed that the internal structure of leaf chloroplast was retained under the B0.1 treatment in KWS1197. In terms of internal cellular structure, under B50 treatment, the cell structure of different cultivars of sugar beet leaves was intact, chloroplasts were well developed (Figures 4B, D), the lamellar structure was neatly arranged, and starch granules were visible. However, under B-deficient conditions, the intergranular thylakoid structure was loose, and the lamella was disordered (Figures 4A, C). Compared to the KWS0143 cultivar, the chloroplast lamellae of the KWS1197 sugar beet cultivar were more stable under B deficiency. There was no apparent disorder of the cystoid matrix compared to the KWS0143 cultivar sugar beet.




Figure 4 | Changes in the subcellular structure of leaves of contrasting B efficiency sugar beet cultivars. The seedlings were treated with B deficient (0.1 μM H3BO3, B0.1) treatment in HB0.1 (A) and LB0.1 (C) and B sufficient (50 μM H3BO3, B50) treatments in HB50 (B) and LB50 (D). Chl, Chloroplast; M, Mitochondrion; SG, Starch Granule.





Effect of B-deprivation on the leaf OJIP transients and energy allocation parameters of PSII of sugar beet with contrasting B efficiency

Boron-deficient conditions caused significant changes in the ΔVt and ΔWk curves of different KWS1197 sugar beet leaves (Figure 5). In the study of ΔVt and ΔWk curves, it was found that in ΔVt curve, there were positive ΔK, ΔJ, and ΔI bands. The magnitude of change in the H sugar beet cultivar was less compared to the KWS0143 cultivar; there were ΔL-band in curve ΔWk. The OJIP curve, the Vt and Wk curves, and the (Ft-FI)/(FI-F0) curve did not show significant changes under B deficit. During B deficiency stress, the ABS/RC, TRo/Rc, and DIo/RC were suggested to increase. The ETo/RC and REo/RC decreased in the two sugar beet cultivars, reflecting increased energy uptake and dissipation in the PSII reaction center of individual reducible QA. However, in B deficiency, the electron energy transferred and the electron flux transported to the terminal electron acceptor of PSI for reduction was decreased, moreover the KWS1197 cultivar was less affected than the KWS0143 cultivar (Figure 6A). The quantum yield to flux ratio of the leaves of both sugar beet cultivars was affected by B deficiency, and its φPo, φEo, φEo/(1-φEo), φRo, ψEo, δRo, and δRo/(1-δRo) were reduced, indicating that the maximum photochemical efficiency, quantum yield for electron transfer, and quantum yield of the terminal electron acceptor on the reduced PSI receptor side, were all reduced by B-deficient stress; the KWS1197 cultivar was reduced to a lesser extent than KWS0143 cultivar (Figures 6B, D). In B deficiency, the flux per leaf cross section of different sugar beet cultivars were adversely affected, in which ABS/CSm and DIo/CSm increased. At the same time, REo/CSm and ETo/CSm decreased, while TRo/CSm indicated that the absorbed energy per unit leaf section increased under B deficiency. The energy flux captured by the PSII active reaction center was less affected when the transferred energy flux was reduced and heat dissipation increased (Figure 6C). In B-deficient conditions, PIABS, PItotal, DFABS, and DFtotal were reduced in the leaves of both cultivars, and the overall functional activity of PSII, PSI, and inter-systemic electron transport chains, as well as the collective driving force, were reduced but to a lesser degree in KWS1197 cultivar (Figure 6D).




Figure 5 | The effect of OJIP curve (A), Vt (B), ΔVt: the difference of Vt (C), Wk (D), ΔWk: the difference of Wk (E) and (Ft-FI)/(FI-F0) (F) of KWS1197(H) and KWS0143 (L) cultivars. The seedlings were treated with B deficient (0.1 μM H3BO3, B0.1) and B sufficient (50 μM H3BO3, B50) treatments.






Figure 6 | Relationships between parameters describing fluorescence and yield of photosystem II in KW1197(H) and KWS0143(L)cultivars. The seedlings were treated with B deficient (0.1 μM H3BO3, B0.1) and B sufficient (50 μM H3BO3, B50) treatments. The parameters of the energy flux of the PSII reaction center of reducible QA (A), quantum yield and flux ratio (B), phenomenological flux per unit leaf section (t= tFM) (C) and performance index (D). Values are means (n=9) after standardization.





Principal component analysis and correlation among the photosynthetic parameters

The main factors of chlorophyll fluorescence (ChlF) parameters in different sugar beet cultivars were investigated using PCA. PC1 distinguished the energy flux of the PSII reaction center of reducible QA from the quantum yield or flux ratio and the image-only flux per unit leaf section. The highest contribution of image-only flux per unit lobe cross-section indicates that these factors largely measure energy absorption, transfer, and dissipation in the PSII reaction center of reduced QA. PC2 distinguished the quantum yield from the energy flux in the PSII reaction center of reduced QA (Figure 7A). Correlation studies showed that the quantum yield was positively correlated with the ET0/RC and RE0/RC (Figure 7B).




Figure 7 | PCA of plant measured factors. (A) Loading plot, (B) correlation matrix. The plants were exposed to B deficient (0.1 μM H3BO3, B0.1) and B sufficient (50 μM H3BO3, B50) treatments.






Discussion

In current study, the KWS1197 cultivar was more advantageous in terms of leaf phenotypic traits, photosynthetic performance, and energy utilization of the PSII (Figure 8). Boron deficiency caused increased LMR and insignificant SBR changes in the two tested sugar beet cultivars, ultimately leading to an improved ratio of assimilated to non-assimilated tissues and a reduced plant growth rate. Compared to the KWS0143 cultivar, the higher growth rate of the KWS1197 seedlings suggest that this sugar beet cultivar’s foliage had a greater adaptive response to the B-deficient environment. It has also been shown that B-deficient growth conditions significantly reduced biomass in Sacha inchi and Neolamarckia cadamba (Yamuangmorn et al., 2021; Yin et al., 2022). Furthermore, a study conducted on citrus plants demonstrated that B-efficient genotypes experienced less reduction in biomass under low B conditions (Liu et al., 2015). Contrastingly, in a study based on B-inefficient genotype of Arabidopsis, the growth rate was significantly reduced, and growth/development was significantly delayed under B deprivation (Pommerrenig et al., 2018), which remains consistent with the present findings. Furthermore, it was revealed that B-deficiency stress significantly impacted the Pn of different sugar beet cultivar seedlings. However, the KWS1197 cultivar underwent lesser reduction and exhibited a rather greater net photosynthetic rate than the B-inefficient variety. Similarly, B deprivation was found to cause a decrease in Pn in cabbage and cotton plants by means of Hill reaction’s inhibition and a decrease in Ci (Choi et al., 2016). Previous studies have shown that B deficiency decreased gas exchange parameters in grapes, but the decrease was also smaller in B-efficient genotyped grape cultivars (Wei et al., 2022).




Figure 8 | Photosynthetic physiological mechanism of efficient B utilization in seedling leaves of sugar beet cultivars.



Some studies have found that B-deficient environments also affect photosynthetic pigments’ content. For example, B deficiency was found to reduce chlorophyll content in studies on citrus (Hua et al., 2017; Yan et al., 2022). Albeit, other studies have found an increase in chlorophyll content after short-term low B treatment (Chen et al., 2014). Conversely, a study on cotton found that chlorophyll content changed unremarkably when B-deficient stress reduced the Pn of leaves (Liu et al., 2017). The current study found that under B-deficient conditions, the amount of photosynthetic pigment did not change significantly. It might be because the duration of B-deficient treatment and the degree of B-deficient stress were associated, indicating that the change in photosynthetic pigment content in this study was not the dominant factor causing the decline in leaf photosynthetic rate. On the other hand, the effect of B deprivation on the photosynthetic performance of plants was also reflected in the damage to photosynthetic organs. In citrus studies, it was revealed that chloroplast structure was also damaged in B-deficient stress, leading to reduced CO2 assimilation (Yan et al., 2022), and thus affecting photosynthetic rate (Yang et al., 2022). The present investigation established that grana were disorganized and structurally abnormal under B deficiency. Notably, compared to the KWS0143 cultivar, KWS1197 showed a complete chloroplast structure and neatly arranged lamellar structure of leaves.

It has been demonstrated earlier that B deficiency does not directly damage the PSII and impact photosynthesis, but rather the photoinhibition caused by B deficiency is associated with abnormal carbon metabolism (Han et al., 2008). The adverse effects of B deprivation on the photosynthetic system can be reflected by PSII, which eventually causes alterations in fluorescence. The current study showed that the positive ΔK-band indicated OEC deactivation, fewer antenna complex connections, and a distorted thylakoid membrane. Furthermore, it ultimately led to reduced energy transfer and uptake efficiency, which was also observed in studies of nitrogen-deficient as well as calcium-deficient crops (Aleksandrov et al., 2014; Cetner et al., 2017). Additionally, with B deficiency stress, the ABS/RC increased while ETo/RC and ETo/CSm decreased; the DIo/RC and DIo/CSm tended to increase, indicating that B deficiency increased the light energy absorbed while decreasing the energy used for electron transfer in sugar beet seedling leaves, which is consistent with the appearance of a positive ΔK-band. While the dissipated energy increased (DIo/RC and DIo/CSm), which in turn could reduce the excess excitation energy (ABS/RC) in PSII and positively protect the integrity of the electron transport chain. The KWS1197 cultivar’s photochemical efficiency was higher than the KWS0143. In citrus, light energy absorbed also increased because of B deficiency, which implies a partial inactivation of the reaction center (Han et al., 2009) and an increase in the energy dissipated to avoid photo-oxidative damage (Aleksandrov et al., 2014), a mechanism to protect damaged leaves. The same conclusion has been drawn in studies on Lolium Perenne L. (Zhang et al., 2018).

The leading site of impaired electron transport is the inactivation of the PSII receptor side, which indicates the occurrence of photo-inhibition damage (Ye et al., 2019). During B-deficient stress, ΔJ-band and ΔI-band appeared in different cultivars of sugar beet leaves, indicating that B deprivation affected the reduction of the PSII receptor side and oxidation of the PSI receptor side, resulting in the photo-inhibition. It became apparent that φEo, φRo decreased in B deficiency (Figure 6B), demonstrating photochemical reactions on PSII for electron capture as well as transfer. The reduced efficiency of the photochemical reaction on PSII for electron capture and transfer, together with the reduced PIabs, reflects the impaired reduction of the terminal electron acceptors of PSI in sugar beet. The magnitude of change was less in the KWS1197 cultivar than the KWS0143. It was found in studies involving tomato seedlings that the light energy absorbed by the leaf PSII reaction center increased in the presence of reduced REo/CSm (Kalaji et al., 2014). The same finding was established in the present study, which could be a protective mechanism for sugar beet seedlings to enable energy availability under B deficiency.



Conclusion

The current study alluded that B deficiency retarded leaf growth and development of contrasting B efficiency sugar beet cultivars, reducing the photosynthetic rate and photochemical efficiency of the PSII. Meanwhile, inactivation of the PSII receptor side induced the onset of photoinhibition, limiting light energy transfer, and thus reducing the CO2 assimilation rate of sugar beet. The KWS1197 cultivar of sugar beet leaves in comparison with the KWS0143 cultivar under B deficient growth conditions had less reduction in Pn. Meanwhile, the KWS1197 cultivar was suggested to have an accumulation of biomass, a better intact structure of thylakoid, higher energy transfer and absorption efficiency in PSII, a stronger activity of OEC and reaction center, higher light utilization efficiency, and was exposed to a less degree of photoinhibition. The advantage of the KWS1197 cultivar in photochemical utilization under B deficiency is one of the critical reasons for the difference under B efficient conditions, which enriches the theoretical basis for the effective use of B nutrition in sugar beet. The present study will help the breeders understand and select the B-efficient cultivars of sugar beet by screening photosynthetic parameters, which were shown to correlate with biomass and yield parameters.
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Horticultural production is a vital catalyst for economic growth, yet insect infestations reduce horticultural crop yield and quality. Pesticides and other pest control methods are used during planting to eliminate pests that cause direct and indirect losses. In such situations, endophytic entomo-pathogenic fungi (EEPF) can act as a potential tools for biological control. They protect plants by boosting growth, nutrition, morpho-physiology and salt or iron tolerance. Antixenosis, antibiosis and plant tolerance change insect performance and preferences. EEPF- plant colonisation slows herbivore development, food consumption, oviposition and larval survival. EEPF changes plant physio-chemical properties like volatile emission profile and secondary metabolite production to regulate insect pest defences. EEPF produces chitinases, laccases, amylases, and cellulases for plant defence. Recent studies focused on EEPF species’ significance, isolation, identification and field application. Realizing their full potential is difficult due to insufficient mass production, storage stability and formulation. Genetic-molecular and bioinformatics can help to build EEPF-based biological control systems. Metagenomics helps study microbial EEPF taxonomy and function. Multi-omics and system biology can decode EEPF interactions with host plants and microorganisms. NGS (Next Generation Sequencing), comparative genomics, proteomics, transcriptomics, metabolomics, metatranscriptomics and microarrays are used to evaluate plant-EEPF relationships. IPM requires understanding the abiotic and biotic elements that influence plant-EEPF interaction and the physiological mechanisms of EEPF colonisation. Due to restricted research, there are hundreds of unexplored EEPFs, providing an urgent need to uncover and analyse them.




Keywords: horticultural crops, endophytic entomo-pathogenic fungi (EEPF), insects, biological control, EEPF- plant colonisation 

  1 Introduction

The current global population is estimated to be around 7.7 billion people, with a projected increase to 10 billion by 2050 (Etesami and Jeong, 2018). Population growth has a significant impact on the environment and climate change caused by human activities poses a serious threat to the food supply and people’s livelihoods (Food and Agriculture Organization, 2008; United Nations, 2019). With limited resources, the agriculture sector is struggling to feed such a large population. Intensive agriculture, defined by increased pesticide and fertiliser use and a lack of crop diversification poses a serious threat to biodiversity and ecological processes (Flynn et al., 2009). Although the global food system is more reliant on a few staple cereals, which account for roughly 60% of plant-based human energy intake, there is enormous potential to include horticultural produce to diversify diets and improve human health (Tiwari and Charuvi, 2021). The worldwide horticulture market is anticipated to be valued at USD 20.77 billion in 2021, rising at a CAGR of 10.2% to USD 40.24 billion by 2026 (GME, 2022). A variety of abiotic and biotic variables, however, have a detrimental effect on horticultural crop yield. Drought, salt, heat, and cold are the main abiotic stressors affecting horticulture crops and they can cause losses of up to 50 -70% (Tiwari et al., 2020), whereas biotic stresses, primarily insects and diseases, can cause losses of 40-60% (Oerke and Dehne, 2004). Amongst all biotic constraints, insect pests are one of the major concerns across the globe (Saha et al., 2020). Horticultural crop growers are most concerned with developing an eco-friendly management method that is compatible with the current pest control strategy, given the risks associated with overusing chemicals, such as pest resurgence, resistance, pesticide residue and biomagnification at higher trophic levels (Banjo et al., 2003). Entomopathogenic microorganisms are a non-chemical, sustainable pest management solution (Fanning et al., 2018). Entomopathogenic fungi (EPF) have cost-effectiveness, increased output potential, no pesticide residues, and enhanced biodiversity (Litwin et al., 2020). However, only a few genera, including Lecanicillium, Metarhizium, Hirsutella, Isaria and Beauveria have been commercialized as entomopathogens. Thus far, 12 species of Oomycetes, 65 species of Chytridiomycota, 339 species of Microsporidia, 474 species of Entomophtoromycota, 238 species of Basidiomycota, and 476 species of Ascomycota have been reported (Litwin et al., 2020). To date, more than 700 species from approximately 90 different genera have been established as insect-pathogenic fungi (important EPFs have enlisted in  Table 1 ) (Khachatourians and Qazi, 2008), while, only 170 strains have been formulated as mycopesticides and are available for commercial use (Bamisile et al., 2021). Metarhizium, Beauveria, Paecilomyces, Isaria and Lecanicillium-based biopesticides have all received widespread application (Chen et al., 2015). When it comes to controlling pests and fungal plant pathogens, Beauveria bassiana has the highest endophytic capacity among EPFs in roughly 25 plant species (Vega, 2018). While I. fumosorosea does not appear to have any major plant interactions. Although Isaria spp. are known to be susceptible to plant defence chemicals, I. fumosorosea isolates have been reported to be effective against root nematodes, Meloidogyne javanica despite very low infection rates (Inglis et al., 2001; Zimmermann, 2008). EPFs are highly host specific, UV instability and lesser ecological tolerance hinder their wider applicability. Keeping these in view, inhabiting/incorporating these fungi within plants could lead to noble ways to modify fungal entomopathogens’ interactions with plants (Cory and Ericsson, 2010). In addition to direct insect pest control, numerous fungal entomopathogens were documented to have within plant development history (Schulz and Boyle, 2005) as naturally existing endophytes and various successful attempts have been made to intentionally incorporate EPFs into plants (Vega, 2018). Various plant qualitative and quantitative characters were reported to be enhanced through the natural or artificial colonization of EPFs in plants (Klieber and Reineke, 2016). As a result, another possible strategy for combating horticultural crop pests could be to inoculate plants with highly virulent endophytic entomopathogenic fungi (EEPFs) (Arnold and Lewis, 2005). EEPFs colonise plants systemically, providing sustained resistance against insect pests and fungal entomopathogens. Due to a lack of research, many important EEPFs may remain operational but undetected. Some endophytes may become extinct due to pollution, habitat fragmentation, biodiversity loss, and deforestation (Kandalepas et al., 2015). These biological agent reservoirs should be researched for pest and disease management and to understand their variety and functionality in various agro-ecological zones. The current study focuses on the modus operandi of EEPF-plant association with insects, consequences and factors influencing the EEPF-tritrophic continuum, artificial inoculation of EEPFs in plant systems, and molecular approaches for unravelling the beneficial coordination, which can be used in plant protection measures.

 Table 1 | List of Entomopathogenic Fungi (EPF). 




 2 Fungal entomopathogens as endophytes

Endophytes are widespread in the plant kingdom, forming connections with a variety of organisms and providing secondary protection against pests (Hartley and Gange, 2009). Endophytic fungi are plant-associated microorganisms that colonise and live within a plant viz., roots, stems or leaves (Suryanarayanan, 2013) without adversely affecting it (Puri et al., 2016) and they can be either mutually beneficial root endophytes or plant-related endophytes (Vega, 2008). The relationship of endophytic fungi with higher vascular plants (Arnold and Lewis, 2005) is referred to be symbiotic because the former assists their hosts return for nutrients from the hosts and in return it provides indirect protection against herbivores (Quesada-Moraga et al., 2009). By infecting sucking pest complexes, lepidopteran larvae, and other cosmopolitan insects, fungal endophytes have the potential to function as bio-agents that cause disease in insects. It has been established that they can infect specific hosts while posing a risk that is negligible or nonexistent to other species, including those that are beneficial (Akutse et al., 2014). For example, Beauveria bassiana, has been identified as an endophyte in tomato (Ownley et al., 2004), cocoa (Evans et al., 2003), potato (Jones, 1994), date palm (Gómez-Vidal et al. 2009), bananas (Posada et al., 2007) and opium poppy (Quesada-Moraga et al., 2006). Successful inoculation of cocoa and coffee seedlings with B. bassiana has been achieved by applying a spore suspension to the radicle immediately after germination. In addition, inoculation of the the fungi Metarhizium brunneum in Capsicum annum (sweet pepper) (Jaber and Araj, 2018) and Paecilomyces sp. in Musa acuminata were also reported to be successful (Cao et al., 2002).


 3 Mechanism of successful colonization through EEPF offense vs. plant defense

The EEPF infection process begins with conidia, the fruiting body, which transforms into a germ tube after penetrating the host plant and becoming hypha (Dash et al., 2018). In both plants and insects, the infection process continues after entry into the host tissue (via natural openings of epidermal cells/mechanical pressure). The plant and the EEPF must first overcome a variety of environmental stresses that are critical for plant growth and development (Manoussopoulos et al., 2019). For EEPF-insect interactions, the genera Beauveria and Metarhizium have been reported to serve as general models (Moonjely et al., 2016), and these EEPFs follow similar modus operandi to enter and establish inside their plant and insect hosts, with similar genetic involvement, which could have resulted from gene duplication or horizontal gene transfer (Zhang et al., 2019), indicating co-evolved processes (Moonjely et al., 2016). Invading insects search for suitable plant hosts, recognise hosts through associated molecular patterns, accept and suitability mediated by asexual spore attachment to host surfaces and invade and multiply inside plant tissue, where the EEPF establishes itself after evading the insect’s immune system (Vega et al., 2012). Through its colonisation of plant tissues and infection of insects, EEPF forms a tripartite interaction in which it, the plant and the insect share nutrients ( Figure 1 ). Most of what is known about these connections come from the fungus Metarhizium robertsii, whose mycelium colonises root cells and soil-dwelling larvae (Behie et al., 2012). The results of sophisticated radioactive isotope studies suggested that M. robertsii absorb carbon from their host plant and transfer nitrogen from insects to their root systems (Behie et al., 2017). These studies monitored 15N and 13C in M. robertsii and plants and discovered that the fungus takes carbon from the plants and uses it to make chitin and trehalose, two types of fungal carbohydrates. As a result, we can hypothesise that EEPF, plants and insects engage in intricate tritrophic interactions. Different adhesion molecules, including MAD1 in M. robertsii, and hydrophobins in Beauveria, were reported to be required for spore adhesion to the insect cuticle (Zhang et al., 2011). Furthermore, certain surface proteins recognised insect cuticular proteins and initiated cuticular degradation. Following successful adherence, the conidia form hyphae, which then differentiate into blastospores in the insect haemocel, which produces beauvericin and destruxins, which are insecticidal metabolites that cause insect mortality (Barelli et al., 2016). In addition, EEPFs produce antimicrobial compounds in the dead cadaver to reduce microbial competition and ensure adequate nutrient allocation (Fan et al., 2017). In contrast to the establishment of EEPFs in insects, the EEPF-plant adhesion process is dependent on the adhesin MAD2, which is similar to MAD1 in insect adhesion (Behie et al., 2015). Metarhizium adhesion to plant epidermis was impaired by genetic deletion of MAD2 (Wang and Leger, 2007). Proteins such as Hyd1 (Hydrophobin1), Hyd2 (Hydrophobin2), Mrt (Metarhizium raffinose transporter), MrINV (extracellular invertase in Metarhizium), fungal-derived plant hormone (IAA), and plant hormone (SA). Furthermore, different EEPF LCOs (lipochitooligosaccharides) and plant SLs (strigolactones) act as signalling metabolites in plants - EEPF colonisation (Hu and Bidochka, 2021). After overcoming the first line of defence, the recognition of microbe or pathogen-associated molecular patterns (MAMPs or PAMPs) like conserved molecules and activating MAMP-triggered immunity (MTI) and/or pattern triggered immunity (PTI) is carried out by pattern recognition receptors (PRRs) present in plant cells (Newman et al., 2013); while plants secrete certain effector molecules, which induce effector triggered immunity (ETI) against the potential pathogen (Mendoza-Mendoza et al., 2018). A growing body of research suggests that beneficial microbes may evade ETI or short-circuit plant defence responses at the effector-triggered susceptibility state to allow successful colonisation of host roots or by evading recognition by removing or mutating recognised effectors (Zamioudis and Pieterse, 2012). Another notable example of PTI is the EEPF chitosan molecules, which have been shown to induce host defence (Sánchez-Vallet et al., 2015). LysM is a carbohydrate-binding module found in many extracellular proteins and receptors that recognise polysaccharides containing N-acetylglucosamine residues (in EEPF chitosan). Chitin and chitin polymers, as well as their modified form, chitosan, have been shown to induce host defence responses in a variety of horticultural crops. In the context of fungal endophytes, plant chitin-specific receptors (PR-3) recognise chitin oligomers produced on the fungal cell wall, which accelerates subsequent defensive reactions (Sánchez-Vallet et al., 2015). In response to plant defensive behaviour, EEPFs have been shown to elicit counteractive features such as molecule secretion for non-recognition of chitin, defensive enzymes and production of salicylate hydrolase to inhibit salicylic acid defence and a raffinose transporter and an extracellular invertase for sucrose hydrolysis in plant roots. EEPFs, on the other hand, devise mechanisms to protect themselves from plant defence mechanisms. Chitin deacetylases, for example, deacetylate chitosan oligomers, rendering them unrecognisable by plant receptors (Cord-Landwehr et al., 2016). In addition, certain defensive enzymes such as catalases (CAT), superoxide dismutases (SOD), alkyl hydroperoxide reductases (AhpC), peroxidases (POD) and glutathione-S-transferases (GSTs) are activated in response to oxidative burst (Zeidler et al., 2004). Although the details on all of the genes involved in EEPF-plant establishment are unknown, research on M. robertsii has highlighted the plant colonisation and endophytism mechanisms. The salicylic acid (SA) cascade is started by the plant’s immune system and is dependent on the rate at which spores adhere to and penetrate the plant (Martínez-Medina et al., 2017). Low spore adherence can lead to decreased root tissue penetration, which may allow B. bassiana to generate stronger endophytes. An examination of the activation of the immune system in plants in response to B. bassiana colonisation shows that it can overcome SA-dependent systemic acquired resistance by producing a (fungal) salicylate hydrolase enzyme. The fungus can grow endophytically without affecting the plant’s immune system. According to a study, M. robertsii’s establishment in plants depends on a raffinose transporter and a sucrose-hydrolyzing extracellular invertase (Fan et al., 2017). Root exudates contain raffinose and sucrose, which are required for M. robertsii rhizosphere proliferation and root competence. Plant offence and EEPF defence boost colonisation by making raffinose and sucrose available for EEPF growth and colonisation. EEPFs could provide multimodal protection for plants against phytophagous insects, either directly (e.g., poisonous chemical production) or indirectly [volatile organic compounds (VOCs)] to attract natural enemies. Understanding the tritrophic interaction involving EEPF- colonised plants is thus required, as described below.

 

Figure 1 | Host identification and establishment by entomopathogenic fungal endophytes involves diverse steps i.e. host recognition, suitable host finding, host acceptance and suitability followed by spore germination and penetration into host tissue leading to fungal colonization. This colonisation can occur in any of the plant parts preferably roots and leaves either intra or intercellularly, leading to diverse local and/or systemic biochemical and molecular genetic up-regulation. Various adhesion molecules, MAD1 in insects and MAD2 in Metarrhizium anisopliae and hydrophobins (Hyd1, Hyd2) in Beauveria bassiana, Mrt (Metarrhizium raffinose transporter), MrlNV (extracellular invertase in Metarrhizium), certain fungal derived plant hormone like IAA (Indole acetic acid) and SA (Salicylic acid) are considered to be essential for spore adhesion. While, certain LCOs (Lipochitooligosaccharides) and SLs (Strigolactones) promote EEPF- plant colonisation as signalling molecules, that initiates a chain of systemic reaction in plants, leading to EEPFs establishment in plants. Plant cell wall acts as the first line of defense, overcoming which EEPFs gain access to the innate immune system of plants after the MAMP (Microbe associated molecular pattern) or PAMP (Pathogen associated molecular pattern) is recognised by the plants, leading to activation of MTI (MAMP- triggered immunity) or PTI (Pattern triggered immunity). Further, plants secrete certain effector molecules, that leads to downstream synthesis of SA (Salicylic acid), JA (Jasmonic acid), NO (Nitric oxide) and generation of ROS (Reactive oxygen species), which enables the EPF (Entomopathogenic fungi) to overcome the ETI (Effector triggered immunity) (essential for pathogenesis) and making the plant susceptible for EEPF colonisation through ETS (Effector triggered susceptibility) (essential for endophytism). (A, Apoplast; C, Cytoplasm; N, Nucleus). 




 4 Consequences of multitropic interactions of EEPF in the trophic chain

Plant-associated microorganisms help plants, herbivores, and natural enemies interact. Endophytes can change host resistance to herbivores and natural enemies (Hatcher, 1995). Systemic or transitory endophytic colonisation provides multimodal protection to plants by affecting multitrophic relationships between pest species and plants, as well as between insect pests and their predators, parasitoids, and natural enemies (Quesada Moraga, 2020). Endophytes impact and modulate plant metabolic processes because they live in and interact with plants. In some cases, the benefitting plant and endophyte share a pathway to produce new compounds (Poling et al., 2008). Both partners can modify metabolite backbones to create new metabolites (Pimentel et al., 2011). The effects and consequences of EEPF colonisation at various trophic levels, as well as their interaction, are described below with appropriate examples.

 4.1 Trophic level one: EEPF and plant

With the gradual exposure to a wide range of positive effects imparted by endophytic fungi on their hosts, the close interaction between plants and endophytes has gotten a lot of attention. Fungal endophytes help to boost plant robustness (Khan et al., 2012), plant growth, nutrient intake capacity, photosynthesis, and plant hormone levels (Li et al., 2018). Recent studies have demonstrated that EEPFs have additive effects on host plant growth and development by enhancing plant height, plant weight and growth rate (Greenfield et al., 2016; Jaber and Araj, 2018). The insect derived nitrogen is transferred from endophytic Metarhizium spp. to the host plant and in turn it receives carbon from the host plant (Behie and Bidochka, 2014; Behie et al., 2017). Furthermore, the fresh weight of roots, shoots and the height of broard bean, Vicia faba were reported to increase after foliar treatment with EPF, B. bassiana, B. brongniartii, and M. brunneum (Jaber and Enkerli, 2017). Similiarly, tomato plants treated with M. anisopliae were reported to boost plant height, root length, shoot as well as root dry weight (Elena et al., 2011). Furthermore, soil drenching with fungal conidial suspension resulted in enhanced growth of sweet pepper (Capsicum annum) (Jaber and Araj, 2018). Numerous abiotic and biotic factors such as plant and microbe genotypes, climatic circumstances, the dynamics of interaction within the plant and soil biomes and the inoculation method were reported to influence the extent of endophytism (Raya-Díaz et al., 2017). Furthermore, plants are able to withstand biotic stresses (underground herbivory by nematodes, root-feeding insects) and abiotic stresses (salt, drought, heat stress) because EEPFs have been shown to release toxins that impede the development and proliferation of other competitors, including pathogenic organisms (Clark et al., 1989; Khan et al., 2012; Cosme et al., 2016).


 4.2 Trophic level two: EEPF and herbivore

Numerous studies have demonstrated that endophytic entomopathogenic fungi can inhibit insect pests that feed on microbe-colonized plants (Sánchez-Rodríguez et al., 2018). Endophytic fungi reduce insect herbivore damage by inhibiting insect development (Akutse et al., 2013), providing a feeding deterrent (Vega, 2008), retarding insect development and restricting insect survival and oviposition (Martinuz et al., 2012). According to Leckie (2002), the incidence of Helicoverpa zea was reported to be reduced in B. bassiana treated tomato plants. Klieber and Reineke (2016) observed 50% mortality and reduced longevity in the larvae of Tuta absoluta (Meyrick) on B. bassiana-treated tomato leaves. Moreover, Qayyum et al. (2015) found a reduction in H. armigera damage in tomato plants in response to B. bassiana colonisation. Similar results were also obtained by Posada et al. (2007) when the coffee berry borer (Hypothenemus hampei) was fed on B. bassiana-treated coffee plants. Furthermore, Akello et al. (2008) showed a comparable decline in the larval survival and overall population of the banana weevil, Cosmopolites sordidus (Coleoptera: Curculionidae). The bulk of these studies link insect pest damage reduction due to mycotoxin accumulation in plant tissues (Gurulingappa et al., 2011). Lozano-Soria et al. (2020) revealed that volatile compounds produced by two EEPFs, B. bassiana (Bb1TS11) and M. robertsii (Mr4TS04), can deter the banana Rhizome weevil, C. sordidus. Gas chromatography/mass spectrometry-solid- phase micro extraction (GC/MS-SPME) studies revealed the identification of 97 diverse VOCs, out of which seven VOCs (styrene, benzothiazole, camphor, borneol, 1,3-dimethoxy-benzene, 1-octen-3-ol and 3-cyclohepten-1-one) were found to have insect repellent activity (Lozano-Soria et al., 2020). B.bassiana has also been shown to have insect repellent properties against the palm weevil, Rhynchophorus ferrugineus. Whitefly, Bemisia tabaci does not prefer B. bassiana inoculated tomato seedlings, according to Wei et al. (2020), because of the formation of bioactive chemicals chitin and glucans. Destruxin A was discovered to be effective against whiteflies 48-72 hours after Metarhizium brunneum colonisation in diverse tissues of potato plants and melon leaves (Garrido-Jurado et al., 2017). However, not all fungi can colonise plants due to their inability to adapt to the plant’s nutrients (Mercado-Blanco and Lugtenberg, 2014). Transient fungal/plant interactions may remain for several days after spraying due to the broad distribution of leaves (Mantzoukas and Lagogiannis, 2019). According to recent studies, EPF’s temporary endophytic colonisation of plant tissues kills chewing and sucking insects that feed exophytically on plants (Resquín-Romero et al., 2016).


 4.3 Trophic level three: EEPF and natural enemy

The complete understanding of herbivores and EEPF colonized host plants require integration of the third trophic level (Price et al., 1980). The slow growth-high mortality hypothesis (SG-HM) revealed that the altered nutri-allelochemistry of the EEPF associated host plants prolonged the larval development that ultimately enhances the qualitative and quantitative foraging efficiency of predators and parasites (Clancy and Price, 1987). The multitrophic relationships among M. brunneum colonized host plants - pest Spodoptera littoralis (Boisduval) (Lepidoptera: Noctuidae)- natural enemy Hyposoter didymator indicated 33% higher parasitisation and reduced reproductive potential of the parasitoid on Spodoptera littoralis fed on M. brunneum inoculated host plants than on non-inoculated ones (Miranda-Fuentes et al., 2020). Moreover, the rate and time of Aphis gossypii (prey) consumption by Chrysoperla carnea and rate of mummification by Aphidius colemani was not significantly differed in response to endophytic colonisation by B. bassiana (González-Mas et al., 2019a). However, predator behaviour on aphids infesting B. bassiana endophytically colonised plants concluded the potential use of EEPFs in IPM programmes in combination with other biocontrol agents that would provide additive pest suppression (Gonzalez-Más et al., 2019b). EEPFs are safe and compatible with other biocontrol agents, but this less explored area requires a better understanding of potential changes in the chemical ecology of the plant post-colonization, multitrophic relationships between insects and plants, and insects and their entomophagous natural enemies. Endophytic colonisation of plants can modify volatile content, resulting in differential biotic and/or abiotic tolerance/resistance. When parasitoids and predators work with EEPFs, insect herbivores and plant damage are minimised. Jaber and Araj (2018) suppressed the green peach aphid (Myzus persicae Sulzer) with EEPF B. bassiana, M. brunneum and Aphidius colemani Viereck. Prior research suggests that EEPFs negatively influence natural enemies’ development, reproduction, and adult survival (Omacini et al., 2001; Kunkel et al., 2004). Mycotoxins travel from colonised plants to insects and ultimately to their parasites. Kunkel et al. (2004) claimed that endophyte-produced poisons could cause indirect harm to natural adversaries (Omacini et al., 2001). Insect herbivores that consume EEPF-colonized plants may be smaller and have less nourishment (Richmond et al., 2004).


 4.4 Effect of EEPF colonised plants on insect-natural enemy interaction through production of secondary metabolites

Aside from directly influencing tritrophic interactions, certain volatile organic compounds (VOCs) and secondary metabolites produced by EEPF-colonized plants have significant effects. Sphaeropsidin A (SphA) is a pimarane diterpene that has been shown to have larvicidal and phagodeterrent effects on lepidopteran insects such as Spodoptera littoralis (Andolfi et al., 2014). SphA was discovered to have contact and oral toxicity against the chewing lepidopteran S. littoralis, depending on its ability to perform SphA biosynthesis in vivo (Di Lelio et al., 2022). An in-vitro study reveals the sub-lethal effect of a partially-purified protein derived from the EEPF, Lecanicillium lecanii (Zimmerman), associated with solanaceous crops such as tomato, on the green peach aphid Myzus persicae (Sulzer). Furthermore, RT-qPCR expression analyses of key genes associated with the salicylic acid (SA) and jasmonic acid (JA) pathways were found to be upregulated and thus revealed significant negative effects on M. persicae survival and fecundity. The L. lecanii-derived protein was found to strongly enhance the SA associated genes PR1, BGL2, AOS, PAL, LOX and AOC, indicating the enhancement of systemic resistance in plants, implying that it should be purified and characterised as a novel biomolecule against aphids and other phloem-feeding insect pests (Hanan et al., 2020). Trichoderma harzianum Tr6 is also a potent inducer of induced systemic resistance (ISR) and can stimulate the immune system in plants and also adversely affect the host preference and egg production of Trialeurodes vaporariorum (Aldaghi et al., 2021). Furthermore, the systemic effects of EEPFs (Trichoderma asperellum, Gibberella moniliformis, B. bassiana, M. anisioplaie, and Hypocrea lixi) application on Vicia faba via seed treatment were observed and the aphid growth rate, offspring performance and fecundity were found to be retarded. Endophyte treatment was reported to reduce the number of Aphis fabae and Aphis pisum nymphs by 1.6-14.6 and 3.7-11.0 times, respectively, while endophyte seed treatment increased seedling survival by 20-100% compared to none in the control treatment at 20 days post infestation (Akello and Sikora, 2012). Individual or combined inoculation of Rhizophagus intraradices, an arbuscular mycorrhizal fungus and B. bassiana, an EEPF, resulted in increased levels of monoterpenes and sesquiterpenes in beet armyworm (Spodoptera exigua Hübner) - infected tomato plants, indicating a stronger terpenoid mediated defence response in host plants (Shrivastava et al., 2015). Four Trichoderma isolates, including two trichodiene (TD) (a non-phytotoxic VOC) producers (T34-5.27, E20-5.7) and their parental strains (T34, E20) were evaluated, and differential host preference (higher repellancy with the E20 strain) and altered emergence (reduced emergence with the E20 and T34 strains) of Acanthoscelides obtectus were observed in wild and cultivated common beans colonized by Trichoderma isolates (Rodríguez-González et al., 2019).


 4.5 Impact of climate change on EEPF and its interaction with tropic levels

Climate change affects many biological processes and may impact bottom-up and top-down agroecosystem characteristics through tritrophic interactions (Chidawanyika et al., 2019). Global warming can alter interspecies relationships and community structure (Boukal et al., 2019) and thus influence the variety, distribution and function of plant associated microorganisms (Cavicchioli et al., 2019). Plants interact selectively with their microbiota to upregulate abitic, biotic stress tolerance and growth enhancement (Rodriguez and Durán, 2020). Temperature impacts plants’ physiology, chemistry, life cycle stages, development and growth, which affects microorganism-plant interactions (Pieterse and Dicke, 2007). Sui et al., 2020 explored temperature - EEPF interactions and temperature-induced physiological changes (2020) in Zea mays and Beauveria bassiana. In the ambient temperature range, maize’s photosynthesis and respiration were reported to be increased (Bokhorst et al., 2010); PAL (Phenyl Alanine Ammonia Lyase) and PPO (Polyphenol Oxidase) are overexpressed in stress-adapted cells. Although B. bassiana develops at 200 to 300C, EEPFs develop normally at an elevation of 20 C (Rangel et al., 2010). Under elevated air temperature, maize had positive effects on B. bassiana (conidia yield, germination rate of conidia and virulence), while B. bassiana’s growth and biological characteristics remained unchanged. This suggests that elevated air temperature could shift the interactions between plants and EEPFs, possibly from mutualism to commensalism. Moreover, EEPFs’ rapid adaptation and ability to ‘transfer’ resistance to their hosts may speed plants’ climate change adaption, which can be regarded as positive feedback and better exploited for breeding varieties with higher colonisation potential of EEPFs to tolerate, adapt and mitigate climatic stresses. EEPFs may accelerate climate change responses in crops and wild plant communities and require efforts to improve EEPF-facilitated plant health. Such information could help develop better climate change mitigation methods for plant communities (Suryanarayanan and Shaanker, 2021).



 5 Constraints associated with EEPF colonization in plants and their artificial inoculation

Weather patterns and soil conditions strongly influence the biology and ecology of fungi. Only one-tenth of the 1.5 million fungal species in soil have been examined. The natural relationship of EEPFs with plants is influenced by climate, vegetation, soil, location, and human and other biotic activities (Bing and Lewis, 1991) (Behie et al., 2014). However, other elements have been observed to play a role, such as an inoculum density, growing medium, plant age and species and fungal species (Parsa et al., 2013). Success in the endophyte colonisation of a host plant also depends on the isolate or isolates of EEPFs utilised, the intended crop species, and the growth environment (Qayyum et al., 2015) ( Figure 2 ). However, a different study indicated that the growth media employed had a bigger impact on the plant’s endophytic colonisation than the inoculation strategy (Parsa et al., 2013). Thus, plants can be artificially inoculated with EEPFs using a variety of methods, such as foliar spraying, stomatal penetration, adhesion to the plant, seed dressing, soil inoculation, and even stem injections with varying results that could surpass the constraints associated with non-associated EEPFs in plants and thus affect the effectiveness of the fungal treatment and the degree of systemic colonisation (Vega et al., 2012). Colonisation can occur intracellularly, intercellularly, locally or systemically (Vega, 2018) or even vertically (Landa et al., 2013).  Table 2  contains a list of successful cases of artificial plant inoculation with endophytic EPF in horticultural crops. Because it is restricted and protected from both abiotic and biotic influences within the plant, endophytic EPF requires less inoculum than inundative applications to soil or substrate (Akello et al., 2008). Therefore EEPF’s isolation, identification, colonization, recovery, mass multiplication and commercialisation is of utmost concern in the present day. The potential roadmap for the commercialization of EEPF is detailed in flowchart form in  Figure 3 .

 

Figure 2 | Specific Factors affecting EEPF- plant –insect interactions. The tritrophic interactions involving EEPF-colonised host plants-insects-natural enemies are dependent on diverse biotic factors (fungal features of EEPFs, plants, the associated herbivores) and abiotic factors (environmental factors). Biotic factors: 1. Fungal features: include epizootic potential (Spores germination, Sporulation and Virulence), persistence, host range, isolation and characterization, spores localization/dispersal/mobility, potentials for mass production, suitability for storage and formulation, fungal toxicological and safety aspects, compatibility with other pest and disease control techniques. 2. Host features: Target host susceptibility & population, insect pests response to EPF volatile organic compounds, economic injury level, insect pests life stage, density and spatial distribution of spore in relation to release or inoculation strategy. Abiotic factors: 1. Environmental factors: Relative humidity (RH), temperature, soil moisture and pH, rain, irrigation, dew drops, solar ultraviolet radiation (UV). 



 Table 2 | Successful cases of artificial plant inoculation with endophytic EPF in horticultural crops against herbivore. 



 

Figure 3 | In recent years, EEPF-based plant protection strategies have received more attention. Current applications of these fungi do not support tailored formulations that would improve fungal colonisation near plant tissue and cause endophytism. Low fungal propagule stability during drying and storage, complex handling and high dosages and pricing per hectare are drawbacks. Formulation can improve all of these properties, bringing us closer to employing these EEPFs in IPM. Therefore, their isolation, identification, colonization, recovery, mass multiplication and commercialisation is utmost concern and the following steps can be adopted to develop commercialization roadmap of EEPF. 




 6 Integrated omics approaches to understand EEPF-host plant- insect interaction

The primary emphasis of these beneficial microbial associations was multitrophic interaction involving EEPF colonised plants-insects-natural enemies. However, the underlying physiological elements of endophyte-host interactions remain unknown. Identifying, isolating, and characterising the genes implicated in such beneficial connections is therefore crucial for efficiently regulating their interplay (Harith-Fadzilah et al., 2021). Plant-microbe interactions, particularly plant-EEPF interactions can be studied using multi-omics approaches. This thorough investigation of endophytic multi-omics data, from the genome to the metabolome, will aid in understanding their potential to biosynthesize secondary metabolites and lay the groundwork for the future development of this lucrative resource (Crandall et al., 2020). We explored the importance of several omics technologies in understanding the role of EEPFs and their interactions with related hosts in the following sections.

 6.1 Genomics approaches

Owing to advancements in genome sequencing technology, identifying the fungus isolated from plants is now a cheap and quick process. One of the most popular programmes for sequence alignment, Basic Local Alignment Search Tool (BLAST), is utilised in the in-silico identification procedure to determine the degree of similarity between the sequences (Altschul et al., 1990). First, the coffee (Coffea arabica) fungal endophytes were identified using the BLAST approach and it was found that there were 15 different species in the area, two of which, B. bassiana and Cladosporium rosea, demonstrated pathogenicity against the coffee stem borer (Vega, 2008). The sequencing revolution and computer techniques for assembling and annotating genome sequences made fungal genome reconstruction conceivable. Many specialised metabolites are generated by pathways encoded by physically nearby genes on fungal endophyte genomes. These microbial secondary metabolites are a major untapped resource of natural products (NPs) with agrochemical and medicinal applications. Quantity and composition vary on host plant type, plant development phases, environmental stress, and other factors affecting plant growth, such as insect-pest attacks (Baudoin et al., 2003; Gunatilaka, 2006).

Therefore, utilizing gene clustering in EEPFs that are organized into operon structures under a single promotor, several computational methods have been developed to identify metabolic gene clusters and pursue the discovery of specialized metabolites. Co-inheritance, co-transcriptional regulation, and coordinated post-transcriptional processes, such as protein synthesis export, are benefits of gene clustering. Genome sequencing and annotation for M. acridum and M. robertsii (Gao et al., 2011), B. bassiana (Xiao et al., 2012), and M. anisopliae (Pattemore et al., 2014) give information on secondary metabolite encoding. With so much genetic data, secondary metabolite gene clusters are abundant. The present objective is to tie biosynthetic gene clusters (BGCs) to as many known molecules as feasible and forecast the molecules that encode the most promising compounds. NP.searcher (Chavali and Rhee, 2018), ClustScan (Starcevic et al., 2008), CLUSEAN (Weber et al., 2009), antiSMASH (Medema et al., 2011), SMURF (Khaldi et al., 2010), MIDDAS-M (Umemura et al., 2013) and ClusterFinder (Cimermancic et al., 2014) like computational approaches have helped researchers uncover genes producing secondary metabolites like Non-ribosomal Peptide Synthases (NRPSs), NRPS-like enzymes, and polyketide synthases (PKSs). Most core enzymes were distributed into 75 BGCs (Wang et al., 2015). To comprehend and manipulate EEPFs, and clarify endophytes’ metabolic potential and beneficial qualities (Dinsdale et al., 2008), metagenomics allows the discovery of new genes, proteins or even full genomes of uncultivable organisms in less time and with more precision than conventional microbiological and molecular approaches, providing information beyond individual taxon genomics. Amplicon sequencing and whole genome shotgun sequencing are used to study the microbiome. Internal Transcribed Spacers (ITS) of nuclear ribosomal DNA (rDNA) serve as a marker to distinguish most fungal species since it is extremely repetitive and variable portions are flanked by more conserved DNA sequences (Hillis and Dixon, 1991; Schoch et al., 2012). Over 100,000 fungal ITS sequences generated by Sanger sequencing are stored in the International Nucleotide Sequence Database (INSD) and/or other databases, providing extensive reference material for identifying endophytic fungal species (Nilsson et al., 2009). PCR was used to identify endophytic fungi from diverse tomato plant parts. Using ITS1 and ITS4 primers, B. bassiana was validated based on sequence homology (Leckie, 2002). In another study, fungal-specific ITS1-F and ITS4 primers were used in coffee seedlings and a drop in B. bassiana colonisation was detected. This may be due to competition with other endophytes in coffee plants, such as Alternaria sp. and Chaetomium sp (Posada et al., 2007). Potent endophyte isolates of Aspergillus nidulans were reported with larvicidal activity against Spodoptera littoralis larvae on the sequencing of the flanking ITS regions (El-Sayed et al., 2020). A similar molecular approach was employed to identify 15 native EEPF species isolated from two insect hosts viz., Hypera postica and Gasteracantha fornicata to study their pathogenicity against the apple blossom beetle (ABB). In addition to molecular characterization, ITS region based phylogenetic analysis of the obtained isolates was also performed using MEGA (Kumar et al., 2008) for the identification of the isolates. The results showed that all the isolates of B. bassiana have significant effective activity against ABB adults (Uçar et al., 2022). The ITS (ITS4 and ITS5) sequence analysis of the entomopathogenic fungal isolates from cocoa seedling tissues were carried out and three naturally occurring fungal endophytes viz., Fusarium redolens, Trichoderma asperellum, F. solani, B. bassiana, Metarhizium sp. and Hypocrea sp were identified using molecular techniques. The latter three were reported to show high virulence against termites (Odontotermes sp.) (Ambele et al., 2020). 18s rDNA region of ribosomal RNA is another molecular marker broadly applied in molecular fingerprinting studies of fungi. B. bassiana isolated from Atractylodes lancea was identified based on the conserved sequences in the 18S rDNA (Lv et al., 2014).


 6.2 Transcriptomics approaches

Transcriptome analysis that is useful for identifying gene function (Iyer et al., 1999) (Yuan et al., 2019) include microarrays that represent almost exclusively mRNAs, i.e. genes translated into proteins. Microarray approach has now been replaced by RNA-Seq, a high-throughput RNA sequencing method (Wang et al., 2009). Transcriptome study of EEPF can help discover its secondary metabolites in two ways. Firstly, these methods can highlight co-regulated gene clusters which comprise such clusters that are separately involved in the synthesis of various secondary metabolites, but whose expression is linked. Secondly, transcriptome techniques can be applied to understand the relationships between genes and secondary metabolites or between genes and active traits (Mao et al., 2015; Cheng et al., 2020). Transcriptome analyses have also revealed the shifting of endophytes lifestyle from biotrophic to necrotrophic during adverse conditions such as reduced carbohydrate levels in bud (Ribeiro et al., 2020). The effects of two B. bassiana strains (BG11, FRh2) on Arabidopsis thaliana growth and resistance to two herbivore species (aphid, Myzus persicae and diamond back moth, Plutella xylostella) were studied (Raad et al., 2019) using transcriptomic and metabolomics approaches through microarrays, and upregulation and downregulation of defense-related phytohormones and glucosinolates (GLSs). Root injection with B. bassiana BG11 increased plant growth, while FRh2 did not. Both Beauveria strains showed no significant effect on Myzus persicae population increase or Plutella xylostella growth. Metabolomics microarray investigations of leaves from endophyte-inoculated A. thaliana showed transcriptional reprogramming of plant defence pathways, with strain-specific changes in the expression of genes linked to pathogenesis, phytoalexin, jasmonic (JA), and salicylic acid (SA) signalling pathways. B. bassiana colonisation did not increase JA, SA, or leaf GLSs profiles, which Brassicas use for defence. Thus, EEPF-plant associations can increase biomass and sesquiterpenoids accumulation in A. lancea by increasing photosynthesis efficiency, sink expansion (glycolysis and tricarboxylic acid cycle), and metabolic flux (sesquiterpenoids biosynthesis pathway). This study will help clarify plant-EEPF interactions (Yuan et al., 2018).


 6.3 Proteomics approaches

Besides the aforementioned technologies, the fungal secondary metabolome can also be studied from a proteomics perspective. Recent proteomic analyzes have paved the way for identifying important biomarkers and are able to explain post-transcriptional modifications that can occur during the synthesis of secondary fungal metabolites. Proteomics can also be used to study the fungal secondary metabolome. Recent proteomic analyses have helped discover significant biomarkers and explain post-transcriptional alterations during secondary fungal metabolite production. NRPS, PKS, DMATS, and 2D polyacrylamide gel electrophoresis (PAGE)-LC-MS/MS can be utilised to understand the secondary metabolome and protein alterations. Proteomics can be an effective technique for understanding plant-microbe interactions, despite the complexity of biological materials. Gómez-Vidal et al. (2009) studied the proteomic response of date palm to the endophytic colonization by various EEPF which included B. bassiana, L. dimorphum, and L. psalliotae isolated from infected Thaumetopoea pityocampa, Saissetia oleae and P. marlatti. Peptides were identified from MS/MS data used to search the nr-NCBI database using the MASCOT software (http://www.matrixscience.com). They identified proteins encoding R genes, proteins associated with stress responses, and smHSPs, to be differentially expressed in infected date palm plants as compared to healthy leaves. These proteins could play a role in plant defence against both biotic and abiotic stress. The study suggested that endophytic colonization of date palm tissue by EEPFs induces a plant defense response, possibly by alerting the plant’s innate immune system (Gómez-Vidal et al., 2009). Further molecular analysis studies conducted on plants infected with EEPFs revealed that endophytes induce important changes in plant metabolism, even if the plants do not show symptoms of endophytic infection. To study low abundance proteins, isobaric tags for relative and absolute quantification (iTRAQ) like strategies have been developed (Wiese et al., 2007; Taylor et al., 2008) which can help decipher the post-transcriptional modifications and proteomics experiments. However, recent advances in metabolomics have provided a facile method to directly detect secondary metabolites and also account for post-transcriptional as well as post-translational modifications. Gómez-Vidal et al. (2009) studied the molecular interactions between three EEPFs viz., B. bassiana, Lecanicillium dimorphum, Lecanicillium psalliotae and the date palm (Phoenix dactylifera) using proteomics techniques.


 6.4 Metabolomics approaches

Mass spectrometry is used in metabolomics to discover secondary metabolites in microbial cultures and de-duplicate molecules (MS). No separation or purification of fungal cultures is required before analysis therefore, enormous data sets are accessible. To organise MS/MS data by spectrum similarity, comparable sequences are grouped and representative sequences are identified. MS-based molecular cross-linking de-duplicates complex chemical samples like natural products. GNPS (Global Natural Products Social Molecular Networking) archives and makes available processed MS/MS spectrum data (Wang et al., 2016). Together, molecular bridging and GNPS can aid in the identification of certain chemical classes and substances, allowing researchers to better prioritise samples for follow-up analysis. The effects of B. bassiana inoculation on lettuce plant development, tissue nutrient content, and proximate composition were investigated, and it was observed that the B. bassiana strain induced a mean insect death of 78% at the maximum dose (1 × 108 conidia mL−1). Up to 76% of plants were endophytically colonised by B. bassiana when exposed to 1 x 108 conidia mL-1. Endophytic colonisation had a substantial effect on the plant’s tissue carbon content, which was also connected with the lettuce plants’ antioxidant capacity. Plants treated with B. bassiana had higher FRAP (Ferric ion reducing antioxidant power) and TEAC (Trolox equivalent antioxidant capacity) (antioxidants) than those not treated. Further, phytochemical and proximate investigations may shed light on the plant tissue’s macronutrient, micronutrient, and antioxidant composition. The connection between carbon concentration and antioxidant ability may be further understood through metabolomics research in the future (Macuphe et al., 2021).



 7 Conclusion and future perspectives

EEPFs protect plants from insects, parasitic nematodes and disease pathogens; they promote nutrient uptake, and improve abiotic stress tolerance. Understanding how EEPFs promote nitrogen uptake in host plants might help organic and inorganic fertiliser users save money. EEPFs’ ability to improve plant tolerance to abiotic stresses like heat, salt, and drought can add a new dimension to their interaction with host plants and could be explored or used in agriculture not only to mitigate pests and/or diseases under climate change conditions, but also as an alternative to EPF auto-distribution in inundating applications. Because EPFs applied as inundative sprays for short-term pest control are susceptible to environmental factors, EEPFs residing within plant tissues can help overcome this limitation. When successfully established as endophytes in plants, EPFs can provide long-term, sustainable protection against pests and diseases in horticultural crops. Multi-omics data, including downstream signalling processes, can reveal their nutri-metabolic role as a sustainable pest control tool. The review focuses on the EEPF-plant beneficial relationship on tritrophic interaction, mode of colonisation in diverse horticultural crops, and molecular and biochemical interactions involved in EEPF-mediated insect and natural enemy performance. The current review suggests the following conclusions and future developments.

 7.1 Qualitative and quantitative alteration of host plant nutrients

It has been reported that EEPF infested plants impact herbivory and the feeding and survival of natural enemies. Through altered VOCs produced by EEPF- colonised plants, EEPF- plant colonisation considerably affects and modulates the insects’ preference, performance, as well as natural enemies’ functional and numerical host finding efficiency. Endophytic fungus-inoculated plants have a distinct profile of volatile organic chemicals than endophyte-free plants, which attracts more insect herbivores. The ecological effect of EEPF in the host plant-insect-natural enemy interaction must be described.


 7.2 Enhancing nutritional quality of plants

Certain growth and development promoting factors that are caused by EEPF colonisation include nutritional enrichment of plants, morpho-physiological development and tolerance and/or sustenance of varied biotic and/or abiotic challenges and increasing leaf cholorophyll contents.


 7.3 Increasing constitutive and induced plant defense

Although plants have morpho-chemical constitutive and induced defence mechanisms against various sucking and chewing pests, EEPF association has been shown to increase the protective layers of the plants, promoting both intrinsic and extrinsic resistance.


 7.4 Constraints in wider application

Though EEPF colonisation has been recorded intracellularly, intercellularly, locally, systemically, and even vertically, research on the artificial establishment of EPF in plants for endophytic colonisation is still in its infancy for pest management. Furthermore, when compared to inundative biological control, EEPFs require a lower inoculum dose, which can be beneficial to farmers in the long run. Pest management in today’s world requires plant protection options that are both economical and environmentally sustainable; EPF can certainly assist. The inclusion of EPF in plants as endophytes seems like a highly fascinating and promising strategy in horticulture crops, but its wider use has been hampered by certain climatically unfavourable situations. Commercially, supplying pre-colonized tomato plants through seedling inoculation may be a good alternative (Silva et al., 2020). EEPF inoculation in horticultural crops may be preferable to chemical applications because of its potential for long-term economic and ecological benefits. When comparing the cost-benefit ratio of different biocontrol methods, such as introduction (classical biological control), augmentation, and conservation, the cost-benefit ratio for classical biological control is extremely favourable (1:250), while the cost-benefit ratio for augmentative control is comparable to that of insecticides (1:2-1:5), with much lower development costs (Bale et al., 2008). EEPFs that establish in the host plants frequently yield larger economic returns than a pesticide application, although the initial stages of identification, isolation and characterization and inoculation methods might be more expensive than for pesticides. In contrast to what has been reported in the past, the danger of resistance and undesirable side effects is higher in chemical control, while the profit per unit of money invested and specificity are higher for biocontrol agents (van Lenteren, 1997; Bale et al., 2008). Although this has not yet been investigated, it is possible to compare the pros and downsides of using pesticides against inoculation EEPFs on horticultural crops.


 7.5 Lesser explored areas

Despite extensive research on EEPFs, only a few species have been investigated. Because of the scarcity of research in this field, it is often assumed that there are thousands more unknown EEPFs. As a result, there is an urgent need to identify and assess these unknown EEPF strains. Molecular methods and bioinformatics tools may be useful in uncovering this hidden treasure. Studies in the future may concentrate on isolating, identifying, and characterising EEPFs, as well as providing qualitative and quantitative estimates, elucidating structures, and screening the structure-activity link of biologically active molecules.


 7.6 EEPF study beyond omics

Many bioactive agrochemicals are derived from secondary metabolites produced by endophytes. The current reliance on plants as a source of bioactive compounds can be reduced by the discovery of drugs based on natural products through the EEPF. Fungal endophytes may represent a substantial untapped resource of bioactive natural products/biotic insecticides, as their genomes can be sequenced to reveal previously unknown specialised metabolites and their production methods. In most cases, evidence of endophyte-host mutualism studies were only confined to Beauveria sp and Metarrhizium sp. There are still many uncovered areas and undiscovered genera of EEPFs, that could potentially serve to understand the intricate yet complicate relationships among host plants- EEPF colonisation on insect-natural enemy interaction. Further studies on the involvement of different receptors, patterns as well as effector molecules that lead to diverse physiological mechanisms in endophytes colonisation, intra and interplant movement of fungal inoculum, EEPF- plant association on insect abundance, survival, preference and response of natural enemies are limited. Additionally, an in-depth knowledge of the abiotic and biotic variables that influence the insecticidal action of EPF and their endophytic behaviour is required for the actual introduction of EEPFs into the IPM programmes.

Though EEPFs have been the subject of a great deal of research, only a small fraction of species have been examined thus far. Due to a lack of investigation, it is widely assumed that there are still thousands of endophytes that have yet to be discovered. Consequently, identifying and assessing these unidentified endophytic strains of EEPFs is of utmost importance.
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Introduction

It is well known that different ecotypes adopt different mechanisms to survive under environmental stress conditions. In this regard, each ecotype showed different type of modifications for their existence in a specific habitat that reflects to their ecological success.



Methods

Here, differently adapted ecotypes of Bermuda grass [Cynodon dactylon (L.) Pers.] were collected to evaluate their differential structural and functional modifications that are specific to cope with environmental stress conditions. The soil that adheres ecotypes roots were highly saline in case of DF-SD (Derawar Fort-Saline Desert), UL-HS (Ucchali Lake-Hyper Saline) and G-SSA (Gatwala-Saline Semiarid) ecotypes. Soils of S- HS (Sahianwala-Hyper Saline), S-SW (Sahianwala-Saline Wetland) and PA-RF (Pakka Anna-Reclaimed Field) were basic (pH 9 to 10). Soils of UL-HS and PA- HS (Pakka Anna-Hyper Saline), KKL-S (Kalar Kahar Lake-Saline), BG-NS (Botanic Garden-Non Saline) and G-SSA were rich in organic matter, and soil of BG-NS and DF-SD were rich in minerals. Anatomical modifications were performed by using the free hand sectioning technique and light microscopy.



Results and Discussion

DF-SD is one of the best ecotypes which showed anatomical modifications to cope with environmental changes. These modifications included stem cross-sectional area and leaf sheath thickness that contribute towards water storage, vascular tissues for proficient translocation of solutes and trichomes that provide resistance to water loss. On the other hand, sclerification in root is the only notable modification in the Gatwala Saline Semiarid (G-SSA) ecotype from saline arid habitat where rainfall is not as low as in the Cholistan Desert. Two ecotypes from hyper-saline wetlands, UL-HS and KL-HS showed increased number and size of vascular tissue, central cavity and sclerification in stem which are important for solutes conduction, water loss and salts bulk movement, respectively. The ecotype from reclaimed site was not much different from its counterpart from hyper-saline dryland. Overall, anatomical modifications to maintain water conservation are key mechanisms that have been identified as mediating stress tolerance in C. dactylon ecotypes.





Keywords: ecotypes, environmental heterogeneity, sclerification, trichomes, water conservation



Introduction

Plants survival in various environmental conditions depends on morphological, physiological and anatomical adaptive modifications (Jia et al., 2021), which is often genetically fixed during evolutionary history under a particular set of environments (Hoffmann and Willi, 2008). Such adaptive characteristics have been reported in many species or even populations/ecotypes of same species, for example Cenchrus ciliaris, Elymus nutans, Phragmites karka and Sporobolus virginicus (Abideen et al., 2015; Mansoor et al., 2019; Qi et al., 2020). It is also evident that different ecotypes responded differently or adopt different mechanisms for their survival under environmental stresses (Mansoor et al., 2019; Sarwar et al., 2022).

Anatomical modifications are strongly responsive to environmental factors and greatly help in the identification of plant species, cultivars and populations of same species (Valladares et al., 2014; Wyka et al., 2019). These anatomical modifications can minimize detrimental effects of environmental stresses (Poljakoff-Mayber, 1988). For instance, plant capacity to maintain high water potential was largely explained by the anatomical modifications including cuticular composition, greater leaf thickness, and stomatal behavior that were associated with increased resistance to water flux (Bolger et al., 2014), Thus structural modifications are important to assess degree of tolerance in plant species under variety of environmental stresses in addition to other physiological and biochemical processes (Moray et al., 2015). In this context, structural development and modification are crucial in the survival and growth of plants under harsh climatic conditions (Li et al.2022; Li et al., 2021). Modifications such as pubescence or salt hairs and glands (Ahmad et al., 2016), aerenchyma formation (Watson et al., 2015), succulence, stomatal size, density and orientation, bulliform cells (Manokari et al., 2021; Iqbal et al., 2022) and high plasticity vessel numbers and lumina contribute to the prevailing water availability (Beniwal et al., 2010). Moreover, efficient water-conducting vessels (Al Hassan et al., 2015) and intensive sclerification are critical for water conservation and salt tolerance in saline, hot and arid environments (Tanase et al., 2016).

Cynodon dactylon (L.) Pers. is extensively grown worldwide and is widely distributed in almost all environmental conditions (Shumail et al., 2022), but more recently, the area of interest is low freezing temperature that can affect its distribution (Chen et al., 2015). C. dactylon tolerance to environmental stresses has been well documented in many studies such as salinity (Yin et al., 2022), aridity (Akram et al., 2015), freezing (Hu et al., 2016), high temperature (Yu et al., 2015), high altitudes (Aćić et al., 2015) and waterlogging (Yuan et al., 2022). Ecotypic variability in this C4 perennial grass is tremendously high (Casler, 2022; Schiavon et al., 2016) and that might be the reason of occupying a variety of habitats including river and canal beds (Chirebvu and Chimbari, 2015), forests (Joubert et al., 2015), wastelands (Nowak et al., 2016), prairies, savannas and grasslands (Radutoiu, 2015).

Plants incorporate genetically-fixed adaptive features to cope with environmental changes (Hufbauer et al., 2015; Bachofen et al., 2021). At the anatomical level, several plant traits have been identified. However, understanding how trees acclimate to alkaline and saline soils and to natural fluctuations in environmental stress requires further research. Therefore, field trials were performed to investigate the evaluation differential structural and functional modifications that are specifically of ecological significance. We hypothesized that differently adaptive populations might have some specific adaptations to cope with environmental heterogeneity to which they are exposed.



Material and methods


Collection sites

Various ecotypes of [Cynodon dactylon (L.) Pers.] were selected from the Punjab, Pakistan (Figure 1) from different ecological conditions (Table 1). The ecotypes, DF-SD (Derawar Fort-saline desert), S-HS (Sahianwala-Hyper Saline) and G-SSA (Gatwala-Saline Semiarid) were selected from saline arid regions. Ecotypes KL-HS (Khabbeki Lake-Hyper Saline), UL-HS (Ucchali Lake-Hyper Saline) and KKL-S (Kalar Kahar Lake-Saline) were from saline lakes in the Salt Range. Ecotypes S-SW (Sahianwala-saline wetland) and T-SW (Treemu-saline wetland) were from saline waterlogged areas. Two ecotypes were from salt-affected wasteland, PA-SW (Pakka Anna from Hyper saline wasteland) and PA-RF (Pakka Anna- Reclaimed field). Two ecotypes were from non-saline well moist habitats, MG-RB from Muzaffargarh-river bank and BG-NS from Botanic Garden-non saline habitat.




Figure 1 | Map of the Punjab, Pakistan showing collection sites of Cynodon dactylon ecotypes.




Table 1 | Soil physio-chemical characteristics of the selected habitats from Punjab, Pakistan.





Soil analysis

The soil that adheres the roots was taken (from 16 cm depth) from each habitat to analyze the physico-chemical characteristics (Table 1). Soil pH and EC were measured by pH/EC meter (WTW series InoLab pH/Cond 720). Sodium (Na+), potassium (K+) and calcium (Ca2+) contents were determined on flame photometer (Jenway, PFP-7), whereas Cl─ contents on chloride meter (Model 926; Sherwood Scientific Ltd., Cambridge, UK), Available phosphorus in soil was determined by the method of Bray and Kurtz (1945) and magnesium (Mg2+) was determined by the method of Richards (1968) with an atomic absorption spectrophotometer (Model Analyst 3000; PerkinElmer, Norwalk, CT).



Light microscopy analysis

Permanent slides of Transvers sections of root, stem, leaf sheath and leaf blade were prepared by free-hand sectioning technique. Series of ethanol for dehydration of transverse sections and a standard double-satining (safranin and fast green) procedure were used by Sass (1951).

Photographs were taken by a camera-equipped light microscope (Meiji Techno: MT4300H USA). 



Statistical analysis

The data were subjected to analysis of variance in completely randomized design with factorial arrangement and three replications. The data were also subjected to redundancy analysis using Conoco 4.5 computer software.




Results


Soil physico-chemical characteristics

Soil at DF-SD was highly saline where ECe 25.1 dS m-1 was recorded with Na+ concentration 4253.4 mg Kg─1 and Cl─ 2351.9 mg Kg─1. ECe at two other highly saline sites, UL-HS and G-SSA, was over 19 dS m-1, where Na+ was over 4000mg Kg-1 and Cl─ over 2000mg Kg-1 (Table 1). Soil of S-HS was strongly basic with pH 10.1 whereas other two sites S-SW and PA-RF also have basic soil with pH about 9. The maximum organic matter was recorded in the soils of UL-HS and PA-HS with (1.4%) whereas at other three sites KL-HS, BG-NS and G-SSA, it was 1.3%. The maximum available P (16.1 mg Kg-1) was recorded at BG-NS, which was followed by that in DF-SD. The maximum Ca2+ (288.2 mg Kg-1) and K+ concentration (64.9 mg Kg-1) was recorded at DF-SD. There was a little variation in soil Mg2+at different study sites (Table 1).



Root microscopic analysis

Variation regarding anatomical characteristics was exceedingly high. The thickest roots were from UL-HS, which were significantly higher than the second best from S-HS (Table 2; Figure 2), and the thinnest root were recorded from BG-NS. The maximum epidermal cell area was recorded in KKL-S, followed by that in S-HS. The minimum value was recorded in the T-SW that was significantly lower than the second minimum from M-RB.


Table 2 | Root Anatomical characteristics of the selected habitats from Punjab, Pakistan.






Figure 2 | Root tranverse sections of Cynodon dactylon ecotypes collected from the Punjab, Pakistan DF-SD, Derawar Fort-Hyper Desert; M-RB, Muzaffar Garh-River Bank; KL-HS, Khabbeki Lake-Hyper Salin; UL-HS,Ucchali Lake-Hyper Saline; KKL-S; Kalar Kahar Lake-Saline; T-SW, Treemu-Saline Wetland; S-SW, Sahianwala-Saline Wetland; Sahianwala-Hyper Saline; PA-HS, Pakka Anna-Hyper Saline; PA-RF, Pakka Anna-Reclaimed Field; BG-NS, Botanic Gardine-None Saline; G-SS, Gatwala-Saline Semiarid.



Cortical region thickness varies from 693.6 µm2 at S-HS to 174.1 at DF-SD site. Thick cortical region was also recorded in the ecotypes from three sites (M-RB, UL-HS and S-SW), which were over 550 µm2.Variation in cortical cell area was tremendously high and the maximum cortical cell area was recorded in the ecotypes from S-SW, which was about two-fold greater than the second maximum KL-HS. The minimum of this parameter was recorded in the ecotype from DF-SD. Endodermal cell area was the maximum in ecotype from KL-HS, closely followed by the ecotypes from S-HS and UL-HS. The minimum of this characteristic was recorded in the ecotypes from DF-SD (Table 2; Figure 2).

Aerenchyma in the root cortex was recorded in all Cynodon dactylon ecotypes, the S-HS ecotype the maximum of this characteristic, which was about 2-folds greater that the second best M-RB. The ecotypes from saline wetlands (KL-HS and UL-HS) also had large aerenchyma in their cortex (Table 2; Figure 2).

Metxylem area was the maximum in the ecotype from saline wetland UL-HS, which was closely followed by the ecotypes from another saline wetland KL-HS. Two ecotypes from highly salt-affected areas (S-HS and PA-HS) also showed large metaxylem vessels. The S-SW showed the minimum of this characteristic (Table 2; Figure 2). Three ecotypes (KL-HS, UL-HS and S-SW) surpassed all other ecotypes regarding phloem area, all from highly saline wetlands. The minimum value for phloem area was recorded in two ecotypes, BG-NS and G-SSA.

Pith area was maximum in plants from UL-HS, which was closely followed by that recorded in S-HS, while minimum was recorded in S-SW ecotype. Pith cell area, however, showed slightly different trend and the maximum was recorded in S-HS ecotype that was significantly higher than the second best UL-HS, while the minimum pith cell area was recorded in G-SSA (Table 2; Figure 2).




Stem microscopic analysis

Stem area was maximum in BG-NS ecotype, it was followed by that recoded in DF-SD. The minimum stem area was noted in M-RB ecotype. Epidermal cell area was maximum in KL-HS, which was followed by the saline desert habitat F-SD. The minimum value for epidermal cell area was recorded in two ecotypes, M-RB and S-HS (Table 3; Figure 3).


Table 3 | Stem anatomical characteristics of the selected habitats from Punjab, Pakistan.






Figure 3 | Stem tranverse sections of cynodon ecotypes collected from the Punjab, Pakistan. DF-SD, Derawar fort-saline dessert; M-RB, MUZAFFAR GARH-RIVER BANK; KL-HS, khabbeki lake-hyper saline; UL-HS,Ucchali Lake-Hyper Saline;KKL-S; Kalar Kahar Lake-Saline;T-SW,Treemu-Saline Wetland; S-SW, Sahianwala-Saline Wetland; S-SH, Sahianwala-Hyper Saline; PA-HS, Pakka Anna-Hyper Saline; PA-RF, Pakka Anna-Reclaimed Field; BG-NS, Botanic Garden-non saline; G-SSA, Gatwala-saline semiarid.



Cortical region thickness was the maximum in T-SW, which was followed by the cortical thickness in G-SSA and KL-HS. The BG-NS ecotype showed the minimum of this characteristic. Cortical thickness showed a different trend from that recorded in case of cortical region thickness, the maximum was recorded in G-SSA and the minimum in S-SW. Sclerification, however, was more intensive in heavily salt affected habitats, the maximum was recorded in DF-SD, which was more than 2-folds greater than the second maximum in UL-HS. The minimum sclerification was recorded in two ecotypes, BG-NS and KKL-S (Table 3; Figure 3).

Number of vascular bundles was observed maximum in DF-SD, significantly more than the second best PS-HS. Vascular bundle area and phloem area also showed similar trend, being the maximum in DF-SD. The minimum value for vascular bundle number, as well as vascular bundle area and phloem area was recorded in BG-NS. Wide metaxylem vessels were recorded in the ecotypes from saline lakes, the maximum was recorded in UL-HS, followed by that in KKL-S. The minimum of this characteristic was recorded in S-SW (Table 3; Figure 3).



Leaf sheath microscopic analysis

Leaf sheath thickness was the maximum in DF-SD ecotype, which was significantly higher than the second best KL-HS. Thin leaf sheath was recorded in G-SSA, S-HS and T-SW. The maximum value for epidermal cell area was noted in S-HS ecotype, which was followed by that in KKL-S and DF-SD. The thinnest epidermal layer was recorded in plants from PA-RF (Table 4; Figure 4).


Table 4 | Leaf anatomical characteristics of the selected habitats from Punjab, Pakistan.






Figure 4 | Leaf sheath and leaf blade transverse section of cynodon dactylon ecotypes collected from the Punjab, Pakistan. DF-SD, Derawar fort-saline dessert; M-RB, Muzaffar garh-River bank; KL-HS, Khabbeki Lake-hyper saline; UL-HS, Ucchali Lake-hyper saline; KKL-S, Kalar Kahar Lake-saline; T-SW, Treemu-wetland; S-SW, Sahianwala-saline wetland; S-HS, Sahianwala-hyper saline; PA-HS, Pakka Anna-hyper saline; PA-RF, Pakka Anna-reclaimed field; BG-NS, Botanic Garden-non saline; G-SSA, Gatwala-saline semiarid.



Ecotype DF-SD from a saline desert showed the maximum value for cortical cell area, and this was followed by the cortical cells in PA-RF and G-SSA. The T-SW ecotype had the minimum cortical cell area, which was significantly lower than the second minimum UL-HS. Intensive sclerification was recorded in T-SW and KL-HS ecotypes, whereas the minimum of this characteristic was noted in BG-NS ecotype. Lysogenous cavities (aerenchyma) were observed in only 4 ecotypes, the largest was recorded in T-SW and the smallest in KKL-S. The other two ecotypes, S-HS and KL-HS were from hyper-saline habitats (Table 4; Figure 4).

The maximum value for vascular bundle area was recorded in plants from G-SSA, which was followed by that in KKL-S and DF-SD. The smallest vascular bundles were recorded in T-SW. Metaxylem area was maximum in PA-RF ecotype, however, the DF-SD ecotype also showed wide metaxylem vessels. The minimum of this parameter was seen in KL-HS ecotype. The DF-SD ecotype surpassed all others regarding phloem area and this was followed by phloem area in G-SSA ecotype. The minimum value of this parameter was recorded in M-RB ecotype from fresh water habitat (Table 4; Figure 4).



Leaf microscopic analysis

Midrib thickness was the maximum in PA-HS ecotype, followed by that recorded in PA-RF and S-SH ecotypes. Lamina thickness, on the other hand, was the maximum in S-SH. The minimum value for midrib and lamina thickness was recorded in the KKL-S ecotypes, whereas two other ecotypes, M-RB and T-SW, also possessed the thinnest lamina (Table 5; Figure 4).


Table 5 | Leaf sheath anatomical characteristics of the selected habitats from Punjab, Pakistan.



The thickest epidermal layer on adaxial leaf surface was recorded in UL-HS ecotype, while on abaxial surface, thickest epidermal layer was observed in KKL-S ecotype. The minimum value for this parameter was recorded in S-SW ecotype on adaxial side, and in three ecotypes (KKL-S, KL-HS and T-SW) on abaxial side (Table 5; Figure 4).

Sclerification in leaves was maximum in PA-RF ecotype, followed by, KL-HS and S-HS ecotypes. The T-SW ecotypes showed the minimum value for sclerenchyma thickness. Bulliform cell area was maximum in BG-NS, which was more than 2-folds than the second maximum in G-SSA. The smallest bulliform cells were recorded in the M-RB ecotype.

Vascular bundle area, as well as metaxylem vessel area was the maximum in the PA-RF ecotype and the minimum in the UL-HS ecotype. The DF-SD ecotypes also showed large vascular bundles, whereas wide metaxylem vessels were observed in the S-HS ecotype. The maximum phloem area was recorded in M-RB, followed by that recorded in PA-RF and S-HS. The minimum value for phloem area was observed in UL-HS ecotype (Table 5; Figure 5).

Leaf trichomes density was maximum in plants inhabiting S-HS site, which was closely followed by that in S-SW and KKL-S. Its minimum value was recorded in two ecotypes, PA-HS and PA-RF. Trichome length, in contrast, was maximum in PA-RF and minimum in BG-NS ecotype (Table 5; Figure 5). Stomatal density was maximum in S-HS, while maximum stomatal area was recorded in PA-HS ecotype. The minimum value for stomatal density and stomatal area was recorded in T-SW and PA-HS ecotype respectively (Table 5; Figure 5).




Figure 5 | Leaf trichomes and leaf blade transverse section of cynodon dactylon ecotypes collected from the Punjab, Pakistan. DF-SD, Derawar fort-saline dessert; M-RB, Muzaffar garh-River bank; KL-HS, Khabbeki Lake-hyper saline; UL-HS, Ucchali Lake-hyper saline; KKL-S, Kalar Kahar Lake-saline; T-SW, Treemu-wetland; S-SW, Sahianwala-saline wetland; S-HS, Sahianwala-hyper saline; PA-HS, Pakka Anna-hyper saline; PA-RF, Pakka Anna-reclaimed field; BG-NS, Botanic Garden-non saline; G-SSA, Gatwala-saline semiarid.





Specific anatomical modifications

In roots, the S-HS ecotype showed exceptionally large aerenchyma along with large endodermis. A reverse was recorded in the DF-SD ecotype, which had very little proportion of cortex, as well as aerenchymatous region (Figure 2). The ecotype from KL-HS showed a unique modification, where one side is with large aerenchyma and the other is with intact closely-packed parenchyma. Two ecotypes, S-SW and G-SSA, showed intensive sclerification in the vascular region, but that from saline semi-arid region also showed sclerification in the pith.

A very unusual modification in DF-SD ecotype is the development of large-sized vascular tissue in the stem, which are located in 4-5 rings, not only near the stem periphery but also inside the sclerenchymatous ring inside cortical region (Figure 3). Pith is restricted to a small central region only, whereas vascular bundles occupy a large proportion in the stem. Moreover, vascular region is also densely sclerified. The UL-HS ecotype also possessed numerous large vascular bundles, but these bundles are not closely packed as noted in the DF-SD ecotype. These bundles are sclerified only at outer region; however, sclerenchymatous ring is very well developed in this ecotype.

The thickest leaf sheath was recorded in the DF-SD ecotype, comprising of significant parenchymatous region. Two ecotypes, PA-HS and UL-HS are with wavy outer surface of the leaf sheath. Vascular bundles are near the periphery, but intensively sclerified at outer region. Parenchymatous region is in grooves in both ecotypes (Figure 3).

An exclusive feature of the ecotype PA-HS is the presence of storage parenchyma in leaf midrib, which has not been recorded in any other ecotype studied in the present investigation. Microhairs have also been recorded on the adaxial leaf surface in C. dactylon ecotypes, but their density was exceedingly high in the G-SSA ecotype (Figure 3).



RDA analysis

The RDA ordination triplot of root characteristics showed a strong association of KKL-S with epidermal cell area and cortical cell area (Figure 6A). Pith cell area was correlated with soil Ca2+, whereas organic matter and K+ were associated with DF-SD, UL-HS and PA-HS. Soil Mg2+ was associated with M-RB and available P with PA-RF and S-SW. Soil ECe, Na+ and Cl- were strongly correlated with G-SSA, S-HS and UL-HS sites. The other soil or anatomical characteristics showed either no or weak correlation with study sites.




Figure 6 | (A-D): RDA ordination triplot showing correlation of soil physico-chemical, anatomical characteristics of cynodon dactylon ecotypes collected from the Punjab, Pakistan. 1 Derawar Fort-Saline Desert, 2 Muzaffar Garh-River Bank, 3 Khabbeki Lake-Hyper Saline, 4 Ucchali Lake- Hyper Saline, 5 Kalar Kahar Lake-Saline, 6 Treemu-Saline Wetland, 7 Sahianwala-Saline Wetland, 8 Sahianwala-Hyper Saline, 9 Pakka Anna-Hyper Saline, 10 Pakka Anna-Reclaimed Field, 11 Botanic Garden-Non Saline, 12 Gatwala-Saline Semiard, Leaf anatomical characteristics are abbreviated as LBT, Leaf Blade Thickness; SCT, Sclerenchymatous Thickness; BCA, Bulliform Cell Area; VBA, Vascular Bundle Area; MXA, Metaxylem Area; PHA, Phloem Area; TRL, Trichome Length; TRD, Trichome Density; ASA, Abaxial Stomatal Area; ASD, Abaxial Stomatal Density; ADA, Adaxial Stomata Area and ADD, Adaxial Stomatal Density.



Among stem anatomical characteristics, only available P was strongly associated with stem cross-sectional area, vascular bundle number and sclerenchymatous thickness, whereas other characteristics showed no correlation at all. Leaf sheath characteristics like leaf sheath thickness and sclerenchymatous thickness showed a strong influence of soil Na+, Cl-, ECe and available P. Soil Mg2+ was strongly correlated with cortical cell area, whereas metaxylem area was associated with BG-NS, DF-SD and S-SH sites (Figure 6B).

RDA for leaf blade and leaf sheath anatomical characteristics showed a strong association of T-SW with midrib and lamina thickness, sclerenchymatous thickness, vascular bundle area and adaxial and abaxial epidermal cell area (Figures 6C, D). Metaxylem area and trichome density were influenced by soil K+, whereas UL-HS and S-SW sites were associated with bundle sheath cell area. Stomatal area showed a weak correlation with soil Mg2+.



Discussion

Cynodon dactylon is a C4 perennial grasses (Kumar et al., 2011) that can survive under a variety of habitats including high salinity (Yin et al., 2022), waterlogging (Xie et al., 2015) and arid and semi-arid conditions (Malik et al., 2015). Since evolution plays a critical role in evolving tolerant ecotypes, investigation differently adapted ecotypes have been found for their differential structural adaptation to cope environmental extremes (Polle and Chen, 2015). Key mechanisms that have been identified as mediating stress tolerance well be discussed at the scale of anatomical level, to understand how to plants survive in adverse environments.

The most critical impact of environmental stresses like salinity and drought is related to water scarcity, and therefore conservation of water is the utmost requirement of a plant species. The first line of defense is the restriction of water loss through plant surface (Toon et al., 2015) and it is more important in above-ground plant parts (Fathi and Tari, 2016). Majority of the ecotypes were collected from moderately to highly saline sites, where soils are more or less compact, especially in the dry land salinities. It is therefore, expected that roots are more prone to damage due to soil friction. In that scenario, epidermis and/or cortical region inside is critical, because intact tissues can resist soil friction and compactness (Zörb et al., 2015) and hence they are can survive under adverse environments (Parida et al., 2016). Ecotype S-HS from hard saline/sodic soil with thick epidermal layer and outer cortical may ensure its survival.

Water is a rare commodity for arid or saline arid regions, and under such circumstances resistance to evaporation loss can be a major factor for the survival of a plant species. As an important phenomenon for water conservation, plants adapted to water scarce environments are generally equipped with dense cuticle and larger lignified epidermis which minimizes water loss (Dörken et al., 2020). In this regard, the stem of C. dactylon is prostrate and horizontally spreading on the ground (Nitu et al., 2019). Moreover, a significant proportion of leaf sheath covers the lower part of stem, and hence any modification in leaf sheath (or leaf blade) that is involved in water loss must be critical (Nitu et al., 2019, Polle and Chen, 2015).

Leaves in this species are with deeply inserted bulliform cells, which enable leaf to roll, and protecting adaxial epidermis and stomata from a direct exposure to hot and dry external environments (Matschi et al., 2020). However, larger bulliform cells were observed in the BG-NS ecotype collected from the non-saline and well irrigated region. Therefore, it can be concluded that moisture availability is crucial for leaf development as well as bulliform cells (Hameed et al., 2014). Besides, presence of bulliform cells in thin fibrous (with more sclerenchyma) leaves like those in the DF-SD ecotype is of significant ecological importance than enables leaf to roll efficiently (Grigore et al., 2010).

Presence of trichomes on the leaf surface, as well as on leaf margin is a characteristic feature of desert/saline desert plants that can contribute significantly towards water conservation (Naz et al., 2016). To cope with high saline conditions, DF-SD ecotype had long and dense hairiness. Moreover, the tolerance of the two other ecotypes from saline to hyper-saline habitats (S-HS and G-SSA) can be explained by their leaf marginal hairs. Another type of hairs i.e., microhairs have also been recorded in many C. dactylon ecotypes which are known as salt excretory (Farooq et al., 2015; Li et al., 2015). These microhairs are more prominent and dense in the ecotypes from saline arid areas like G-SSA and DF-SD. In this regard, improved salt excretion by such microhairs has also been reported in many salt tolerant or halophytic species (Askary et al. (2016); Rajakani et al. (2019) in Mentha piperta and Céccoli et al. (2015). In addition to microhairs, storage parenchyma in water conservation is immensely important. This can explain why desert and halophytic perennials are generally succulent (Favaretto et al., 2015). Root cross-sectional area in C. dactylon depends on the proportion of parenchymatous tissue (cortex and pith) that is mainly involved in storage of water (Chimungu et al., 2015). In addition, involvement of arenchymatous tissue in salt tolerance (Rossatto et al., 2015) has also been widely reported in halophytic species like stem-succulent halophytes Tecticornia pregranulata (English and Colmer, 2011), Fimbristylis dichotoma (Hameed et al., 2012), Lasiurus scindicus (Naz et al., 2015) and Juncus species (Al Hassan et al., 2015). Here, a well-developed aerenchyma in cortical region is a distinctive feature of roots in C. dactylon, which is involved in gaseous exchange in hydrophytes (Lacramioara et al., 2015). Stems are partially covered by leaf sheath in C. dactylon, and hence storage parenchyma is very much protected from water loss (Shamah et al., 2019). Moreover, extended proportion of storage parenchyma provides additional space to retain moisture in the stem tissue (Makbul et al., 2011). It was observed that ecotypes from hyper-saline lakes (UL-HS and KL-HS) had greater percentage of parenchyma in their stem, besides central lysogenous cavities, which support it to survive in saline waterlogged non-aerated environments (Joshi and Kumar, 2012). Presence of large amount of parenchymatous tissue in leaf sheath is of great ecological significance that provides extra space for water storage. The DF-SD ecotype from saline desert require significantly more storage tissue to acclimatize extreme water deficit climatic conditions, specifically the organs like leaf sheath that are more exposed to external environments. Storage parenchyma in leaf midrib has only been recorded in the PA-HS ecotype, and this characteristic confirms its better performance in extreme salinity (Paramonova et al., 2004). Moreover, aerenchyma also aids in bulk salt movement in excretory halophytes (Zhou et al., 2015). Therefore, presence of root aerenchyma can be related to ecological success of C. dactylon in a variety of environments. In our studies, the ecotypes from heavily salt affected-areas like S-HS and UL-HS not only had larger parenchymatious region but also aerenchyma in roots.

Another trait of prime importance for living in saline arid condition, where water conservation is the first priority of a plant is sclerification of soft and delicate tissue like vascular tissues (Ola et al., 2012). Sclerifitaion not only provides mechanical strength to parenchymatous tissues and preventing them from collapse but also prevents water loss (Cholewa and Griffith, 2004), particularly from aerial plant organs. The DF-SD ecotype from extreme saline desert showed an exceptional alteration of vascular tissues, which occupies about 60% of the total stem area and are closely packed and intensively sclerified. Cynodon dactylon is mainly propagated by the horizontal stems (stolon).

Another characteristic feature of a stem in C. dactylon is the presence of sclerenchymatous ring inside stem periphery, which encircles vascular tissues. This ring is more developed in ecotypes from high salinities (S-HS, KL-HS and UL-HS). Sclerenchymatous protection outside vascular tissue resists radial water movement in stem (Hameed et al., 2010) and therefore is vital for water conservation under water shortage. Leaf sheath is also variably sclerified on the outer side of vascular bundles, but the ecotypes PA-HS and UL-HS showed distinct grooves in leaf sheath, protecting parenchymatous region from external environments such as wind (Machado et al., 2015).

Bullifrom cells are of great ecological significance, as they are involved in leaf rolling (Zhang et al., 2015), hence protecting stomata (which are only recorded on the abaxial side) in a tight cylinder. It is an imperative strategy of plants dominating saline arid environments. Such modification minimizes transpiration rate significantly, and consequently enhancing water use efficiency (Chen et al., 2015). Bulliform cells when become turgid due to water storage, this water can be utilized in other metabolic functions vital for the survival of a plant.

Last but not the least, efficiency in conduction of solutes is meaningful, especially in environment where conservation of water is prime strategy for the survival of a plant. Exceptionally large and numerous vascular bundles in the ecotypes DF-SD and UL-HS, that were collected from extreme salinities, is an indication of their importance for salinity tolerance. A positive relation of vascular tissue with efficiency of conduction has earlier been reported by (De-Rybel et al., 2016) and Elhalim et al. (2016).

Each ecotype showed different type modifications for their existence in a specific habitat that reflects to their ecological success. DF-SD ecotype is exposed to multiple stress like high salinity, extreme aridity and heat. These conditions induced modifications like stem cross-sectional area and leaf sheath thickness that contributes towards water storage, vascular tissues for proficient translocation of solutes and trichomes. Consequently, this provides resistance to water loss, and hence water conservation is the first priority (Polle and Chen, 2015). Another ecotype G-SSA from saline arid habitat where rainfall is not as low as in the Cholistan Desert, sclerification in root is the only notable modification. The two ecotypes from hyper saline wetlands, UL-HS and KL-HS relied on the number and size of vascular tissue, central cavity and sclerification in stem that is important for conduction of solutes, water loss and bulk movement of salts, respectively. The ecotype from reclaimed field was not much different from its counterpart from hyper-saline dryland, and this might be due to too short time to be required for the evolution of any specific characteristic. In contrast, the ecotypes from non-saline habitats, M-RB and BG-NS showed no visible sclerification in their above or below ground plant parts and no other prominent modification.



Conclusions

It is concluded that anatomical characteristics represent adaptive components in C. dactylon ecotypes that ensure growth, survival and ecological success against environmental hazards. T he main strategy of most ecotypes was to maintain water conservation, either via prevention of water loss or by storing water in the metabolically active plant tissues. On the other hand, ecotypes dominating hyper-saline habitats showed salt excretion by excretory hairs of bulk salt movement in aerenchyma. sclerification in root is the only notable modification in the G-SSA ecotype from saline arid habitat where rainfall is not as low as in the Cholistan Desert. However, sclerification was not observed in M-RB and BG-NS in their above or below ground plant parts and no other prominent modification. Overall, key mechanisms that have been identified as mediating stress tolerance well be discussed at the scale of anatomical level, to understand how to plants survive in adverse environments.
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Drought stress is a major environmental hazard. Stomatal development is highly responsive to abiotic stress and has been used as a cellular marker for drought-tolerant crop selection. C3 and C4 crops have evolved into different photosynthetic systems and physiological responses to water deficits. The genome sequences of maize, sorghum, and sugarcane make it possible to explore the association of the stomatal response to drought stress with the evolution of the key stomatal regulators. In this study, phylogenic analysis, gene expression analysis and stomatal assay under drought stress were used to investigate the drought tolerance of C3 and C4 plants. Our data shows that C3 and C4 plants exhibit different drought responses at the cellular level. Drought represses the growth and stomatal development of C3 crops but has little effect on that of C4 plants. In addition, stomatal development is unresponsive to drought in drought-tolerant C3 crops but is repressed in drought-tolerant C4 plants. The different developmental responses to drought in C3 and C4 plants might be associated with the divergent expression of their SPEECHLESS genes. In particular, C4 crops have evolved to generate multiple SPEECHLESS homologs with different genetic structure and expression levels. Our research provides not only molecular evidence that supports the evolutionary history of C4 from C3 plants but also a possible molecular model that controls the cellular response to abiotic stress in C3 and C4 crops.
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Introduction

Drought stress is the most critical environmental threat to global food security. The loss in crop yield caused by drought stress is larger than all biologically caused losses combined (Gupta et al., 2020). To adapt to water scarcity in soil, plants have evolved strategies to prevent water loss and maintain their key biological processes (Basu et al., 2016). During drought stress, roots display hydro-morphological changes by adjusting the lateral root emergence to soil with higher water content (Dinneny, 2019). This process is mediated by the EXOCYST SUBUNIT EXO70 FAMILY PROTEIN A3 (EXO70A3) via regulating the homeostasis of the auxin efflux carrier PINFORMED 4 (PIN4) in root tips (Ogura et al., 2019).

Stomata are valve-like openings found in the plant epidermis. The regulation of stomatal development and movement is important for plants to defend against dehydration (Lee and Bergmann, 2019). Stomatal lineage transitions and cell divisions are fine-tuned by three basic helix-loop-helix (bHLH) transcription factors: SPEECHLESS (SPCH) (Macalister et al., 2007), MUTE (Pillitteri et al., 2007) and FAMA (Ohashi-Ito and Bergmann, 2006) and their heterodimer SCREAM1 (Kanaoka et al., 2008). Among them, the expression and regulation of SPCH are highly responsive to the environment, which leads to the stomatal developmental response (Lee and Bergmann, 2019). High temperature represses the expression of SPCH by regulating the expression of PHYTOCHROME-INTERACTING FACTOR 4 (PIF4) at the transcriptional level (Lau et al., 2018). In Arabidopsis, drought induces the activity of the mitogen-activated protein kinase (MAPK) cascade to destabilize the expression of SPCH at the protein level, resulting in a reduction of stomatal density (Kumari et al., 2014). This has been used in the bioengineering of drought-tolerant crops. The overexpression of the extracellular secreted peptide EPIDERMAL PATTERNING FACTOR 2 (EPF2) enhances the drought tolerance of rice by activating the MAPK cascade (Hepworth et al., 2015). A recent study showed that SnRK2 kinases of the ABA signaling pathway directly phosphorylated SPCH in a drought-dependent manner, resulting in the change of stomatal production in response to drought stress (Yang et al., 2022).

Plants have evolved specific adaptation mechanisms to survive short- and long-term drought stresses. Hormones, microRNAs and other transcriptional factors are crosslinked with stomatal plasticity in response to abiotic stresses (Han et al., 2021). Drought stimulates the accumulation of the plant hormone abscisic acid (ABA), which mediates the signal crosstalk with other pathways, such as BRASSINOSTEROIDS pathway during drought stress (Song et al., 2016). The activation of ABA-responding genes, such as SNF1-RELATED KINASE 2 (SnRK2.2), represses the stomatal development and induces stomatal closure (Chater et al., 2014). miR156 mediates stomata behavior under drought stress via ABA-dependent accumulation of strigolactones (Visentin et al., 2020). Stomatal movement is also required for drought tolerance and pathogen defense, which are mainly regulated by reactive oxygen species (ROS) and ABA-signaling (Qi et al., 2018). Many transcriptional factors are involved in the signaling pathways. Under a short-term or initial stage of drought stress, plants activate MYB60 expression and promote root growth to intake more water. By contrast, a long-term or severe drought stress repressed the MYB60 expression, resulting in root growth inhibition and stomatal closure to prevent water loss (Oh et al., 2011). Other key TFs, including AP2/ERF, bZIP, WRKY, YABBY and NAC, are also involved in stomata-dependent drought tolerance (Hussain et al., 2021).

C4 species are essential to the tropical ecosystems (Still et al., 2003) and important agricultural crops (e.g. maize, sugarcane, sorghum). C4 photosynthesis is a marvelous functional evolution for plants. It increases the photosynthetic efficiency at high temperatures, drought and low CO2 levels through separating the carbon fixation from Ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO) and concentrating CO2 around RuBisCO (Sharwood et al., 2016). Dicot C4 plants originated in arid areas, indicating the effects of heat, drought, and salinity as important forces in promoting C4 evolution (Sage, 2004). C4 plants exhibit lower stomatal conductance, which is correlated with their higher water and nitrogen use efficiency compared to C3 species (Taylor et al., 2010). Comparative genomic studies reveal that the evolution of C4 plants depends on whole-genome and individual gene duplication (Wang et al., 2009; Van Den Bergh et al., 2014). The C4 gene homologs may have different adaptive evolution and duplicability (Wang et al., 2009). Interestingly, the rice phosphoenolpyruvate carboxylase gene undergoes rapid evolution and shows C4-like pattern (Wang et al., 2009).

Stomatal development and their response to osmotic stresses are largely studied in C3 plants. Some tropical-grown crops, such as oil palm, exhibit higher salt tolerance due to the divergent regulation of the expression of SPCH (Song et al., 2022). However, the molecular mechanism of how stomata respond to drought stress in C4 plants and the evolutionary divergence of the stomatal developmental regulators are largely unknown. In this study, by using a comparative genomic approach combined with physiological and molecular analysis, we investigated the stomatal response to drought, and the divergent genetic structure and expression of stomatal genes in major C3 and C4 crops. Our findings will facilitate the understanding of the molecular basis of the different drought tolerance and response in C3 and C4 plants.



Material and methods


Plant growth and drought challenge

Arabidopsis col-0 seeds were transferred onto sterilized soil and were kept in a darkroom at 4°C for 3-days. Seedings were germinated and grown in a plant growth chamber at 22°C with 60% relative humidity under long-day conditions (16 h light/8 h dark) at a light intensity of 100 μmol m–2 s–1. For the drought assay, 7 dpg (days post germination) seedlings were either continually watered (control group) or not watered (drought group) for another 7 days (14 dpg with 7 das (days after stress)). Cotyledons from over 20 seedlings were used for stomatal analysis.

Two-year-old oil palm (Elaeis guineensis) seedlings, one-year-old sugarcane (saccharum spontaneum) and sorghum (Sorghum bicolor) plants were grown in a greenhouse with natural tropical environment. Samples from the control group were watered daily while samples from the drought stress group were not watered for 14 days. Over 20 fresh rosette leaves from more than 4 seedlings of each group were used for stomatal analysis. Drought-tolerant oil palms were screened in our previous study (Wang et al., 2020). Drought-tolerant sugarcanes were screened during the drought challenge in the green house.

The seeds of japonica rice (Oryza sativa) were geminated and grown in a petri dish with 20 mL water in the plant growth chamber with a light/dark cycle of 12 h 28°C/12 h 26°C. At 14 dpg, seedlings were transferred into sterilized soil. For drought and stomatal assay, 14 dpg rice seedlings were transferred into the pots with either wet soil (control group) or dry soil (drought group) for another 7 days (21 dpg with 7 das). 21 dpg seedlings were used for stomatal analysis. Over 20 first leaves from more than 20 rice seedlings of each group were used for analysis.



Stomatal assay

Freshly collected leaves were cleared in a 7:1 ethanol:acetic acid buffer overnight and mounted in a 8:2:1 chloral hydrate: water: glycerol clearing buffer for 24 hours. The abaxial leaf epidermis of the leaf slides was captured at 20 × on a Leica DM2500 microscope with a differential contrast interference (DIC) channel. Two images at either 0.25 mm2 or 0.0625 mm2 were captured per leaf from the central regions. The stomatal density was counted by built-in tool the ‘cell counter’ in ImageJ (NIH, USA).



Constructing phylogenetic trees and analyzing protein structure

The current annotation of the protein sequences of sugarcane is still poor. To identify as many homologs of stomatal regulators in sugarcane as possible, the known protein sequences of the three stomatal regulating genes SPCH, MUTE and FAMA of some C3 and C4 plants were used as probe for tBLASTn (McGinnis and Madden, 2004) with a minimum p-value of 1e-30. These C3 and C4 plants are Arabidopsis (At, Arabidopsis thaliana), Oil palm (Eg, Elaeis guineensis), potato (St, Solanum tuberosum), grape (Vv, Vitis vinifera), japonica rice (Os.j, Oryza sativa), soybean (Gm, Glycine max), tomato (Sl, Solanum lycopersicum), maize (Zm, Zea mays), sugarcane (Ss, saccharum spontaneum) and sorghum (Sb, Sorghum bicolor). After which, the homolog candidates were filtered and annotated by BLASTn (McGinnis and Madden, 2004) against the standard nucleotide database. The filtered CDS sequences of the homologs were aligned with the sugarcane proteome reference (Zhang et al., 2018). The validated protein sequences were aligned using the built-in ClustalW (Hung and Weng, 2016) in MEGA-X software (Kumar et al., 2018) by default settings. The protein FLOWERING LOCUS T (FT) (Turck et al., 2008) was used as the outgroup reference. The accession IDs of the protein sequences were listed in Supplementary Table 1. A phylogenetic tree was constructed by using the maximum likelihood method (Strimmer and Von Haeseler, 1996) with 100 bootstraps via MEGA-X software (Kumar et al., 2018). The protein structure was reconstructed by the ColabFold software (Mirdita et al., 2022) based on AlphaFold (Jumper et al., 2021) using the default settings.



RNA extraction, cDNA synthesis and Q-PCR

Total RNA from leaves was extracted using the RNeasy Plant Mini Kit (Qiagen, Germany). RNA quality and quantity were assessed using a previously described method (Song et al., 2022). cDNA was synthesized using M-MLV reverse transcriptase (Promega, USA) following the manufacturer’s protocol. RT-qPCR was performed in a CFX96 touch deep well real time PCR System (Bio-Rad, USA) with the program in a previous study (Liu et al., 2020). RT-qPCR was used to examine the expression of the stomatal regulating genes SPCH, MUTE and FAMA from Saccharum spontaneum, Sorghum bicolor and Oryza sativa for qPCR. β-TUBLIN genes were used as an internal control to normalize the relative expression of genes. A standard cycling program was used for qPCR: initial denaturation at 94°C for 2 min, followed by 40x cycles of denaturation at 94°C for 15s and annealing at 65°C for 1 min. The primers used for Q-PCR are listed in Supplementary Table 2.




Results


Stomatal development and response to drought stress in C3 and C4 plants

As monocots, C3 plants, including oil palm and rice, showed a comparable stomatal density with C4 plants, including sugarcane and sorghum (Figures 1A, B), suggesting the similar stomatal pattern and production of monocots. However, rice showed a much lower stomatal index compared to the others due to its relatively higher number of pavement cells (Figures 1B, C). After drought treatment, the stomatal density and index of C3 plants, including Arabidopsis, oil palm and rice, were reduced, showing that drought represses the stomatal development of C3 plants. However, the stomatal development of C4 plants including sugarcane and sorghum were not affected by drought stress (Figure 1B). The stomatal index was measured to determine whether the possible reduction of the total epidermal cells caused the reduction in stomatal density. All the stomatal indexes of C3 and C4 plant groups showed the same trend with their stomatal densities after drought treatment (Figures 1B, C). The stomatal indexes of C3 plants were reduced whereas those of C4 plants were unchanged (Figure 1C), indicating that drought repressed the stomatal development of C3 plants but not C4 plants.




Figure 1 | (A) The abaxial stomatal pattern of 14 dpg Arabidopsis, two-year-old Elaeis guineesis, 21 dpg Oryza sativa, one-year-old Saccharum spontaneum and one-year-old Sorghum bicolor under control and drought stress. Bar =25 um. (B) The stomatal density of samples from (A). (C) The stomatal index of samples from (A). The values are mean ± SEM; n ≥ 20. One-way ANOVA with post hoc Tukey HSD; *, p <0.05; **, p<0.01.





Stomatal response to drought stress in drought-tolerant oil palm and sugarcane

The stomatal response to drought stress of drought-tolerant C3 and C4 plants, compared to their drought-susceptible control, was tested using oil palm and sugarcane (Figures 2A, D). After drought treatment, leaf yellowing, leaf top necrosis, and other morphological changes were observed in both the drought-susceptible oil palm and sugarcane, although sugarcane could endure longer periods without water before its growth was affected (Figures 2A, D). However, the growth of drought-tolerant C3 and C4 crops was not affected (Figures 2A, D). The stomatal development of drought-tolerant oil palm and drought-susceptible sugarcane was unresponsive to drought stress (Figures 2B, C, E, F), which showed that the drought-susceptible sugarcane naturally has a higher tolerance to drought compared to C3 crops. Interestingly, the drought-tolerant sugarcane showed reduced stomatal development similar to a drought-susceptible C3 crop. (Figures 2E, F). In addition, drought-tolerant oil palm showed a lower stomatal density compared to the drought-susceptible oil palm (Figures 2B, C) whereas the stomatal density of drought-tolerant sugarcane was higher than the drought-susceptible sugarcane. After a 21 dpg (Figure 2D) intense drought treatment, the stomatal density was reduced to the same level of the susceptible sugarcane (Figures 2E, F). These data suggest the different physiological responses and molecular mechanisms of C3 and C4 crops under drought stress.




Figure 2 | (A) The drought assay of drought-susceptible (Eg_DS) and drought-tolerant (Eg_DT) oil palms. Two-year-old oil palms were either continually watered or not watered for 14 days; n ≥ 4. (B) The stomatal density of samples from (A). (C) The stomatal index of samples from (A). (D) The drought assay of drought-susceptible (Ss_DS) and drought-tolerant (Ss_DT) sugarcanes. (E) The stomatal density of samples from (D). (F) The stomatal index of samples from (D). One-year-old sugarcanes were either continually watered or not watered for 21 days; n ≥ 2. The values are mean ± SEM; n ≥ 20. One-way ANOVA with post hoc Tukey HSD; **, p<0.01.





Genetic divergence of stomatal regulators SPCH, MUTE and FAMA in C3 and C4 plants

In general, genetic divergence of SPCH, MUTE and FAMA was found between C3 and C4 plants (Figure 3). Only a few C3 crops had homologs of the above three proteins (Figure 3). In contrast, there were 2–3 groups of homologs for each of SPCH, MUTE, and FAMA in C4 plants (Figure 3 and Supplemental Table S1). Each group contained several homologs with highly conserved genetic similarity. The homologs were on either homologous or different chromosomes (Figure 3 and Supplemental Table S1). The MUTE and FAMA proteins of C3 and C4 plants were highly differentiated (Figure 3). However, C4 plants exhibited two genetic patterns of MUTE and FAMA (Figure 3). SsFT2 and ZmFT6 showed typical C3-like pattern, SsSPCH2-1/2-2, SbSPCH2 and ZmSPCH2 were closer to the C3 SPCH group (Figure 3). Interestingly, among the C3 plants used for our phytogenic analysis, rice showed the closest genetic relationship with C4 plants (Figure 3). The FT and SPCH of rice showed an intermediate genetic pattern between not only C3 and C4, but also a C3-like C4 group and a C4-pattern C4 group (Figure 3). These data mirrored the different pace of evolution of SPCH and FT proteins from C3 to C4 plants.




Figure 3 | The phylogenic analysis of the protein of SPCH and its two homolog transcription factors MUTE and FAMA in Arabidopsis (At), Elaeis guineensis (Eg), Phoenix dactylifera (Pd), Oryza Sativa.japonica (Osj), Gycine max (Gm), Triticum urartu (Tu), Solanum lycopersicum (Sl), Solanum tuberosum (St), Vitis vinifera (Vv), Zea mays (Zm), Sorghum bicolor (Sb), Saccharum spontaneum (Ss). The protein FLOWERING LOCUS T (FT) of above species was used as the outgroup. Bootstrap =500; The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (500 replicates) is shown on the branches.





Divergent expression of SPCH in response to drought stress

The expressions of SPCH, MUTE, and FAMA in oil palm and rice were downregulated in the drought-susceptible plants under drought stress (Figures 4C, D). However, the expressions of these three genes were basically unchanged in the drought-tolerant oil palm under drought stress (Figure 4C), suggesting the importance of the SPCH signalling pathway in drought tolerance.




Figure 4 | The relative expression levels of SPCH, MUTE and FAMA in (A) the drought-susceptible and tolerant Saccharum spontaneum; (B) Sorghum bicolor; (C) the drought-susceptible and tolerant Elaeis guineensis and (D) Oryza sativa. Triplicates were included in the Q-PCR, the expression level of drought-susceptible plants under control was standardized to 1. The values are mean ± SEM; n ≥ 3. One-way ANOVA with post hoc Tukey HSD; *, p <0.05; **, p<0.01.



The expressions of three sugarcane SPCH-SsSPCH1-1, SsSPCH1-4, SsSPCH2-1 (C3-like) and two sorghum SPCH- SbSPCH1, SbSPCH2 (C3-like) were analysed (Figures 4A, B). Interestingly, C4 and C3-like SPCH showed different expressions in response to drought (Figures 4A, B). Drought stress had few effects on the expression of C4 SPCH including SsSPCH1-1, SsSPCH1-4 and SbSPCH1 in drought-susceptible sugarcane and sorghum but repressed the expressions of C3-like SsSPCH1-3 and SbSPCH2 (Figures 4A, B). By contrast, drought strongly repressed the expressions of SsSPCH1 and SsSPCH2 but not SsSPCH1-3 in drought-tolerant sugarcane (Figures 4A, B). Taken together, these data and the stomatal response to drought suggest that the regulation of C4 SPCH plays a dominant role in regulating the stomatal response of C4 plants to drought stress



The structural difference of SPCH in C3 and C4 plants

The protein sequence and 3D protein structure of the C3 and C4 SPCH were analysed to determine the structural divergence of proteins, and their possible association with the phosphorylation of SPCH (Figure 5). Although SPCH of Arabidopsis and sugarcane showed a highly conserved helix-loop-helix (bHLH) domain (Supplemental Figure S1) and a similar bHLH structure (Figures 5A, B, blue), the folding of the peptide and structures of other domains were largely different (Figures 5A, B). Specifically, the MAPK target domain (MPKTD) of C3 and C4 SPCH exhibited high diversity (Figures 5C, D), suggesting the different phosphorylation sensitivity of C3 and C4 SPCH to upstream MAPKs. In summary, 17 C3-specific and 4 C4-specific Serine/Threonine (S/T) phosphorylation sites were found within the MPKTD (Figure 5C). Interestingly, 18 C3-like C4-specific S/Ts were found (Figure 5C), suggesting the SPCH homologs in C3 and C4 plants may exhibit different expressions at both transcriptional and post-translational levels. C3- and C4- specific insert/deletion (InDel) polymorphisms were found in the MPKTD, which may also affect the function of SPCH. In addition, the upstream (N-Terminus) of SPCH in C3 and C4 crops also showed high polymorphism, including SNPs and InDels (Supplemental Figure S1). These data indicate that the functional domain and sequences of C3 and C4 SPCH protein have undergone different evolution, which may lead to different levels of phosphorylation via MPKs signalling pathways and the stomatal lineage cell transition




Figure 5 | The 3D protein structure of (A) Arabidopsis SPCH and (B) Sugarcane SPCH1-4; (C) The alignment of MPKTD domains of C3 and C4 plants. The blue, red and green frame indicate the MPKTD sequence of C3, C4 and C3-like C4 SPCH. The blue, red and green asterisks indicate the C3-, C4, and C3-like C4- specific phosphorylation sites (S/T) within the MPKTD domain; (D) The C3/C4 specific S/T site (256) of AtSPCH and SssSPCH1-4.






Discussion


Stomatal development of C3 and C4 plants in response to drought stress

Crops exhibit different drought tolerances. To ensure that each species underwent adequate drought stress, the plants were treated with different durations of drought according to previous studies (Aharoni et al., 2004; Hura et al., 2007; Quan et al., 2010; Jangpromma et al., 2012; Zhang et al., 2015; Wang et al., 2020). Arabidopsis and rice seedlings show lower drought tolerance, therefore they were not given water for seven days (Aharoni et al., 2004; Quan et al., 2010). Tropical C3 crops like oil palm show a relatively higher drought tolerance than other temperate climate-grown C3 crops, thus, a 14-day drought treatment was used for oil palm as previously described (Wang et al., 2020). C4 plants were naturally more tolerant to drought than C3 plants (Hura et al., 2007). Seven- to nine-day drought assays were used in previous studies of sugarcane (Jangpromma et al., 2012; Zhang et al., 2015). However, a 9-day drought treatment did not induce obvious growth repression in our sugarcane (data not shown). Thus, we extended the drought treatment to 14 days until leaf yellowing was found in some sugarcane.

The result showed that drought strongly repressed the stomatal development of C3 plants but did not affect that of C4 plants (Figure 1), suggesting that C4 plants exhibit higher drought tolerance at the cellular level. The stabilization of stomatal development under drought may be helpful for C4 plants to maintain their photosynthesis efficiency. In addition, as sibling species, sugarcane and sorghum exhibited almost the same stomatal developmental pattern and response to drought (Figure 1). By contrast, the stomatal developmental pattern varied among C3 plants (Figure 1).

We obtained the drought-tolerant seedlings of two tropical crops, oil palm (Wang et al., 2020) and sugarcane, via drought assays. The data revealed that the stomatal development of drought-tolerant oil palm was not affected by drought (Figures 2B, C), which was similar to drought-susceptible sugarcane (Figures 2E, F). This result is consistent with the results in other drought-tolerant C3 crops where the cell development and homeostasis of physiological processes are not affected by drought stress (Mehri et al., 2009; Yoo et al., 2010; Liu et al., 2012). Therefore, the maintenance of stomatal development is required for stabilizing the biological process of C3 plants during drought.

Although C4 plants show a relatively higher drought tolerance compared to C3 plants (Taylor et al., 2010), long periods of drought still affected the growth and development of sugarcane (Figure 2D). Nevertheless, the stomatal development was not affected by drought stress (Figures 2E, F). Interestingly, the stomatal development of drought-tolerant sugarcane was repressed by drought (Figures 2E, F). These data suggest that during the evolution of C4 plants, the stomatal developmental system may have evolved to be unresponsive to drought stress, which would facilitate gas exchange during highly efficient photosynthesis. However, only drought-tolerant C4 plants may further protect themselves from drought damage by reducing water through ‘sensing’ the drought signal via their stomata. To validate this hypothesis, it would be interesting to test the stomatal response to drought in more C4 species.



SPCH homologs undergoes differential evolution in C4 plants

Although the sugarcane gnomes have been sequenced at the monoploid (Garsmeur et al., 2018) and polyploid levels (Zhang et al., 2018), the extreme complexity of the sugarcane genome makes it difficult to analyze and annotate the genome (Thirugnanasambandam et al., 2018). The modern sugarcane has a duplicated genome originating from S. officinarum and S. spontaneum (D’hont et al., 2008). We identified at least six SPCH homologs in the polyploid genome (Zhang et al., 2018) to investigate the effects of gene duplication on the function of stomatal regulators. Our result showed that MUTE and FAMA were specifically evolved between C3 and C4 plants (Figure 3). In contrast, SPCH homologs of C4 species exhibited C4 and C3-like patterns (Figure 3). These data indicate the divergent evolution of SPCH homologs in C4 crops. The varied chromosomal structure, the interspecific hybridization, and the diverse growth habitat may play a key role in the duplication and evolution of sugarcane homologs (Thirugnanasambandam et al., 2018). As a key regulator of the rapid response of stomata to the environment (Lau et al., 2018), sugarcane SPCH homologs may have originated from ancestors that underwent divergent selection (Thirugnanasambandam et al., 2018). However, the SPCH homologs of C4 plants in this study might not cover all the homologs due to the complexity of the C4 plant genomes. Improved genome assemblies of C4 crops in the future would be helpful to better understand the functional genetics of sugarcane in response to environmental stresses.

In our study, the genetic relationship of rice’s FT and SPCH are in between of the C4-type and C3-like FT & SPCH of C4 plants (Figure 3). Our study supports the previous study that some rice genes have rapidly evolved into C4-like pattern (Wang et al., 2009). These studies pave the way to bio-engineer C4 rice (Ermakova et al., 2020).



Regulation of SPCH expression at transcriptional and post-translational level

As a master transcription factor, the transcription of SPCH is also regulated by other transcription factors under different environmental changes (Lau et al., 2014; Lau et al., 2018). Interestingly, the SPCH homologs showed different expressional changes in response to drought stress (Figures 4A, B). Expressions of SsSPCH1-1, SsSPCH1-4 and SbSPCH1 were unresponsive to drought in drought-susceptible C4 plants but were repressed in drought-tolerant C4 plants (Figures 4A, B), which explained their cellular response to drought stress (Figure 2). The pseudogenes are largely identified in the sugarcane genome (Monteiro-Vitorello et al., 2004). In our study, SsSPCH2-1 and SbSPCH2 showed a C3-like expression repressed by drought stress (Figures 4A, B), which was opposite to the stomatal response of C4 plants to drought (Figures 2D-F). It was hypothesized that the C3-like SPCH in C4 plants may either be non-functional pseudogenes or have other drought-independent functions. Further functional validations of the promoter activities of these homolog genes would be helpful to test which of these homologs are functional and which of them are pseudogenes. Despite the difficulty in testing the function of each SPCH gene in C4 plants, our research reveals the transcriptional response of key stomatal regulators in C4 crops under drought stress. The divergent expressions of C4 SPCH homologs are associated with the drought response of C4 plants at the cellular level.

In C3 plants, drought also represses SPCH expression at the protein level via the MPK3/6 signaling pathway (Lee and Bergmann, 2019) and other kinase-dependent pathways (Yang et al., 2022). Serine/Threonine residues are required for the binding of MAPKs and SPCH, resulting in the phosphorylation of SPCH (Lampard et al., 2008). Although the bHLH domains of SPCH were highly conserved in plants (Supplemental Figure S1), the folding structure and key MPKTD domains were largely different (Figure 5), which might lead to different binding affinity of SPCH to both upstream kinases and downstream target genes, resulting in the different expression of SPCH at post-translational level in response to drought stress. The bHLH domain is required for the brassinosteroid dependent stomatal formation (De Marcos et al., 2017). There are S/T phosphorylation sites located upstream of SPCH which are also required for its function in stomatal lineage cell transition (Davies and Bergmann, 2014). Although the bHLH domain is highly conserved across C3 and C4 plants, the N-terminus, C-terminus and other functional domains of C3 and C4 SPCH showed high polymorphism (Figure 5) indicating the possible functional diversity of the SPCH homologs in initiating stomatal lineage cell development.



Crosslinks of gene expression, stomatal development and drought tolerance

The relationship between gene regulatory networks of stomatal plasticity and osmotic stresses has been largely studied in C3 model plants and crops. For example, the alternative expression of SPCH via transcriptional and post-translational regulation directly affects stomatal production (Lampard et al., 2008; Lau et al., 2014; Lau et al., 2018), resulting in a change in drought tolerance (Hepworth et al., 2015; Yang et al., 2022). In this study, we scaled up the investigation of this relationship to C3 crops grown in tropical areas where drought stress is a big challenge for food security (Oliveira et al., 2021). We validated that the existing gene regulatory networks also worked in tropical crops (Figures 2A–C, 4C). Importantly, the crosslinks of SPCH expression, stomatal production, and drought response were different in C4 crops (Figure 6). The homologs of SPCH in C4 plants have undergone a complex evolution (Figure 3) and showed divergent expression responses to drought stress (Figures 4A, B).




Figure 6 | The proposed stomatal response to drought stress regulated by the divergent expression of SPCH in C3 and C4 plants. Drought repressed the expression of the SPCH of C3 plants but had no effect on that of C4 plants, resulting in the reduction of stomata in C3 plants, and no change in stomata in C4 plants in response to drought stress. However, drought-tolerant C3 plants showed no stomatal response to drought due to the stabilized expression of SPCH under drought stress. Conversely, drought-tolerant C4 plants were able to reduce the production of stomata and limit the water loss due to the re-activation of SPCH response to drought.



In conclusion, we identified the molecular difference of C3 and C4 SPCH at transcriptional level and protein level. We proposed a working model including the drought response of both drought-susceptible and drought-tolerant C3 and C4 crops (Figure 6). Our model supports the studies in C3 plants that drought represses the stomatal development via inhibiting the SPCH expression whereas the stomatal development and SPCH expression level are not affected in drought-tolerant C3 crops (Aharoni et al., 2004; Quan et al., 2010). In contrast, the expression of C4 SPCH was not affected by drought stress, which might lead to the stabilization of stomatal development of C4 plants during drought stress (Figure 6). However, drought-tolerant sugarcane exhibited C3 plant-like response of SPCH expression and stomatal development (Figure 6), suggesting the different upstream regulation of SPCH expression in drought-tolerant and drought-susceptible C4 plants. According to this result, the drought-tolerant sugarcane was able to reduce water loss via regulation of stomatal development to further increase the tolerance to drought stress. It would be interesting to investigate the underlying genomic and epigenetic mechanism of how SPCH is differentially regulated in drought-susceptible and tolerant crops. This research is also helpful in understanding the evolution of the key functional genes and their roles in drought tolerance.
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Cadmium, one of the toxic heavy metals, robustly impact crop growth and development and food safety. In this study, the mechanisms of wheat (Triticum aestivum L.) selenium-binding protein-A (TaSBP-A) involved in response to Cd stress was fully investigated by overexpression in Arabidopsis and wheat. As a cytoplasm protein, TaSBP-A showed a high expression in plant roots and its expression levels were highly induced by Cd treatment. The overexpression of TaSBP-A enhanced Cd-toleration in yeast, Arabidopsis and wheat. Meanwhile, transgenic Arabidopsis under Cd stress showed a lower H2O2 and malondialdehyde content and a higher photochemical efficiency in the leaf and a reduction of free Cd2+ in the root. Transgenic wheat seedlings of TaSBP exhibited an increment of Cd content in the root, and a reduction Cd content in the leaf under Cd2+ stress. Cd2+ binding assay combined with a thermodynamics survey and secondary structure analysis indicated that the unique CXXC motif in TaSBP was a major Cd-binding site participating in the Cd detoxification. These results suggested that TaSBP-A can enhance the sequestration of free Cd2+ in root and inhibit the Cd transfer from root to leaf, ultimately conferring plant Cd-tolerance via alleviating the oxidative stress and photosynthesis impairment triggered by Cd stress.
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Introduction

As an allohexaploid species, wheat (Triticum aestivum L., 2n=6x=42, AABBDD) has a wide adaptability and provides a stable source of carbohydrates and proteins duo to its uncommon genetic potential that synchronizes its flowering time with diverse environmental conditions (Kamran et al., 2014). Wheat consumption is globally estimated to rise 70% in the next few decades (2020–2050) as the human population increases (Vitale et al., 2020). However, many anthropogenic industrial activities including electroplating, mining, battery production and iron and steel plants as well as widely used pesticides and phosphate fertilizers in modern agriculture are some of major sources of heavy metal such as cadmium (Cd), chromium (Cr), mercury (Hg), lead (Pb), copper (Cu), zinc (Zn) and nickel (Ni) to soils (Choppala et al., 2013; Haider et al., 2021; Qin et al., 2021). Those increasingly deteriorative contaminations in agricultural soils have become a serious threat to grain production worldwide (Rizwan et al., 2012; Caparrós et al, 2022). It is estimated that 12 million tons of grain are polluted each year by heavy metals in China (Qin et al., 2021). Among of those heavy metal, the accumulation of Cd was continuously increasing, while others was gradually decreasing during the period from 2005 to 2017 (Huang et al., 2019). Cd generally poses high toxicity to both plants that and humans, even at a very low concentration (López-Luna et al., 2015). The accumulation of Cd between 5–10 mg Cd kg-1 (dry matter) in plant tissue is toxic to most plants (Choppala et al., 2014). For human, the maximum dietary exposure of Cd is 25 μg kg-1 body weight per month according to FAO/WHO. Humans often contact with Cd-polluted foods via the food chain (Dai et al., 2012). When exposed to Cd contaminated environments, people would have a high risk of acquiring many diseases, including chronic kidney disease, osteoporosis, cardiovascular diseases, and cancer (Fatima et al., 2019). Therefore, it is significant to ensure food safety and human health to pay attention to heavy metal pollution, especially Cd- contaminations.

Cd stress has significant effects on plant growth and development at both morphological and physiological levels (Shanying et al., 2017). In morphological level, Cd toxicity was reported to cause a substantial decrease in total leaf area, root length and tips, and dry weight of plant leaves, stems and roots (Jinadasa et al., 2016; Rizwan et al., 2017). In physiological level, Cd stress causes damages in photosynthetic apparatus and Calvin cycle related enzymes, resulting in a decline of photosynthesis and carbon assimilation rate (Pietrini et al., 2010; Ying et al., 2010). Furthermore, Cd stress can induce water stress, leading to decreases in stomatal conductance, transpiration rate, and relative-water content of plant leaves (Arasimowicz-Jelonek et al., 2011; Najeeb et al., 2011). The signal transduction induced by Cd generally triggers reactive oxygen species (ROS) production, which damages cellular organelles and biomolecules (Ranieri et al., 2005; Gratão et al., 2015). In addition, Cd stress has negative effects on plant mineral content by interfering with the intake of mineral nutrients such as zinc (Zn), iron (Fe), calcium (Ca), manganese (Mn), magnesium (Mg), copper (Cu), silicon (Si), and potassium (K) (Khan et al., 2015a; Jinadasa et al., 2016). In summary, the physiological disorders caused by excessive intake of Cd2+ under Cd stress often produce a severe inhibition of morphology and grain yield loss in agriculture (Li et al., 2015).

Plants have evolved different mechanisms to resist Cd stress during the long evolutionary process, including restricting metal uptake and enhancing their detoxification abilities (Choppala et al., 2014; Wei et al., 2022). When plants subject to heavy metal stress in the soil solution, the cell walls serve as the first barrier against metal toxicity (Lang and Wernitznig, 2011). The cell wall of the stems, leaves and fruits was reported to involve in Cd immobilization in bush beans and pepper (Xin and Huang, 2014; Xin et al., 2014). Once Cd enters the cytosol, plants can form metal chelates/complexes to minimize the concentration of free Cd2+ in the cytosol (Sarwar et al., 2010; Saraswat and Rai, 2011). So far, two principal peptides have been found to participate in chelating to Cd: phytochelatins and metallothioneins (Ismael et al., 2019). The thiol moieties of phytochelatins and cysteine-rich small polypeptides can chelate metal ions, including Cd, Cu, Zn and Ag etc. (Cobbett and Goldsbrough, 2002; Uraguchi et al., 2017). Meanwhile, metallothioneins belonging to cysteine-rich proteins with a low molecular mass can resist to Cu and Cd stresses (Jianmin and Goldsbrough, 1994). Additionally, the vacuoles/plastid sequestration and metal efflux mechanism also significantly contributes to enhance plant detoxification abilities to Cd stress (Ogawa et al., 2009; Wang et al., 2015). It is known that some metal transporters can mediate these processes, such as CAX2/4 (Korenkov et al., 2007), HMA1/3 (Lei et al., 2020; Zhang et al., 2020), MRP3 (Verbruggen et al., 2009), ABCC3/9/13 (Bhati et al., 2016; Yang et al., 2021), and metal efflux transporters PCR1/2 (Lin et al., 2020), PDR8 (Kim et al., 2007), and MATE (Li et al., 2002; Wang et al., 2015).

The transcriptional regulation is an important strategy for plant heavy metal stress response. To date, many Cd-responsive transcription factors in plants have been identified and characterized, such as Hsfs (Shim et al., 2009; Chen et al., 2020), ERFs (Lin et al., 2017), ORG3 (Xu et al., 2017), WRKYs (Cai et al., 2020), MYBs (Agarwal et al., 2020), and bHLHs (Yao et al., 2018), etc. As the key downstream effectors of Cd stress transcriptional pathways, these Cd-responsive transcription factors can trigger the expression of Cd-detoxification genes and converge Cd stress signals (Chmielowska-Bąk et al., 2014). In addition, a lot of metallochaperones can traffic metal ions in cytosol. Saccharomyces cerevisiae metal homeostasis factor (ATX1) can bind a single Cu ion by two cysteines in the MXCXXC motif (here M, X and C represents methionine, any amino acid and cysteine, respectively) (Lin and Culotta, 1995; Rousselot-Pailley et al., 2006). This motif is also present in numerous metal binding proteins, such as the P-type copper transporter CCC2 (Yuan et al., 1995), bacterial carriers for mercury ions MerP (Powlowski and Sahlman, 1999), copper chaperones for SOD1 CCS (Culotta et al., 1997), and the cadmium binding protein Cd19 (Suzuki et al., 2002).

Wheat, compared to other cereals such as maize and rice, can accumulate more Cd mainly via the roots and then transfer it from roots to aerial parts, contributing to enrichments in the grain eventually (Greger and Löfstedt, 2004; Jafarnejadi et al., 2011). Therefore, it is significant to understand the mechanism of wheat response to Cd stress, which may be managed to alleviate Cd uptake or accumulation, promoting wheat growth and improving grain yield and quality. During the past decades, a number of strategies, such as the selection of low Cd-accumulating wheat cultivars (Liu et al., 2020), exogenous application of plant growth regulators (Agami and Mohamed, 2013; Wang et al., 2017b), the use of inorganic amendments (Khan et al., 2015b; Naeem et al., 2018; Cheng et al., 2021; Ma et al., 2022), organic amendments, nanoparticles (Grüter et al., 2019) have been applied for the alleviation of Cd toxicity in wheat (Zhou and Li, 2022). Low-Cd or high Cd-resistance wheat cultivars were increasingly fostered with molecular genetics and breeding approaches developed rapidly. (Zaid et al., 2018). Cd tolerance was enhanced in rice expressing TaHsfA4a by upregulating metallothionein gene expression (Shim et al., 2009). The OsHMA3 overexpression highly inhibited Cd accumulation in wheat grain by decreasing root-to-shoot Cd translocation nearly 10-fold (Zhang et al., 2020). The overexpression of durum wheat TdSHN1 conferred Cd resistance by promoting the activities of superoxide dismutase (SOD) and catalases (Djemal and Khoudi, 2022).

The candidate genes related to enhance crop tolerance to heavy metals are urgently needed to ensure food safety. The selenium-binding protein (SBP) is a typical SBP56 family member, which was identified in A. thaliana (Dutilleul et al., 2008; Hugouvieux et al., 2009; Schild et al., 2014). Early studies identified SBP as a cytosolic selenium binding protein, named as SBP56 in mouse liver, which was found to bind selenium (Bansal et al., 1989; Bansal et al., 1990). It is involved in intra-Golgi protein transport in Mammalia (Porat et al., 2000), and the decreased levels of SBP1 are associated with epithelial cancers and breast cancer (Yang and Diamond, 2013). Selenium-binding protein in plants, first found in Lotus japonicas, participated in nodule formation during the symbiosis of plants and rhizobia (Flemetakis et al., 2002). AtSBP1 has been reported that it can interact with glutaredoxins AtGRXS14 and AtGRXS16 that contain a PICOT domain and belong to part of the plant’s response to oxidative stress (Valassakis et al., 2019). It also served as an interacting partner of DAD1-LIKE LIPASE 3 (DALL3) that participated in the network of genes regulated by cadmium (Dervisi et al., 2020). The overexpression of SBP1 in rice could improve plant tolerance to different pathogens (Sawada et al., 2004). In particular, overexpressing AtSBP1 in Arabidopsis enhanced tolerance to Cd stress in both suspension cells (Sarry et al., 2006) and entire plants (Dutilleul et al., 2008). Meanwhile, AtSBP1 can also participate in Zn, Cu and H2O2 stress responses (Hugouvieux et al., 2009). The Se-binding site Cys21Cys22 in AtSBP1 was identified, which could form SeCys [R-S-Se(II)-S-R] and confirmed Se tolerance (Schild et al., 2014). The overexpression of AtSBP1 could produce greater Cd accumulation in Arabidopsis (Dutilleul et al., 2008), indicating that AtSBP1 could enhance the Cd uptake. However, the state (free or complex) of the accumulated Cd in the overexpressed plants remains unclear; this is critical as it will allow researchers to further understand the mechanisms of SBP for Cd tolerance.

In the current study, a comprehensive investigation was performed to reveal the molecular mechanisms of wheat TaSBP-A enhancing Cd tolerance. We focused on dissecting the detoxification function of TaSBP-A via a specific Cd-binding motif. Our purpose is to provide new insights into the Cd-tolerant mechanisms of plants, which could be beneficial for improving the Cd tolerance as well as reducing grain Cd accumulation of crop cultivars.



Materials and methods


Wheat materials, seedling cultivation and Cd treatment

Common wheat variety Chinese Spring (CS) was used as material, and the mature seeds were cultivated based on the previous report (Zhang et al., 2014). In brief, the seedings were cultivated in Hoagland solution. The Cd stress treatment at three-leaf stage was conducted using 50 µM CdCl2 in Hoagland solution. Three biological replicates were set in both treatment and control, and the samples of roots, stems (crown to ligule) and leaves were respectively collected from 24, 48, 72 h treatments and control, and then immediately immerged into liquid nitrogen prior to use.



RNA-seq and RT-qPCR

The expression profiling of TaSBP genes in different organs including roots, stem axis, leaves was detected using the RNA-seq database of wheat (http://www.wheat-expression.com/genes/heatmap?gene_set=RefSeq1.1&genes=TraesCS3A02G422100%2CTraesCS3D02G417500%2CTraesCS3B02G457600). Total RNA isolation, cDNA synthesis and real-time quantitative polymerase chain reaction (RT-qPCR) were based on the previous report (Yu et al., 2016). The specific primers were shown in Table S3. The expression levels of TaSBP were presented as values relative to the corresponding control samples at the indicated times and conditions after normalization to Ubqutin (UBI) transcript levels.



Subcellular localization

The TaSBP-A gene clone, vector (16318) construction and leaf protoplast transformation of Chinese Spring were based on previous report (Zou et al., 2020). The specific primers were shown in Table S3. Confocal laser scanning microscope (Leica TCS SP5, Germany) was used for monitoring the GFP signal and chlorophyll red auto-fluorescence.



Overexpression of TaSBP-A in Saccharomyces cerevisiae

Saccharomyces cerevisiae strain DEY1457 (MATα can1 his3 leu2 trp1 ura3 ade6), kindly provided by Prof. Liping Yin, Capital Normal University, was used for heterologous expression of TaSBP-A protein. The full gene CDS of TaSBP-A was cloned in the destination vector pYES2 (Invitrogen). The specific primers were shown in Table S3. The empty vectors (EV) and combined vectors were respectively transformed into yeast strains DEY1457 following standard procedure (Invitrogen). Single colonies cultured in the exponential phase (OD 2.0) were diluted to six stepped concentration (OD 2, 2 x 10-1, 2 x 10-2, 2 x 10-3, 2 x 10-4, 2 x 10-5) and drop on the dextrose-Ura solid medium with/without 30 μM Cd2+. Three independent clones were used for the experiments.



Overexpression of TaSBP-A in Arabidopsis and wheat and Cd stress treatment

Arabidopsis genetic transformation was based on previous report (Li et al., 2017). pCAMBIA1302 with a 3×Flag-tag was used as expression vector, and at least two generations of resistance screening were carried out. All plants were grown in a growing chamber at 21–22°C with cool-white fluorescent light (80–100 µmol m−2s−1) in a long day photoperiod (16 h light/8 h dark). Arabidopsis Seedlings were cultivated for 7 days in half-strength Murashige and Skoog (1/2 MS medium) supplemented with 0.6% (w/v) sucrose and 0.7% (w/v) agar, and then transferred to 1/2 MS medium with 0, 75, 150 μM CdCl2 for another 7 days in growth chamber. The measurement of seedling root length and fresh weight and statistics of survive rate were performed after 7 days treatment in 1/2 MS medium. At the same time, one-week old Arabidopsis plants were cultivated in garden soil (Basic substrate No. 1, Pindstrup Mosebrug A/S, Denmark) without additional fertilizer for Cd stress treatment. Young plants were grown for three weeks in garden soil, and then used for Cd treatment by watering with and without 150 μM CdCl2 solution, respectively.

Full length of TaSBP-A CSD was cloned into wheat expression vector, pWMB110, with a HA tag under the control of maize UBI promoter. The new vector was transformed into Agrobacterium tumefaciens strain C58C1 by triparental mating, and then further introduced into W48 immature embryos to generate transgenic plants according to the methods described by previous report (Wang et al., 2017a). The mature seeds from three independent stable transgenic lines at T3 generation were geminated in filter paper soaked with distilled water. After 48 h, uniformly germinated seeds were selected to grow in the half strength Hoagland’s nutrient solution. Cd stress treatment was applied to W48 (non-transgenic control) and TaSBP-A overexpressed wheat seedlings at three-leaf stage with 0 and 50 μM CdCl2 for two weeks. The measurement of the fresh weight and root length were performed after 2 weeks treatment. The seedling leaves and roots were respectively collected for the measurement of Cd content.



Measurements of chlorophyll, malondialdehyde and H2O2 content, SOD activity and chlorophyll fluorescence

Wild-type and transgenic Arabidopsis plants were treated with 150 μM Cd for 4 weeks. The measurement of chlorophyll and malondialdehyde (MDA) content and the detection of superoxide dismutase (SOD) activity were carried out according to previous report (Li et al., 2017). H2O2 content was measured using kit (KGT018, KeyGen Biotech, China) based on the manufacturer’s instructions. Chlorophyll fluorescence was detected by using IMAGING‐PAM chlorophyll fluorometer (Walz, Effeltrich, Germany) as previous report (Schreiber et al., 2007). The wild‐type and transgenic plants were treated by 20 photons m-2•s-1 (actinic light) after dark-adaptation. And then maximal PSII quantum yield (Fv/Fm) was measured. The equation was used to calculate Fv/Fm : Fv/Fm = (Fm–F0)/Fm. The effective PSII quantum yield (ΦPSII) was determined by using the formula: ΦPSII = (Fm′-F)/Fm′. The inhibition of PSII quantum yield (Inh) was detected by using the equation: Inh = (ΦPSII control–ΦPSII sample)/ΦPSII control.



Measurement of total Cd content in yeast cells and plant extracts

Cd-treated and untreated yeast cells and plant leaves were washed with Cd2+ free medium or ddH2O, and dried for 3 d at 55°C, and then put into digestion tank. Pre-digesting was conducted by adding 5 mL 65% HNO3 (Suprapur; Merck) and 2 mL H2O2 (Suprapur; Merck) to the digestion tank for 40 min at room temperature. The samples were digested by microwave digestion instrument (MARS, CEM Corporation, USA) for 2 h. Cd content (ng/g DW) was calculated using inductively couple mass spectrometry (ICP-MS, ELAN DRC-e, PerkinElmer) according to previous report (Maher et al., 2001).



Measurement of Cd2+ fluxes and Cd microscopic imaging

Cd2+ fluxes from one-week-old Arabidopsis seedlings cultivated on 1/2 MS were detected. Net fluxes of Cd2+ in root hair were measured by the noninvasive micro-test technique (NMT; BIO-001A, Younger United States Science and Technology Corp, Beijing, China) combined with IFLUXES/IMFLUXES 2.0 software (NMT100 Series, Younger USA, Amherst, MA, USA) (Ma et al., 2015). The microelectrodes were calibrated in 0.1 and 0.01 mM Cd2+ before the measurements of Cd2+ flux. The electrodes with Nernstian slopes were > 29 ± 3 mv/decade. Arabidopsis seedlings were transferred into a measuring chamber containing 10 mL of measuring solution (0.1 mM KCl, 0.03 mM CdCl2, and 0.3 mM MES, pH 5.8.) and equilibrated for 10 min before measurement.

Visualization of free Cd2+ in Arabidopsis roots was conducted in one-week-old seedlings. The Cd probe Leadmium™ Green AM dye (Molecular Probes, Invitrogen, Calsbad, CA, USA) was utilized to detect the distribution of Cd in plant roots pre-treated with 150 μM Cd2+ for 0, 6 and 12 h. Cd fluorescence was excited at 488 nm and visualized using Zeiss LSM 780 (Carl Zeiss, Germany).



Overexpression of TaSBP-A/ΔTaSBP in E. coli and purification of the recombinant proteins

The mutant (ΔTaSBP-A) with displaced Cys with Gly in the putative metal binding regions was constructed. cDNA in the entry clone was cloned into the destination vectors pEGX-4T-1, used to produce GST-TaSBP-A/ΔTaSBP protein carrying additional 250 amino acids at the N terminus compared to the recombinant proteins. The recombinant plasmids were transformed into E. coli strain BL21. The cell cultures were fostered at 37°C for 3-4 h until the OD = 0.6-0.8, and then 1 mM IPTG was added for induction 16 h at 16°C. The recombinant proteins were isolated by batch purification with glutathione sepharose 4B according to the manufacturer’s instructions (Amersham). Protein concentrations were determined by spectrophotometer (NanoDrop 2000, Thermoscientific) at 280 nm.



In vitro Cd2+ binding shift and binding ratio measurement

Two constructs wild type with the normal CXXC motif (TaSBP-A) and mutant with the GXXG motif (ΔTaSBP-A) were prepared. The recombinant protein (100 μM) of TaSBP-A/ΔTaSBP was incubated with 500 μM CdCl2 and 500 μM CdCl2 together with 500 μM EDTA at 4°C overnight. The shift was tested by using 10% SDS-PAGE. The recombinant plasmid of pEGX-TaSBP-A/ΔTaSBP was transformed into E. coli BL21 (DE3) and induced at 16°C for 10 h with 1 mM IPTG. Then, 100 μM CdCl2 was added to the liquid medium for 10 h culture. The cells were collected and mildly lysed using BugBuster Master Mix (Novagen, 71456-4). The lysis was centrifuged at 16000 g and 4°C for 15 min. The purified proteins were divided into equal two parts: one used for measuring Cd content by ICP-MS, and the other for measuring the protein concentration by DC protein determination kit (Bio-Rad). The stoichiometry of protein binding to Cd was conducted according to Cd and protein concentration (Luo et al., 2019).



Thermodynamic parameters determined by isothermal titration calorimetry and secondary structure characterization by circular dichroism

Cd-TaSBP-A/ΔTaSBP thermodynamic parameters were detected by calorimetric experiments of the recombinant TaSBP-A/ΔTaSBP proteins. Calorimetric titrations were conducted at 25°C with stirring at 1000 rpm with a filter time constant of 2 s by using a microcalorimeter (Microcal ITC 200 System, GE Healthcare). Negative controls were performed by the injections into the buffer, resulting only in signals from heat of salt dilution.

Secondary structure characterization (modifications) of the recombinant TaSBP-A protein after incubation with Cd2+ was performed by circular dichroism (CD). The recombinant protein of TaSBP-A/ΔTaSBP (1 nmol) was incubated with gradient concentration of Cd2+ (0, 2, 3, 4 nmol) in 250 μL incubation buffer. Spectra acquisition at 25°C used a spectropolarimeter (J-815, Jasco) at the far UV (200–260 nm). The following parameters were set: 1 nm step, 2 nm band width, and scan speed 200 nm/min with the optical path length 1 mm. The assessment of protein second structure was performed by K2D method based on the linear regression method (Yang et al., 1986).



Genetic transformation of TaSBP-A and ΔTaSBP-A in wheat protoplasts and viability comparison under Cd treatment

The wheat protoplasts were cultivated overnight after transformation of plasmids including 16318hGFP, reconstructive TaSBP-A and ΔTaSBP-A, respectively. Then, the viable protoplasts were treated with 50 μM CdCl2 for 0, 2, 4, 6, 8, 10, and 12 h. To determine cell viability, the GFP fluorescence and chloroplast autofluorescence were observed by confocal laser scanning microscope (Leica TCS SP5, Germany). The transgenic protoplasts were cultivated in 0 μM CdCl2 as the control (CK). The relative rate of protoplasts viability (treatment group/CK) was counted from 0 to 12 h.




Results


Phylogenetics and structural characterization of TaSBPs

Three protein sequences (TraesCS3A01G422100.1, TraesCS3B01G457600.1 and TraesCS3D01G417500.1) in Chinese Spring Protein database (http://plants.ensembl.org/index.html) were homologous to Arabidopsis SBPs (AtSBP1/2/3); in turn, they respectively located on chromosomes 3A, 3B and 3D. Specifically, TraesCS3A01G422100.1 showed 98.59% and 97.37% identities to TraesCS3B01G457600.1 and TraesCS3D01G417500.1, respectively (Figure S1). This demonstrates that hexaploid wheat had only three SBP copies, and they are named TaSBP-A, TaSBP-B and TaSBP-D. A phylogenetic tree constructed by 11 SBPs from different animal and plant species showed that TaSBP-A/B/D had a close phylogenetic relationship with the SBP56 family (Figure 1A).




Figure 1 | Phylogenetics and structural characterization of wheat TaSBPs. (A) Phylogenetic relationships between TaSBP-A/B/D protein and other SBPs of various species. (B) Simplified illustration of TaSBP protein structure. One putative metal binding region (HMR) and one Selenium-binding region (SBR) are shown. (C) Protein sequences containing the CXXC-type metal binding domain were acquired from GenBank. Accession numbers include ATX1 (P38636), CHF (AAC33510), ATFP3 (AAD09507) and Cd19 (AAM64219.1). The core sequence of the metal binding region is CXXC (here C represents cysteine and X represents any amino acid). (D) 3-D structure of TaSBP-A based on the structure of S. tokodaii (SMTL ID: 2ece.1). (E) The heat map of TaSBP’s expression in the root, stem and leaf of wheat seedings. (F) The expression of TaSBP-A in different organs of Chinese Spring at the three-leaf stage. (G) Subcellular distribution of the 35S-TaSBP-GFP fusion proteins in wheat protoplasts as shown by confocal laser scanning microscope. The red represents the chloroplast fluorescence and the green indicates the GFP fluorescence.



Structural characterization showed that TaSBPs belonged to the SBP56 family and contained a putative heavy metal binding motif as well as a selenium-binding site CXXC (Figure 1B). They also showed a partial similarity with other typical metal binding proteins in the metal binding region CXXC (Figure 1C). A three-dimensional model analysis of TaSBP-A was performed by using SWISS-MODEL (https://swissmodel.expasy.org/) to identify the potential Cys residues involved in Cd binding. As the closest homologue, the structure of the hypothetical selenium-binding protein from Sulfolobus tokodaii (SMTL ID: 2ece.1) was used to generate a three-dimensional model with the program Modeler (Global Model Quality Estimation of 0.7; 43.91% sequence identity). As shown in Figure 1D, nine potential Cys residues were located on the surface of the TaSBP-A protein, among which four Cys residues, Cys100, Cys102, Cys161, and Cys488, showed high conservation. Cys23 and Cys24 were conserved in all the photosynthetic organisms, which were identified as the selenium-binding sites in Arabidopsis (Schild et al., 2014). The Cys100 and Cys102 on the random coil belonged to a CXXC motif related to metal binding (Lin and Culotta, 1995; Yuan et al., 1995; Culotta et al., 1997).



Expression and subcellular localization of TaSBP-A

RNA-seq analysis of the three TaSBPs in different organs of wheat showed that all TaSBPs expressed in root, stem and leaf. Of these, TaSBP-A had the highest expression level in three organs, particularly in the plant root (Figure 1E). Further RT-qPCR analysis displayed a similar expression pattern in different plant organs (Figure 1F). According to the above results, we chose TaSBP-A for further functional survey. TaSBP-A consisted of 1485 bp encoding 495 amino acid residues, and the deduced molecular mass was 54.1 kDa without considering protein modification.

To determine the subcellular location of the TaSBP-A, a TaSBP-A-GFP fusion vector (pTaSBP-A-GFP) driven by two CaMV35S promoter was constructed and transformed into wheat protoplasts. In cells only expressing GFP, the entire cytoplasm and nucleus were diffusely labeled by a laser scanning microscopy. In contrast, the GFP fluorescence of TaSBP-A-GFP was only visible at cytoplasm, which clearly indicates that the TaSBP-A was localized in the cytoplasm (Figure 1G).



Cd stress response of TaSBP-A in wheat and overexpressed yeast cells

The TaSBP-A expression in response to Cd stress in the seedling roots of Chinese Spring was detected by both RT-qPCR (Figure 2A) and Western blot (Figure 2B). The results showed that both transcription and translation expression levels of TaSBP-A were significantly induced by time increasing under Cd stress (Figures 2A, B). In particular, both transcription and translation of TaSBP-A arrived at the highest level at 72h compared with control (24h), suggesting that TaSBP-A can be induced and accumulated in roots by Cd stress and may have potential roles in Cd stress response.




Figure 2 | TaSBP-A responding to Cd-stress in Chinese Spring roots and its overexpression in Saccharomyces cerevisiae DEY1457. Wheat seedlings were treated with 50 μM CdCl2 for 24, 48 and 72 h during the three-leaf stage. (A) Transcription expression by RT-qPCR. (B) Protein accumulation by Western blot. (C) Serial dilutions of the S. cerevisiae strains expressing the pYES2 empty vector (EV); a pYES2 harbouring one of the TaSBP-A spotted on medium supplemented with 0 (control) or 30 μM CdCl2, as indicated at bottom of the panels. Each spot is comprised by 5 μl of a yeast culture diluted at the optical density at 600 nm (OD600 = 2.0 is the first spot). (D) Cd content of harvested cells measured by ICP-MS. A one-way ANOVA was used for the statistical analysis of the data. The asterisks represent the significant differences at different levels (**p<0.01; ***p<0.001).



Because yeast has no SBP homolog, we overexpressed the TaSBP-A in yeast to detect the Cd tolerance of yeast cells. As shown in Figure 2C, EV and TaSBP-A yeast cells had a practically equal growth rates under normal condition; however, the TaSBP-A cells showed a higher growth rate than did the EV cells under 30 μM Cd2+ treatment (Figure 2C). Subsequently, we respectively cultured EV and TaSBP-A cells in a liquid medium containing 25 μM CdCl2; here, the Cd content in yeast was detected by ICP-MS. Interestingly, the TaSBP-A overexpression in yeast could accumulate more Cd than EV significantly, as shown to be by 10.8% (Figure 2D). These results indicated that TaSBP-A can enhance the Cd tolerance of yeast cells by binding toxic free Cd ions.



The constitutive heterologous expression of TaSBP-A alleviated the oxidative stress and photosynthesis impairment triggered by Cd treatment in Arabidopsis

To reveal TaSBP-A function in the response to Cd stress, we further overexpressed it in Arabidopsis. Three stable overexpressed transgenic lines (S2-9, S3-12 and S4-7) were generated using genome PCR and western blot detection (Figures S2A-C). The overexpression protein level of TaSBP-A is S4-7 < S2-9 <S3-12 (Figure S2C). The seedlings of the TaSBP-A transgenic lines and wild type (WT) were cultivated on 1/2 MS containing 0, 75, and 150 μM CdCl2 for 7 days. The primary root growth was significantly inhibited and substantial chlorosis of cotyledons occurred in the WT plants (Figures S2D, E). However, TaSBP-A overexpressed seedlings maintained a higher fresh weight, root length and survival rate (Figures S2F-H), showing that all of lines have a palpable Cd tolerance. The Cd accumulation measurement revealed that the overexpression of TaSBP-A lines could accumulate a greater amount of Cd, specifically 1.13-1.23 times as high as WT (Figure S2I).

The Cd tolerance of TaSBP-A overexpressed lines grown in garden soil was further detected under 150 μM CdCl2 treatment. Both transgenic lines and WT had no clear differences in the growth under normal conditions. However, under Cd stress, the WT plants showed chlorosis leaves and a severe reduction of growth (Figure 3A). In contrast, the TaSBP-A transgenic plants displayed a clear resistance to Cd stress even though some chlorosis leaves still occurred. Physiological and biochemical parameter analyses showed that SOD activity in TaSBP-A overexpressed lines was 2.36 times and the content of H2O2 and MDA were only 50% and 39% as compared to WT plants (Figures 3B-D). These results demonstrated that TaSBP-A transgenic plants could effectively promote SOD activity that would be able to alleviate the oxidative stress triggered by heavy-metal-induced H2O2. Cd accumulation in the roots of ICP-MS showed that the TaSBP-A transgenic lines accumulated more Cd, 1.23-1.64 times higher than WT (Figure 3E).




Figure 3 | Overexpression of TaSBP-A alleviated the oxidative stress and photosynthesis impairment triggered by Cd treatment in Arabidopsis. (A) Phenotypic comparison of the wild type and transgenic Arabidopsis lines (S2-9, S3-12, and S4-7) under Cd stress. Three-week-old plants were watered with 150 μM CdCl2 once a week for four weeks. Control group (CK) was normally irrigated with water. (B–D) Changes of SOD activity, H2O2 and the MDA content of transgenic Arabidopsis and the wild type (WT). (E) The Cd content changes in the roots of transgenic and wild type lines. (F) Chlorophyll fluorescence changes of the efficiency of PSII in the light (ΦPSII), and the inhibition of the PSII quantum yield (Inh.) of WT and overexpressed Arabidopsis lines. (G–I) Changes of chlorophyll fluorescence parameters Fv/Fm (G), ΦPSII (H), and Inh (I) extracted from fluorescence images. (J) Chlorophyll content changes of WT and the transgenic line under Cd stress. The data are indicated as mean± SD from three biological replicates. All data were statistically analyzed using a one-way ANOVA. The asterisks represent significant differences at different levels (*p< 0.05; **p< 0.01; ***p< 0.001).



We also detected the impairment of photosynthesis as a result of Cd stress in transgenic plants. The results showed that the chlorophyll fluorescence parameters had no clear differences between WT and TaSBP-A overexpressed lines under normal conditions (Figure 3F). However, the maximum quantum yield of PSII photochemistry in the dark‐adapted state (Fv/Fm) in the transgenic plant leaves under 150 μM Cd was higher than it was for WT (Figure 3G). In particular, the operating efficiency of PSII (ΦPSII) in three overexpression lines under Cd treatments was 22.25-28.80%, which was significantly higher than it was for WT (Figures 3F, H). Cd exposure significantly promoted the inhibition of PSII quantum yield (Inh) in the WT plant leaves, but it had no clear effects on transgenic plants (Figures 3F, I). Similarly, the chlorophyll content in the leaves had no significant differences between WT and the TaSBP-A transgenic lines after 4 weeks in normal growth conditions, while the TaSBP-A transgenic lines were significantly higher chlorophyll content under Cd stress: 1.95-2.95 times as high as WT (Figure 3J). These results indicate that the overexpression of TaSBP-A could significantly alleviated the photosynthesis impairment of plants under Cd stress treatment.



Net fluxes and state of over-accumulated Cd2+ in transgenic Arabidopsis

As described above, TaSBP-A overexpression resulted in an increase of Cd accumulation in roots, thus we detected the net fluxes of Cd2+ in the root hairs of transgenic Arabidopsis under 30 μM Cd2+ using a noninvasive micro-test technique (Figure 4A). The results showed that the Cd2+ net fluxes in the root hairs of three transgenic lines S2-9, S3-12, and S4-7 were 2.49, 4.11 and 3.20 pmol cm-2·s-1 respectively, which is 1.8-2.9 times higher than that of WT (Figure 4B). This confirmed that the overexpression of TaSBP-A could enhance the Cd2+ accumulation in roots of plant.




Figure 4 | Cd2+ fluxes and free Cd2+ detection in TaSBP-A overexpressed Arabidopsis root hairs. (A) A representative root hair and the Cd2+-selective microelectrode used. (B) The mean Cd2+ fluxes in the root hair was measured for 30 min after exposure to 30 μM Cd2+ by using a noninvasive micro-test technique. The data are indicated as mean± SD from the three biological replicates. All data were statistically analyzed using a one-way ANOVA. The asterisks represent significant differences at different levels (*p< 0.05; **p< 0.01; ***p< 0.001). (C) Micrographs of seedling roots from WT and overexpressed lines exposed to 150 μM Cd for different treatment times. Plant roots were pre-treated with 150 μM CdCl2 for 0 h (control), 6 h and 12 h on a 1/2-MS plate and loaded with Leadamium™ Green AM dye for 60 min. All images were taken by a confocal laser scanning microscope (Leica TCS SP5, Germany). Green fluorescence indicates the binding of the dye to Cd.



Leadmium™ Green AM dye, a Cd probe, was used to detect the state (free or binding) of the accumulated Cd, particularly with regard to the distribution of free Cd2+ in plant roots. As shown in Figure 4C, a very low level of green fluorescence was found in the roots of transgenic lines. This indicates that this dye has a high specificity to detect Cd2+ and that it does not react with divalent ions such as the Ca2+ present in the control roots. In contrast, the green fluorescence signals in WT plants appeared clearly above the hypocotyl after a 6 h pretreatment of 150 μM Cd2+; they were more obviously enhanced after a 12 h pretreatment of 150 μM Cd in WT plants. However, the slight green fluorescence signals in the overexpression lines were only present below hypocotyl. These results indicated that overexpressed TaSBP-A played an important role in reducing free Cd2+ and that the over-accumulated Cd in the TaSBP-A overexpression lines was present largely in binding state.



Overexpressing TaSBP-A enhanced Cd tolerance by inhibiting the transfer of Cd from root to leaf in wheat seedlings

Three stable TaSBP-A overexpressed wheat lines, OVEREXPRESSION-1 (OE-1), OE-2 and OE-3, were obtained at T3 generation. The RT-qPCR and Western blot analysis showed both the transcription and translation expression levels of TaSBP-A were significantly higher in TaSBP-A overexpressed wheat seedlings than those in W48 seedlings (Figures 5B, C). The growth of W48 and TaSBP-A overexpressed wheat seedlings exposed to 0 and 50 μM CdCl2 was compared after two weeks. Under normal condition, W48 and TaSBP-A overexpressed wheat seedlings showed a similar morphological characteristics (Figure 5A), and significant differences were not found in the fresh weight and root length between W48 and TaSBP-A overexpressed lines (Figure 5D, E). When subjected to 50 μM CdCl2 treatment, a repressed growth was observed in both W48 and TaSBP-A overexpressed wheat seedlings, but W48 seedlings were more sensitive to Cd treatment (Figure 5A). The statistical analysis showed that both the fresh weight and root length of TaSBP-A overexpressed seedlings were higher than those in W48 seedlings (Figure 5D, E), indicating that TaSBP-A overexpressed wheat seedlings have a higher tolerance to Cd stress. In addition, the measurement of Cd content showed that a significantly higher amount of Cd was accumulated in the roots of TaSBP-A overexpressed wheat seedlings compared with W48 (Figure 5F). However, a lower amount of Cd was accumulated in the leaf of TaSBP-A overexpressed wheat seedlings (Figure 5G). These results indicated that overexpressed TaSBP-A could improve Cd tolerance of wheat seedlings by inhibiting the transfer of Cd from the root to leaf in wheat seedlings.




Figure 5 | Overexpression of TaSBP-A enhanced wheat tolerance to Cd stress. (A) Seedlings of W48 and three TaSBP-A overexpressed lines (OE-1, OE-2 and OE-3) under 50 μM Cd2+ treatment for two weeks. (B) The expression levels of TaSBP-A relative to the internal control UBI gene in W48, OE-1, OE-2 and OE-3 determined by RT-qPCR. (C) The protein level of TaSBP-A-HA in leaf of W48 and TaSBP-A overexpressed wheat seedlings were validated using Western blot. (D) The fresh weight of plants under Cd stress. (E) The root length of plants under Cd stress. (F) The content of Cd in plant roots under 50 μM Cd2+ treatment for two weeks. (G) The content of Cd in plant leaves under 50 μM Cd2+ treatment for two weeks. The data are shown in mean values ± Sd. One-way ANOVA was used for statistical analysis of all data. The asterisks represent significant differences at different levels (**p< 0.01, ***p< 0.001).





Determination of Cd-binding site in TaSBP-A

The above results indicated that TaSBP-A can enhance Cd tolerance of plants via reducing free Cd2+ and inhibiting the transfer of Cd from root to leaf. Thus, it is crucial to determine the Cd binding site in TaSBP-A in order to dissect the molecular mechanism of plant Cd-tolerance. The putative heavy metal binding motif CXXC (TaSBP-A) was mutated to GXXG (ΔTaSBP-A) and then the TaSBP-A and ΔTaSBP-A were respectively expressed in E. coli as a fusion protein with GST (Figure S3A). Subcellular localization indicated that the mutant of CXXC had no influence on the location of TaSBP-A (Figure S3B). Thus, we further conducted an in vitro Cd2+ binding assay according to the principle that ethylenediaminetetraacetic acid (EDTA) can chelate with Cd2+ to form Cd (II)-EDTA (Yang and Davis, 1999). As shown in Figure 6A, both recombinant TaSBP-A and ΔTaSBP-A had shifts in SDS-PAGE after incubation with 500 μM CdCl2; in contrast, the shift disappeared with EDTA and the Cd coexistence in incubation buffer. However, after binding Cd2+, it was hard to recognize the shift between TaSBP-A and ΔTaSBP-A. ICP-MS combined with protein quantification was further used to identify the stoichiometry of the interaction between Cd and protein, and the results showed that the stoichiometry of the TaSBP-A:ΔTaSBP-A binding to Cd was about 3: 2 (2.98: 1.59) (Figure 6B). This indicates that the ability of TaSBP-A decreased by 47.3% after the CXXC motif mutation. This result further witnessed the interaction between TaSBP-A with Cd, where the CXXC motif served as the heavy metal binding site in the TaSBP-A.




Figure 6 | Determination of the Cd-binding site in TaSBP-A by in vitro Cd2+ binding assay. (A) Cd2+-binding shift performed with 100 μM recombinant proteins and 0.5 mM Cd2+ in vitro. Tris-HCl was used as a reaction buffer and EDTA was used as a competitive inhibitor to protein. (B) The Cd/Protein Ratio determined by ICP-MS. (C) Isothermal titration calorimetry experiments of the recombinant TaSBP-A (left) and ΔTaSBP-A (right) binding to Cd. The top panel dispalys the titration of Cd2+ at 0.5 mM into TaSBP-A (ΔTaSBP-A) at 50 μM placed at the sample cell; the bottom panel indicates the ligand concentration dependence of the heat released upon binding after normalization. The data were fitted with the one-site binding model. The data are means ± SD from the three biological replicates. (D) CD spectra of the recombinant TaSBP-A (left) and ΔTaSBP-A (right) in the presence of a stepped Cd concentration (0-4 nmol Cd) at 25 °C. The protein content remained 1 nmol/250 μL during the whole experiment. The X and Y axes represent the wavelength (nm) and Y (mdeg), respectively.





Thermodynamic parameter analysis of the Cd2+ interactions with TaSBP-A and the impact of Cd2+-binding on TaSBP-A’s secondary structure

The interaction of Cd2+ with TaSBP-A and ΔTaSBP-A was detected by ITC. The ITC curves and thermodynamic parameters during the interaction of Cd2+ and TaSBP-A/ΔTaSBP-A are shown in Figure 6C and Table 1. For each Cd2+ injection, a release of heat was observed (Figure 6C, upper panel); this indicates that a clear binding event between Cd2+ and TaSBP-A/ΔTaSBP-A occurred. A one-site binding model was used to fit TaSBP-A/ΔTaSBP-A isotherms (Figure 6C, lower panel). This can determine an apparent binding affinity constant (K) in the low micromolar range (50 μM). Unexpectedly, the binding enthalpy value of the Cd2+ and TaSBP-A interaction was -17.92 kcal/mol, which was significantly higher than that of the Cd2+ and ΔTaSBP-A interaction (-13.30 kcal/mol) (Table 1). Therefore, we deduced that the two different strong negative enthalpy values (ΔH) for Cd2+ most likely correspond to a combination of a binding event with a specific covalent reaction between TaSBP-A/ΔTaSBP-A and Cd2+. However, less heat was released in the interaction of ΔTaSBP-A with Cd2+, which suggests that the Cd binding amount of TaSBP-A was palpably diminished after the mutation of the CXXC motif. The CXXC motif also witnessed entropy difference values (ΔS), a measurement for disorder and order in atomic and molecular assemblies (Landsberg, 1984). According to ΔSTaSBP-A < ΔSΔTaSBP-A, TaSBP-A was able to bind more Cd2+ than that of ΔTaSBP-A, leading to a dramatic decrease in ΔS. Furthermore, the calorimetric signals needed abnormally large amounts of time to recover to their baseline values after the CXXC motif mutation (Figure 6C) suggest that a covalent reaction combined with the binding of the ion was significant restrained due to the CXXC motif mutation in TaSBP-A. According to the K value, KTaSBP-A was 1.6 times as high as KΔTaSBP-A (Table 1), which is consistent with the results of the stoichiometry TaSBP-A/ΔTaSBP-A (Figure 6B). This indicates that the ability of TaSBP-A to bind to Cd was heavily suppressed after the loss of CXXC motif, which can reduce the affinity of other binding sites in TaSBP-A to Cd2+.


Table 1 | Thermodynamic parameters calculated from micro-calorimetric experiments for the interaction between Cd2+ and TaSBP-A/ΔTaSBP-A at 25°C (298.15 K) in 10 mM HEPES, pH 7.4, 150 mM NaCl.



CD analysis was used to further determine whether Cd-binding caused changes of the protein’s secondary structure. The CD spectrum recorded the far-UV with TaSBP-A, ΔTaSBP-A, Cd-bound TaSBP-A and Cd-bound ΔTaSBP-A (Figure 6D) to estimate the second structure of proteins and Cd-proteins complexes. According to Table S1, the mutation of the CXXC motif had no effects on the β-sheet (about 45%) and turn (about 7.4%) content, but it resulted in an increase in random coil and a decrease in α-helix. With the presence of Cd2+, the spectrum of TaSBP-A had more significant changes than did ΔTaSBP-A, indicating that the Cd-binding to TaSBP-A and the complex formation led to clear second structure alterations (Figure 6D). According to Table S1, the changes of TaSBP-A were obviously observed in the α-helix, β-sheet, turn and random coil content after binding to Cd2+; in contrast, ΔTaSBP-A had only changes in turn content. These results showed that the significant changes of TaSBP-A’s second structure occurred upon Cd2+ binding. Moreover, the CXXC motif was a crucial Cd2+-binding site which could cause significant alterations of the protein’s second structure as a result of interaction between TaSBP-A and Cd2+.



In vivo validation of Cd-binding CXXC motif in wheat protoplasts

We transformed TaSBP-A and ΔTaSBP-A to wheat protoplasts for further Cd-binding CXXC motif and function verification of TaSBP (Figure S4). Empty vector 16318hGFP and recombinant plasmids containing TaSBP-A and ΔTaSBP-A were transformed into wheat leaves protoplasts, and then they were cultured with protoplasts culture medium with 50 μM Cd2+ (Figure S4A). The viable protoplasts (yellow light overlapped by chloroplast autofluorescence and GFP green fluorescence) that occurred after transformation were counted (Figure S4B). The transgenic efficiency of the empty vector was 27%, and it remained stable during the whole experiment under normal condition (0 μM Cd2+). In turn, TaSBP-A/ΔTaSBP-A had a transform efficient of approximately 20%, serving as the basis to explore the relative rate of the protoplasts’ viability (RRPV) under Cd treatment (Figure S4A). Compared to TaSBP-A (73%) and ΔTaSBP-A (56%), the number of viable protoplasts dramatically dropped after 12 h of Cd treatment in the empty vector, during which RRPV declined to 25% (Figure S4B). The dynamic RRPV was plotted from 0-12 h under cadmium treatment and it was also linearized (Figure 4B, Table S2). The results showed an order of SlopeEV < SlopeΔTaSBP-A < SlopeTaSBP-A (-0.06306< -0.04225< -0.02226) (Table S2), which indicates that the death rate of protoplasts was EV> ΔTaSBP-A> TaSBP-A. Compared to TaSBP-A, the dynamic RRPV of ΔTaSBP-A transgenic cells during 0-4 h had no significant difference. However, after 4 h under Cd stress, the reduction of ΔTaSBP-A RRPV was more palpable than that of TaSBP-A (Figure S4). These results revealed that the CXXC motif played a key role in TaSBP tolerance to Cd stress, whose mutation can heavily inhibit the ability of TaSBP to interact with Cd2+.




Discussion

Abiotic stresses are the major adverse factors affecting crop yield. Thus, it is highly important for crop genetic improvement to discover potential stress-resistant genes and to explore the molecular mechanisms of plant adverse response. In particular, Cd severely affects the plant metabolic and physiological processes through elevating ROS (Ranieri et al., 2005) and through cell ultrastructural damages (Chen et al., 2018; Cheng et al., 2018). It can also enter chloroplasts and disturb chloroplast function by inhibiting the enzymatic activities in the chlorophyll biosynthesis and Calvin cycle, which leads to a decrease of chlorophyll content and photosynthesis (Ying et al., 2010). At the same time, excess Cd can cause overproduction of MDA content in wheat shoots and roots (Chen et al., 2010).

Plant SBPs can be induced by various stressors such as Cd, Se, Cu, Zn, and H2O2 (Dutilleul et al., 2008; Hugouvieux et al., 2009). We found that TaSBP genes expressed in different wheat organs; in particular, TaSBP-A had the highest expression level in the roots (Figures 1E, F). Similar to AtSBP1 in Arabidopsis (Sarry et al., 2006; Dutilleul et al., 2008), TaSBP-A, as a highly hydrophilic cytosolic protein, was highly induced by Cd stress (Figure 2A, B). Its overexpression of yeast (Figures 2C, D), Arabidopsis (Figure S2, Figures 3, 4) and wheat (Figure 5) conferred Cd-tolerance through reducing free Cd2+ and inhibiting the transfer of Cd from root to leaf in plants. In addition, its overexpression contributed to photosynthesis impairment alleviation and ROS scavenging in Arabidopsis in our study. AtSBP1 protein could interact with AtGRXS14, which functions in redox state regulation in the chloroplasts (Valassakis et al., 2019). Taken together, the overexpression of TaSBP-A might enhance Cd tolerance in plant by two ways: one is regulation of redox state in chloroplasts by interaction with GRXS; the other is specific Cd-binding site present in TaSBP-A that directly interact with Cd to form a protein complex and, subsequently, to alleviate Cd toxicity.

The Cd toxicities are mainly brought up by free Cd2+, which has a high ability to substitute other metals to serve as crucial active centers such as Cu in SOD and Mg in chlorophyll (Choppala et al., 2014). The loading of free Cd2+ into the root xylem can be mediated by heavy metal P1B-ATPase, such as orthologues of HMA2 and HMA4 (Mendoza-Cózatl et al., 2011; Ismael et al., 2019). To date, the binding ability of SBPs to kinds of heavy metal such as Cd2+, Zn2+ and Ni2+ has been reported by multiple researchers (Dutilleul et al., 2008; Schild et al., 2014). In this study, our results confirmed that TaSBP-A overexpression significantly reduced free Cd2+ content in plant roots (Figure 4C) as well as reduction of Cd content in wheat leaves (Figure 5G), which indicated that its overexpression might impede Cd long-distance translocation by chelation of free Cd2+ and lead to lower Cd content in overexpression wheat leaves than WT. Contaminated wheat and its products are some of the essential food contributors to dietary Cd intake by people (Abbas et al., 2017). Thus, it suggested that TaSBP may have potential to reduce Cd accumulation in grains.

In this study, we found the major existence of over-accumulated Cd occurred in the Cd-complexes (Figure 4), suggesting its strong binding ability to Cd. As a cytosolic protein, SBPs have a putative heavy metal binding motif CXXC that is highly conservative among different plant species (Figure S1). This motif contained two free accessible Cys residues on the random coils (Figure 1D), which may facilitate Cd-binding and protein complex formation. Many proteins containing the CXXC motif have been found to involve in metal ion metabolism and detoxification; this includes Cd19, MerP and ATX1 (Lin and Culotta, 1995; Powlowski and Sahlman, 1999; Suzuki et al., 2002). In this study, we provided sufficient evidence to confirm that the CXXC motif in TaSBP-A serves as a major Cd-binding site that can interact with Cd and form a metal complex to reduce the free Cd2+ content in root and decreased the amount of Cd2+ transferred from root to leaf in plants, and therefore alleviate the oxidative stress and photosynthesis impairment triggered by Cd stress.

We noticed that the mutation of CXXC to GXXG (ΔTaSBP-A) still had Cd-binding ability that caused some changes of the thermodynamic properties and the secondary structure of the recombinant proteins (Figures 6C, D; Table S1). This suggests that, in addition to the main CXXC binding site in TaSBP-A, other metal binding sites are still likely to be present. The side-chain carboxylate, sulfur and imidazole groups generally dominate metal coordination in proteins such as histidine, aspartic acid, glutamic acid and cysteine (Tainer et al., 1992). In particular, cysteine residues such as Cys21Cys22 for Se-binding in AtSBP1 were found to have binding ability (Schild et al., 2014). In addition, TaSBP-A had two more cysteine residues (Cys51 and Cys289) than did AtSBPs. Thus, it can be excluded from the Cd-binding candidate sites with high probability due to its non-conservative characteristics (Figure S5). The β-sheet forms the framework for proteins and the loop between two β-sheets has high flexibility (Chothia et al., 1998). According to the predicted 3-D structure of TaSBP-A (Figure 1D), seven β-sheets provide the structural framework of TaSBP-A; in turn, this may cause more rigid structure for the residues located on β-sheet. Thus, the Cys161 and Cys171 located on β-sheet may be less flexible for Cd2+-binding. The left cysteine residues (Cys23, Cys24 and Cys488) may serve as the candidate Cd-binding sites. In addition, three His-rich motifs (two HxD and one HxxH) are highly conserved in both TaSBPs and AtSBPs (Figure S5); as such, they may also serve as potential heavy metal binding sites (Flemetakis et al., 2002; She et al., 2003; Agalou et al., 2006). Further studies, however, are still needed to determine if this is the case.

In comparison with several micro-nutrients such as Zn, Mn and Ni, Cd translocation moves slowly from the root system to the shoot (Choppala et al., 2014). Almost 50% of the absorbed Cd is retained in the plant roots (Obata and Umebayashi, 1993). Harmful excess metal ions may enter cells via the cation transporters of the root tissues (Thomine et al., 2000). In order to deal with the damage inflicted by these absorbed metals, plants can produce metallochaperones to maintain appropriate levels of the metal concentration by binding and releasing (Suzuki et al., 2002). Subsequently, the bound metals may be transferred to metal trapping compounds such as phytochelatins, finally detoxifying them in vacuoles (Sanità Di Toppi and Gabbrielli, 1999; Cobbett and Goldsbrough, 2002; Wang et al., 2015). In this study, we found that the overexpression of TaSBP-A can cause higher absorption rates of Cd2+ as well as Cd2+-locking under the hypocotyl of plant roots. Thus, TaSBP-A may serve as a cytoplasmic heavy metal transporter (metallochaperones) to help accelerate metal ion transport into the vacuole since the SBP56 family protein has a transport function that is involved in intra-Golgi protein transport (Porat et al., 2000).

In conclusion, as a cytoplasmic protein and typical SBP56 family member, TaSBP-A highly expressed in plant roots and it was highly induced by Cd stress. The overexpression of TaSBP-A conferred Cd-tolerance in yeast, Arabidopsis and wheat through the detoxification of free Cd2+. The CXXC motif in TaSBP-A was confirmed as a major Cd-binding site via an in vitro Cd2+ binding assay in combination with a thermodynamics survey and a secondary structure analysis. The interaction between the CXXC motif and Cd as well as the metal protein complex formation enhanced detoxification of free Cd2+, inhibited the Cd transfer from root to leaf and reduced the content of Cd2+ in plant leaf, ultimately conferring plant Cd-tolerance via alleviating the oxidative stress and photosynthesis impairment triggered by Cd stress (Figure 7).




Figure 7 | Schematic representation of TaSBP-A involved in Cd2+-binding and detoxification in plants. The overexpression of TaSBP-A confers Cd-tolerance in yeast, Arabidopsis and wheat through the detoxification of free Cd2+. The interaction between the CXXC motif and Cd enhances the sequestration of free Cd2+, inhibits the Cd transfer from root to leaf and reduces the content of Cd2+ in plant leaf, ultimately conferring plant Cd-tolerance via alleviating the oxidative stress and photosynthesis impairment triggered by Cd stress.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Author contributions

FL, DZ and HS: Investigation, Writing-Original draft preparation. WD and JL: Investigation. YY: Conceptualization, Supervision, Writing- Reviewing and Editing. All authors contributed to the article and approved the submitted version.



Funding

This research was financially supported by grants from the National Key R & D Program of China (2016YFD0100502).



Acknowledgments

We thank Drs. Ke Wang and Xingguo Ye from Institute of Crop Sciences, Chinese Academy of Agricultural Sciences for the help of wheat genetic transformation. The English in this document has been checked by at least two professional editors, both native speakers of English. For a certificate, please see: https://submit.proofreadingmanuscripts.com/get-started.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1103241/full#supplementary-material



References

 Abbas, T., Rizwan, M., Ali, S., Zia-ur-Rehman, M., Qayyum, M. F., Abbas, F., et al. (2017). Effect of biochar on cadmium bioavailability and uptake in wheat (Triticum aestivum l.) grown in a soil with aged contamination. Ecotox Environ. Safe 140, 37–47. doi: 10.1016/j.ecoenv.2017.02.028

 Agalou, A., Spaink, H. P., and Roussis, A. (2006). Novel interaction of selenium-binding protein with glyceraldehyde-3-phosphate dehydrogenase and fructose-bisphosphate aldolase of arabidopsis thaliana. Funct. Plant Biol. 33, 847–856. doi: 10.1071/FP05312

 Agami, R. A., and Mohamed, G. F. (2013). Exogenous treatment with indole-3-acetic acid and salicylic acid alleviates cadmium toxicity in wheat seedlings. Ecotox Environ. Safe 94, 164–171. doi: 10.1016/j.ecoenv.2013.04.013

 Agarwal, P., Mitra, M., Banerjee, S., and Roy, S. (2020). MYB4 transcription factor, a member of R2R3-subfamily of MYB domain protein, regulates cadmium tolerance via enhanced protection against oxidative damage and increases expression of PCS1 and MT1C in arabidopsis. Plant Sci. 297, 110501. doi: 10.1016/j.plantsci.2020.110501

 Arasimowicz-Jelonek, M., Floryszak-Wieczorek, J., and Gwóźdź, E. A. (2011). The message of nitric oxide in cadmium challenged plants. Plant Sci. 181, 612–620. doi: 10.1016/j.plantsci.2011.03.019

 Bansal, M. F., Mukhopadhyay, T., Scott, J., Cook, R. G., Mukhopadhyay, R., and Medina, D. (1990). DNA Sequencing of a mouse liver protein that binds selenium: implications for selenium's mechanism of action in cancer prevention. Carcinogenesis. 11, 2071–2073. doi: 10.1093/carcin/11.11.2071

 Bansal, M. P., Oborn, C. J., Danielson, K. G., and Medina, D. (1989). Evidence for two selenium-binding proteins distinct from glutathione peroxidase in mouse liver. Carcinogenesis. 10, 541–546. doi: 10.1093/carcin/10.3.541

 Bhati, K. K., Alok, A., Kumar, A., Kaur, J., Tiwari, S., and Pandey, A. K. (2016). Silencing of ABCC13 transporter in wheat reveals its involvement in grain development, phytic acid accumulation and lateral root formation. J. Exp. Bot. 67, 4379–4389. doi: 10.1093/jxb/erw224

 Cai, Z., Xian, P., Wang, H., Lin, R., Lian, T., Cheng, Y., et al. (2020). Transcription factor GmWRKY142 confers cadmium resistance by up-regulating the cadmium tolerance 1-like genes. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00724

 Caparrós, P. G., Ozturk, M., Gul, A., Batool, T. S., Pirasteh-Anosheh, H., Unal, B. T., et al. (2022). Halophytes have potential as heavy metal phytoremediators: A comprehensive review. Environ. Exp. Bot. 193, 104666. doi: 10.1016/j.envexpbot.2021.104666

 Cheng, Z. W., Chen, Z. Y., Yan, X., Bian, Y. W., Deng, X., and Yan, Y. M. (2018). Integrated physiological and proteomic analysis reveals underlying response and defense mechanisms of brachypodium distachyon seedling leaves under osmotic stress, cadmium and their combined stresses. J. Proteomics 170, 1–13. doi: 10.1016/j.jprot.2017.09.015

 Cheng, Y., Yang, T., Xiang, W., Li, S., Fan, X., Sha, L., et al. (2021). Ammonium-nitrogen addition at the seedling stage does not reduce grain cadmium concentration in two common wheat (Triticum aestivum l.) cultivars. Environ. pollut. 286, 117575. doi: 10.1016/j.envpol.2021.117575

 Chen, S., Yu, M., Li, H., Wang, Y., Lu, Z., Zhang, Y., et al. (2020). SaHsfA4c from sedum alfredii hance enhances cadmium tolerance by regulating ROS-scavenger activities and heat shock proteins expression. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00142

 Chen, C. H., Zhou, Q. X., Cai, Z., and Wang, Y. Y. (2010). Effects of soil polycyclic musk and cadmium on pollutant uptake and biochemical responses of wheat (Triticum aestivum). Arch. Environ. Contam Toxicol. 59, 564–573. doi: 10.1007/s00244-010-9522-5

 Chen, Z., Zhu, D., Wu, J., Cheng, Z., Yan, X., Deng, X., et al. (2018). Identification of differentially accumulated proteins involved in regulating independent and combined osmosis and cadmium stress response in brachypodium seedling roots. Sci. Rep. 8, 1–17. doi: 10.1038/s41598-018-25959-8

 Chmielowska-Bąk, J., Gzyl, J., Rucińska-Sobkowiak, R., Arasimowicz-Jelonek, M., and Deckert, J. (2014). The new insights into cadmium sensing. Front. Plant Sci. 5. doi: 10.3389/fpls.2014.00245

 Choppala, G., Bolan, N., and Park, J. H. (2013). Chromium contamination and its risk management in complex environmental settings. Adv. Agron. 120, 129–172. doi: 10.1016/B978-0-12-407686-0.00002-6

 Choppala, G., Saifullah,, Bolan, N., Bibi, S., Iqbal, M., Rengel, Z., et al. (2014). Cellular mechanisms in higher plants governing tolerance to cadmium toxicity. Crit. Rev. Plant Sci. 33 (5), 374–391. doi: 10.1016/j.ecoenv.2015.06.003

 Chothia, C., Gelfand, I., and Kister, A. (1998). Structural determinants in the sequences of immunoglobulin variable domain. J. Mol. Biol. 78, 457–479. doi: 10.1006/jmbi.1998.1653

 Cobbett, C., and Goldsbrough, P. (2002). Phytochelatins and metallothioneins: Roles in heavy metal detoxification and homeostasis. Annu. Rev. Plant Biol. 53, 159–182. doi: 10.1146/annurev.arplant.53.100301.135154

 Culotta, V. C., Klomp, L. W. J., Strain, J., Casareno, R. L. B., Krems, B., and Gitlin, J. D. (1997). The copper chaperone for superoxide dismutase. J. Biol. Chem. 272, 23469–23472. doi: 10.1074/jbc.272.38.23469

 Dai, X., Feng, L., Ma, X., and Zhang, Y. (2012). Concentration level of heavy metals in wheat grains and the health risk assessment to local inhabitants from baiyin, gansu, China. Adv. Mater. 518, 951–956. doi: 10.4028/www.scientific.net/AMR.518-523.951

 Dervisi, I., Valassakis, C., Agalou, A., Papandreou, N., Podia, V., Haralampidis, K., et al. (2020). Investigation of the interaction of DAD1-LIKE LIPASE 3 (DALL3) with selenium binding protein 1 (SBP1) in arabidopsis thaliana. Plant Sci. 291, 110357. doi: 10.1016/j.plantsci.2019.110357

 Djemal, R., and Khoudi, H. (2022). The ethylene-responsive transcription factor of durum wheat, TdSHN1, confers cadmium, copper, and zinc tolerance to yeast and transgenic tobacco plants. Protoplasma 259, 19–31. doi: 10.1007/s00709-021-01635-z

 Dutilleul, C., Jourdain, A., Bourguignon, J., and Hugouvieux, V. (2008). The arabidopsis putative selenium-binding protein family: expression study and characterization of SBP1 as a potential new player in cadmium detoxification processes. Plant Physiol. 147, 239–251. doi: 10.1104/pp.107.114033

 Fatima, G., Raza, A. M., Hadi, N., Nigam, N., and Mahdi, A. A. (2019). Cadmium in human diseases: It’s more than just a mere metal. Indian J. Clin. Biochem. 34, 371–378. doi: 10.1007/s12291-019-00839-8

 Flemetakis, E., Agalou, A., Kavroulakis, N., Dimou, M., Martsikovskaya, A., Slater, A., et al. (2002). Lotus japonicus gene ljsbp is highly conserved among plants and animals and encodes a homologue to the mammalian selenium-binding proteins. Mol. Plant Microbe 15, 313–322. doi: 10.1094/MPMI.2002.15.4.313

 Gratão, P. L., Monteiro, C. C., Tezotto, T., Carvalho, R. F., Alves, L. R., Peters, L. P., et al. (2015). Cadmium stress antioxidant responses and root-to-shoot communication in grafted tomato plants. Biometals 28, 803–816. doi: 10.1007/s10534-015-9867-3

 Greger, M., and Löfstedt, M. (2004). Comparison of uptake and distribution of cadmium in different cultivars of bread and durum wheat. Crop Sci. 44, 501–507. doi: 10.2135/cropsci2004.5010

 Grüter, R., Costerousse, B., Mayer, J., Mäder, P., Thonar, C., Frossard, E., et al. (2019). Long-term organic matter application reduces cadmium but not zinc concentrations in wheat. Sci. Total Environ. 669, 608–620. doi: 10.1016/j.scitotenv.2019.03.112

 Haider, F. U., Liqun, C., Coulter, J. A., Cheema, S. A., Wu, J., Zhang, R., et al. (2021). Cadmium toxicity in plants: Impacts and remediation strategies. Ecotoxicol Environ. Saf 211, 111887. doi: 10.1016/j.ecoenv.2020.111887

 Huang, Y., Wang, L., Wang, W., Li, T., He, Z., and Yang, X. (2019). Current status of agricultural soil pollution by heavy metals in China: A meta-analysis. Sci. Total Environ. 651, 3034–3042. doi: 10.1016/j.scitotenv.2018.10.185

 Hugouvieux, V., Dutilleul, C., Jourdain, A., Reynaud, F., Lopez, V., and Bourguignon, J. (2009). Arabidopsis putative selenium-binding protein1 expression is tightly linked to cellular sulfur demand and can reduce sensitivity to stresses requiring glutathione for tolerance. Plant Physiol. 151, 768–781. doi: 10.1104/pp.109.144808

 Ismael, M. A., Elyamine, A. M., Moussa, M. G., Cai, M., Zhao, X., and Hu, C. (2019). Cadmium in plants: uptake, toxicity, and its interactions with selenium fertilizers. Metallomics. 11, 255–277. doi: 10.1039/c8mt00247a

 Jafarnejadi, A. R., Homaee, M., Sayyad, G., and Bybordi, M. (2011). Large Scale spatial variability of accumulated cadmium in the wheat farm grains. Soil Sediment Contam 20, 98–113. doi: 10.1080/15320383.2011.528472

 Jianmin, Z., and Goldsbrough, P. B. (1994). Functional homologs of fungal metallothionein genes from arabidopsis. Plant Cell. 6, 875–884. doi: 10.1080/15320383.2011.528472

 Jinadasa, N., Collins, D., Holford, P., Milham, P. J., and Conroy, J. P. (2016). Reactions to cadmium stress in a cadmium-tolerant variety of cabbage (Brassica oleracea l.): is cadmium tolerance necessarily desirable in food crops? Environ. Sci. pollut. Res. 23, 5296–5306. doi: 10.1007/s11356-015-5779-6

 Kamran, A., Iqbal, M., and Spaner, D. (2014). Flowering time in wheat (Triticum aestivum l.): a key factor for global adaptability. Euphytica 197, 1–26. doi: 10.1007/s10681-014-1075-7

 Khan, A., Khan, S., Khan, M. A., Qamar, Z., and Waqas, M. (2015a). The uptake and bioaccumulation of heavy metals by food plants, their effects on plants nutrients, and associated health risk: a review. Sci. pollut. Res. 22, 13772–13799. doi: 10.1007/s11356-015-4881-0

 Khan, M. I. R., Nazir, F., Asgher, M., Per, T. S., and Khan, N. A. (2015b). Selenium and sulfur influence ethylene formation and alleviate cadmium-induced oxidative stress by improving proline and glutathione production in wheat. J. Plant Physiol. 173, 9–18. doi: 10.1016/j.jplph.2014.09.011

 Kim, D. Y., Bovet, L., Maeshima, M., Martinoia, E., and Lee, Y. (2007). The ABC transporter AtPDR8 is a cadmium extrusion pump conferring heavy metal resistance. Plant J. 50, 207–218. doi: 10.1111/j.1365-313X.2007.03044.x

 Korenkov, V., Hirschi, K., Crutchfield, J. D., and Wagner, G. J. (2007). Enhancing tonoplast Cd/H antiport activity increases cd, zn, and Mn tolerance, and impacts root/shoot cd partitioning in nicotiana tabacum l. Planta 226, 1379–1387. doi: 10.1007/s00425-007-0577-0

 Landsberg, P. T. (1984). Can entropy and “order” increase together. Phys. Lett. A 102, 171–173. doi: 10.1080/15320383.2011.528472

 Lang, I., and Wernitznig, S. (2011). Sequestration at the cell wall and plasma membrane facilitates zinc tolerance in the moss pohlia drummondii. Environ. Exp. Bot. 74, 186–193. doi: 10.1016/j.envexpbot.2011.05.018

 Lei, G. J., Fujii-Kashino, M., Wu, D. Z., Hisano, H., Saisho, D., Deng, F., et al. (2020). Breeding for low cadmium barley by introgression of a sukkula-like transposable element. Nat. Food. 1, 489–499. doi: 10.1038/s43016-020-0130-x

 Li, Y., Chen, Z., Xu, S., Zhang, L., Hou, W., and Yu, N. (2015). Effect of combined pollution of cd and B[a]P on photosynthesis and chlorophyll fluorescence characteristics of wheat. Pol. J. Environ. Stud. 24, 157–163. doi: 10.15244/pjoes/22274

 Li, L., He, Z., Pandey, G. K., Tsuchiya, T., and Luan, S. (2002). Functional cloning and characterization of a plant efflux carrier for multidrug and heavy metal detoxification. J. Biol. Chem. 277, 5360–5368. doi: 10.1074/jbc.M108777200

 Lin, S. J., and Culotta, V. C. (1995). The ATX1 gene of saccharomyces cerevisiae encodes a small metal homeostasis factor that protects cells against reactive oxygen toxicity. Proc. Natl. Acad. Sci. U S A 92, 3784–3788. doi: 10.1073/pnas.92.9.3784

 Lin, J., Gao, X., Zhao, J., Zhang, J., Chen, S., and Lu, L. (2020). Plant cadmium resistance 2 (SaPCR2) facilitates cadmium efflux in the roots of hyperaccumulator sedum alfredii hance. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.568887

 Lin, T., Yang, W., Lu, W., Wang, Y., and Qi, X. (2017). Transcription factors PvERF15 and PvMTF-1 form a cadmium stress transcriptional pathway. Plant Physiol. 173, 1565–1573. doi: 10.1073/pnas.92.9.3784

 Liu, N., Huang, X., Sun, L., Li, S., Chen, Y., Cao, X., et al. (2020). Screening stably low cadmium and moderately high micronutrients wheat cultivars under three different agricultural environments of China. Chemosphere. 241, 125065. doi: 10.1016/j.chemosphere.2019.125065

 Li, Q., Zhang, X., Lv, Q., Zhu, D., Qiu, T., Xu, Y., et al. (2017). Physcomitrella patens dehydrins (PpDHNA and PpDHNC) confer salinity and drought tolerance to transgenic arabidopsis plants. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.01316

 López-Luna, J., Silva-Silva, M. J., Martinez-Vargas, S., Mijangos-Ricardez, O. F., González-Chávez, M. C., Solís-Domínguez, F. A., et al. (2015). Magnetite nanoparticle (NP) uptake by wheat plants and its effect on cadmium and chromium toxicological behavior. Sci. Total Environ. 565, 941–950. doi: 10.1016/j.scitotenv.2016.01.029

 Luo, J. S., Yang, Y., Gu, T., Wu, Z., and Zhang, Z. (2019). The arabidopsis defensin gene AtPDF2.5 mediates cadmium tolerance and accumulation. Plant Cell Environ. 42, 2681–2695. doi: 10.1111/pce.13592

 Ma, J., Cai, H., He, C., Zhang, W., and Wang, L. (2015). A hemicellulose-bound form of silicon inhibits cadmium ion uptake in rice (Oryza sativa) cells. New Phytol. 206, 1063–1074. doi: 10.1111/nph.13276

 Maher, W., Forster, S., Krikowa, F., Snitch, P., Chapple, G., and Craig, P. (2001). Measurement of trace elements and phosphorus in marine animal and plant tissues by low-volume microwave digestion and ICP-MS. Atom Spectrosc 22, 360–371. doi: 10.46770/AS.2001.05.001

 Ma, S., Nan, Z., Hu, Y., Chen, S., Yang, X., and Su, J. (2022). Phosphorus supply level is more important than wheat variety in safe utilization of cadmium-contaminated calcareous soil. J. Hazard Mater. 424, 127224. doi: 10.1016/j.jhazmat

 Mendoza-Cózatl, D. G., Jobe, T. O., Hauser, F., and Schroeder, J. I. (2011). Long-distance transport, vacuolar sequestration, tolerance, and transcriptional responses induced by cadmium and arsenic. Curr. Opin. Plant Biol. 14, 554–562. doi: 10.1016/j.pbi.2011.07.004

 Naeem, A., Zia-ur-Rehman, M., Akhtar, T., Zia, M. H., and Aslam, M. (2018). Silicon nutrition lowers cadmium content of wheat cultivars by regulating transpiration rate and activity of antioxidant enzymes. Environ. pollut. 242, 126–135. doi: 10.1016/j.envpol.2018.06.069

 Najeeb, U., Jilani, G., Ali, S., Sarwar, M., Xu, L., and Zhou, W. (2011). Insights into cadmium induced physiological and ultra-structural disorders in juncus effusus l. and its remediation through exogenous citric acid. J. Hazard Mater. 186, 565–574. doi: 10.1016/j.jhazmat.2010.11.037

 Obata, H., and Umebayashi, M. (1993). Production of SH compounds in higher plants of different tolerance to cd. Plant Soil 155, 533–536. doi: 10.1007/BF00025101

 Ogawa, I., Nakanishi, H., Mori, S., and Nishizawa, N. K. (2009). Time course analysis of gene regulation under cadmium stress in rice. Plant Soil 325, 97–108. doi: 10.1093/pcp/pcv179

 Pietrini, F., Zacchini, M., Iori, V., Pietrosanti, L., Ferretti, M., and Massacci, A. (2010). Spatial distribution of cadmium in leaves and its impact on photosynthesis: examples of different strategies in willow and poplar clones. Plant Biol. 12, 355–363. doi: 10.1111/j.1438-8677.2009.00258.x

 Porat, A., Sagiv, Y., and Elazar, Z. (2000). A 56-kDa selenium-binding protein participates in intra-golgi protein transport. J. Biol. Chem. 275, 14457–14465. doi: 10.1074/jbc.275.19.14457

 Powlowski, J., and Sahlman, L. (1999). Reactivity of the two essential cysteine residues of the periplasmic mercuric ion-binding protein, MerP. J. Biol. Chem. 274, 33320–33326. doi: 10.1074/jbc.274.47.33320

 Qin, G., Niu, Z., Yu, J., Li, Z., Ma, J., and Xiang, P. (2021). Soil heavy metal pollution and food safety in China: Effects, sources and removing technology. Chemosphere 267, 129205. doi: 10.1016/j.chemosphere.2020.129205

 Ranieri, A., Castagna, A., Scebba, F., Careri, M., Zagnoni, I., Predieri, G., et al. (2005). Oxidative stress and phytochelatin characterisation in bread wheat exposed to cadmium excess. Plant Physiol. Biochem. 43, 45–54. doi: 10.1016/j.plaphy.2004.12.004

 Rizwan, M., Ali, S., Adrees, M., Ibrahim, M., Tsang, D. C., Zia-ur-Rehman, M., et al. (2017). A critical review on effects, tolerance mechanisms and management of cadmium in vegetables. Chemosphere. 182, 90–105. doi: 10.1016/j.chemosphere.2017.05.013

 Rizwan, M., Meunier, J. D., Miche, H., and Keller, C. (2012). Effect of silicon on reducing cadmium toxicity in durum wheat (Triticum turgidum l. cv. Claudio w.) grown in a soil with aged contamination. J. Hazard Mater. 209, 326–334. doi: 10.1016/j.jhazmat.2012.01.033

 Rousselot-Pailley, P., Sénèque, O., Lebrun, C., Crouzy, S., Boturyn, D., Dumy, P., et al. (2006). Model peptides based on the binding loop of the copper metallochaperone Atx1: selectivity of the consensus sequence MxCxxC for metal ions Hg (II), Cu (I), cd (II), Pb (II), and zn (II). Inorg. Chem. 45, 5510–5520. doi: 10.1021/ic060430b

 Sanità Di Toppi, L., and Gabbrielli, R. (1999). Response to cadmium in higher plants. Environ. Exp. Bot. 41, 105–130. doi: 10.1016/S0098-8472(98)00058-6

 Saraswat, S., and Rai, J. P. N. (2011). Complexation and detoxification of zn and cd in metal accumulating plants. Rev. Environ. Sci. Bio 10, 327–339. doi: 10.1007/s11157-011-9250-y

 Sarry, J.-E., Kuhn, L., Ducruix, C., Lafaye, A., Junot, C., Hugouvieux, V., et al. (2006). The early responses ofArabidopsis thaliana cells to cadmium exposure explored by protein and metabolite profiling analyses. Proteomics 6, 2180–2198. doi: 10.1002/pmic.200500543

 Sarwar, N., Saifullah,, Malhi, S. S., Zia, M. H., Naeem, A., Bibia, S., et al. (2010). Role of mineral nutrition in minimizing cadmium accumulation by plants. J. Sci. Food Agric. 90, 925–937. doi: 10.1002/jsfa.3916

 Sawada, K., Hasegawa, M., Tokuda, L., Kameyama, J., Kodama, O., Kohchi, T., et al. (2004). Enhanced resistance to blast fungus and bacterial blight in transgenic rice constitutively expressing OsSBP, a rice homologue of mammalian selenium-binding proteins. Bioscience Biotechnol. Biochem. 68, 873–880. doi: 10.1271/bbb.68.873

 Schild, F., Kieffer-Jaquinod, S., Palencia, A., Cobessi, D., Sarret, G., Zubieta, C., et al. (2014). Biochemical and biophysical characterization of the selenium-binding and reducing site in arabidopsis thaliana homologue to mammals selenium-binding protein 1. J. Biol. Chem. 289, 31765–31776. doi: 10.1074/jbc.M114.571208

 Schreiber, U., Quayle, P., Schmidt, S., Escher, B. I., and Mueller, J. F. (2007). Methodology and evaluation of a highly sensitive algae toxicity test based on multiwell chlorophyll fluorescence imaging. Biosensors Bioelectronics 22, 2554–2563. doi: 10.1016/j.bios.2006.10.018

 Shanying, H., Xiaoe, Y., Zhenli, H., and Baligar, V. C. (2017). Morphological and physiological responses of plants to cadmium toxicity: a review. Pedosphere. 27, 421–438. doi: 10.1016/S1002-0160(17)60339-4

 She, Y.-M., Narindrasorasak, S., Yang, S., Spitale, N., Roberts, E. A., and Sarkar, B. (2003). Identification of metal-binding proteins in human hepatoma lines by immobilized metal affinity chromatography and mass spectrometry. Mol. Cell Proteomics 2, 1306–1318. doi: 10.1074/mcp.M300080-MCP200

 Shim, D., Hwang, J.-U., Lee, J., Lee, S., Choi, Y., An, G., et al. (2009). Orthologs of the class A4 heat shock transcription factor HsfA4a confer cadmium tolerance in wheat and rice. Plant Cell. 21, 4031–4043. doi: 10.1105/tpc.109.066902

 Suzuki, N., Yamaguchi, Y., Koizumi, N., and Sano, H. (2002). Functional characterization of a heavy metal binding protein CdI19 from arabidopsis. Plant J. 32, 165–173. doi: 10.1046/j.1365-313x.2002.01412.x

 Tainer, J. A., Roberts, V. A., and Getzoff, E. D. (1992). Protein metal-binding sites. Curr. Opin. Plant Biol. 3, 378–387. doi: 10.1016/0958-1669(92)90166-G

 Thomine, S., Wang, R., Ward, J. M., Crawford, N. M., and Schroeder, J. I. (2000). Cadmium and iron transport by members of a plant metal transporter family in arabidopsis with homology to nramp genes. Proc. Natl. Acad. Sci. U S A 97, 4991–4996. doi: 10.1073/pnas.97.9.4991

 Uraguchi, S., Tanaka, N., Hofmann, C., Abiko, K., Ohkama-Ohtsu, N., Weber, M., et al. (2017). Phytochelatin synthase has contrasting effects on cadmium and arsenic accumulation in rice grains. Plant Cell Physiol. 58, 1730–1742. doi: 10.1093/pcp/pcx114

 Valassakis, C., Dervisi, I., Agalou, A., Papandreou, N., Kapetsis, G., Podia, V., et al. (2019). Novel interactions of selenium binding protein family with the PICOT containing proteins AtGRXS14 and AtGRXS16 in arabidopsis thaliana. Plant Sci. 281, 102–112. doi: 10.1016/j.plantsci.2019.01.021

 Verbruggen, N., Hermans, C., and Schat, H. (2009). Mechanisms to cope with arsenic or cadmium excess in plants. Curr. Opin. Plant Biol. 12, 364–372. doi: 10.1016/j.pbi.2009.05.001

 Vitale, J., Adam, B., and Vitale, P. (2020). Economics of wheat breeding strategies: Focusing on Oklahoma hard red winter wheat. Agronomy. 10, 238. doi: 10.3390/agronomy10020238

 Wang, P., Deng, X., Huang, Y., Fang, X., Zhang, J., Wan, H., et al. (2015). Comparison of subcellular distribution and chemical forms of cadmium among four soybean cultivars at young seedlings. Environ. Sci. pollut. Res. 22, 19584–19595. doi: 10.1007/s11356-015-5126-y

 Wang, K., Liu, H., Du, L., and Ye, X. (2017a). Generation of marker-free transgenic hexaploid wheat via an agrobacterium-mediated co-transformation strategy in commercial Chinese wheat varieties. Plant Biotechnol. J. 15, 614–623. doi: 10.1111/pbi.12660

 Wang, Z., Li, Q., Wu, W., Guo, J., and Yang, Y. (2017b). Cadmium stress tolerance in wheat seedlings induced by ascorbic acid was mediated by NO signaling pathways. Ecotox Environ. Safe 135, 75–81. doi: 10.1016/j.ecoenv.2016.09.013

 Wei, J., Liao, S., Li, M., Zhu, B., Wang, H., Gu, L., et al. (2022). AetSRG1 contributes to the inhibition of wheat cd accumulation by stabilizing phenylalanine ammonia lyase. J. Hazard Mater. 428, 128226. doi: 10.1016/j.jhazmat.2022.128226

 Xin, J., and Huang, B. (2014). Subcellular distribution and chemical forms of cadmium in two hot pepper cultivars differing in cadmium accumulation. J. Agric. Food Chem. 62, 508–515. doi: 10.1021/jf4044524

 Xin, J., Huang, B., Dai, H., Liu, A., Zhou, W., and Liao, K. (2014). Characterization of cadmium uptake, translocation, and distribution in young seedlings of two hot pepper cultivars that differ in fruit cadmium concentration. Environ. Sci. pollut. Res. 21, 7449–7456. doi: 10.1007/s11356-014-2691-4

 Xu, Z., Liu, X., He, X., Xu, L., Huang, Y., Shao, H., et al. (2017). The soybean basic helix-loop-helix transcription factor ORG3-like enhances cadmium tolerance via increased iron and reduced cadmium uptake and transport from roots to shoots. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.01098

 Yang, J. K., and Davis, A. P. (1999). Competitive adsorption of Cu(II)-EDTA and Cd(II)-EDTA onto TiO2. J. Colloid Interface Sci. 216, 77–85. doi: 10.1006/jcis.1999.6278

 Yang, W., and Diamond, A. M. (2013). Selenium-binding protein 1 as a tumor suppressor and a prognostic indicator of clinical outcome. biomark. Res. 1, 1–4. doi: 10.1186/2050-7771-1-15

 Yang, G., Fu, S., Huang, J., Li, L., Long, Y., Wei, Q., et al. (2021). The tonoplast-localized transporter OsABCC9 is involved in cadmium tolerance and accumulation in rice. Plant Sci. 307, 110894. doi: 10.1016/j.plantsci.2021.110894

 Yang, J. T., Wu, C. S. C., and Martinez, H. M. (1986). Calculation of protein conformation from circular dichroism. Methods Enzymol. 130, 208–269. doi: 10.1016/0076-6879(86)30013-2

 Yao, X., Cai, Y., Yu, D., and Liang, G. (2018). bHLH104 confers tolerance to cadmium stress in arabidopsis thaliana. J. Integr. Plant Biol. 60, 691–702. doi: 10.1111/jipb

 Ying, R. R., Qiu, R. L., Tang, Y. T., Hu, P. J., Qiu, H., Chen, H. R., et al. (2010). Cadmium tolerance of carbon assimilation enzymes and chloroplast in Zn/Cd hyperaccumulator picris divaricata. J. Plant Physiol. 167, 81–87. doi: 10.1016/j.jplph.2009.07.005

 Yuan, D. S., Stearman, R., Dancis, A., Dunn, T., Beeler, T., and Klausner, R. D. (1995). The Menkes/Wilson disease gene homologue in yeast provides copper to a ceruloplasmin-like oxidase required for iron uptake. Proc. Natl. Acad. Sci. U S A 92, 2632–2636. doi: 10.1073/pnas.92.7.2632

 Yu, Y., Zhu, D., Ma, C., Cao, H., Wang, Y., Xu, Y., et al. (2016). Transcriptome analysis reveals key differentially expressed genes involved in wheat grain development. Crop J. 4, 92–106. doi: 10.1016/j.cj.2016.01.006

 Zaid, I., Zheng, X., and Li, X. (2018). Breeding low-cadmium wheat: progress and perspectives. Agronomy. 11, 249. doi: 10.3390/agronomy8110249

 Zhang, L., Gao, C., Chen, C., Zhang, W., Huang, X.-Y., and Zhao, F.-J. (2020). Overexpression of rice OsHMA3 in wheat greatly decreases cadmium accumulation in wheat grains. Environ. Sci. Technol. 54, 10100–10108. doi: 10.1021/acs.est.0c02877

 Zhang, M., Lv, D., Ge, P., Bian, Y., Chen, G., Zhu, G., et al. (2014). Phosphoproteome analysis reveals new drought response and defense mechanisms of seedling leaves in bread wheat (Triticum aestivum l.). J. Proteomics 109, 290–308. doi: 10.1016/j.jprot.2014.07.010

 Zhou, M., and Li, Z. (2022). Recent advances in minimizing cadmium accumulation in wheat. Toxics 4, 187. doi: 10.3390/toxics10040187

 Zou, R., Wu, J., Wang, R., and Yan, Y. (2020). ). grain proteomic analysis reveals central stress responsive proteins caused by wheat-haynaldia villosa 6VS/6AL translocation. J. Integr. Agric. 19, 2628–2642. doi: 10.1016/S2095-3119(19)62846-7


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Luo, Zhu, Sun, Zou, Duan, Liu and Yan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 09 February 2023

doi: 10.3389/fpls.2023.1128002

[image: image2]


Grapevine bZIP transcription factor bZIP45 regulates VvANN1 and confers drought tolerance in Arabidopsis


Shuaike Niu 1,2, Xiangyang Gu 1, Qian Zhang 1, Xuemin Tian 1, Zhan Chen 2, Jingru Liu 1, Xiaoju Wei 1, Chengxiang Yan 1, Ziwen Liu 1, Xiaoji Wang 1 and Zhengge Zhu 1*


1 Ministry of Education Key Laboratory of Molecular and Cellular Biology, Hebei Research Center of the Basic Discipline of Cell Biology, Hebei Collaboration Innovation Center for Cell Signaling and Environmental Adaptation, Hebei Key Laboratory of Molecular and Cellular Biology, College of Life Sciences, Hebei Normal University, Shijiazhuang, China, 2 Grape Breeding, Shijiazhuang Institute of Pomology, Hebei Academy of Agriculture and Forestry Sciences, Shijiazhuang, China




Edited by: 

Ravinder Kumar, Central Potato Research Institute (ICAR), India

Reviewed by: 

Alessandra Ruggiero, National Research Council (CNR), Italy

Prafull Salvi, National Agri-Food Biotechnology Institute, India

Ujjal Jyoti Phukan, University of Arizona, United States

Alok Ranjan, Indian Institute of Agricultural Biotechnology (ICAR), India

*Correspondence: 

Zhengge Zhu
 zhuzhengge@hebtu.edu.cn

Specialty section: 
 This article was submitted to Plant Abiotic Stress, a section of the journal Frontiers in Plant Science


Received: 20 December 2022

Accepted: 30 January 2023

Published: 09 February 2023

Citation:
Niu S, Gu X, Zhang Q, Tian X, Chen Z, Liu J, Wei X, Yan C, Liu Z, Wang X and Zhu Z (2023) Grapevine bZIP transcription factor bZIP45 regulates VvANN1 and confers drought tolerance in Arabidopsis. Front. Plant Sci. 14:1128002. doi: 10.3389/fpls.2023.1128002



Drought is a severe environmental condition that restricts the vegetative growth and reduces the yield of grapevine (Vitis vinifera L.). However, the mechanisms underlying grapevine response and adaptation to drought stress remain unclear. In the present study, we characterized an ANNEXIN gene, VvANN1, which plays a positive role in the drought stress response. The results indicated that VvANN1 was significantly induced by osmotic stress. Expression of VvANN1 in Arabidopsis thaliana enhanced osmotic and drought tolerance through modulating the level of MDA, H2O2, and O2·- at the seedling stage, implying that VvANN1 might be involved in the process of ROS homeostasis under drought or osmotic stress conditions. Moreover, we used yeast one-hybridization and chromatin immunoprecipitation assays to show that VvbZIP45 could regulate VvANN1 expression by directly binding to the promoter region of VvANN1 in response to drought stress. We also generated transgenic Arabidopsis that constitutively expressed the VvbZIP45 gene (35S::VvbZIP45) and further produced VvANN1Pro::GUS/35S::VvbZIP45 Arabidopsis plants via crossing. The genetic analysis results subsequently indicated that VvbZIP45 could enhance GUS expression in vivo under drought stress. Our findings suggest that VvbZIP45 may modulate VvANN1 expression in response to drought stress and reduce the impact of drought on fruit quality and yield.




Keywords: grapevine, annexin, bZIP transcription factor, drought stress, ROS



Introduction

Drought stress is a major abiotic stress that reduces the yield and quality of plants during plant growth and development (Zhu, 2016). The expression of drought-related genes increased under drought stress, promoting a series of physiological, biochemical, and molecular reactions (Kooyers, 2015). Grapevine (Vitis vinifera L.) is an important fruit crop worldwide. Its fruit is used to produce wine, grape juice, and other foods (Ali et al., 2010; Liu et al., 2021a). However, the development of the grape industry and global climate change have led to grapevine cultivation lands being constantly subjected to drought, high temperature, cold, salt, and other abiotic stresses. Drought stress is a major constraint on grapevine productivity and quality (Hou et al., 2020; Li et al., 2021). Grapevines have evolved various mechanisms at the morphological, physiological, biochemical, and molecular levels in response to drought stress (Lovisolo et al., 2010; Romero et al., 2012). Moreover, several drought-related genes have been identified in grapevine. The expression of VaNAC17 was induced by drought stress and substantially enhanced drought tolerance in transgenic Arabidopsis thaliana (Su et al., 2020). Heterologous expressing of VaNAC26 in Arabidopsis improved drought tolerance by up-regulating drought stress-related genes and jasmonic acid (JA) signaling genes (Fang et al., 2016). Ectopic expression of VaCIPK02 in Arabidopsis enhanced drought resistance by regulating abscisic acid (ABA) signaling and production reactive oxygen species (ROS) (Xu et al., 2020). Identification and characterization of candidate genes associated with drought stress can be utilized to enhance drought stress response in grape varieties, thus improving grapevine yield.

Drought stress often leads to increased production of ROS, including hydrogen peroxide (H2O2), superoxide ions (O2·-), and hydroxyl radicals (OH•) (Cruz De Carvalho, 2008). High ROS concentrations could damage cellular compounds such as proteins, membranes, and cellular RNA and DNA (Apel and Hirt, 2004; Miller et al., 2010). Therefore, plants have evolved an enzymatic antioxidant defense system to maintain cellular ROS homeostasis under various stress conditions. The main plant ROS-scavenging enzymes include superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT), glutathione peroxidase (GPX), and peroxiredoxin (PrxR) (Mittler et al., 2004). Previous studies have indicated that increased expression of ROS scavenging-related genes could increase tolerance to drought stress. For example, overexpression of OsLG3 increased drought stress tolerance in rice by inducing the expression of ROS scavenging genes (Xiong et al., 2018). Overexpression of SlbHLH22 improved tomato plant drought stress tolerance by improving ROS scavenging system (Waseem et al., 2019). VvWRKY13 negatively modulates plant drought tolerance through regulating the activities of CAT and SOD (Hou et al., 2020). Therefore, by studying ROS levels and antioxidant enzyme activities in plants under drought stress, we can deeply reveal the function of drought stress tolerance related genes.

Annexins are conserved Ca2+-dependent phospholipid-binding proteins that exist in plants, animals, and fungi (Rescher and Gerke, 2004; Mortimer et al., 2008). Previous studies have shown that, besides having peroxidase and ATPase/GTPase activities and responding to various abiotic stresses, annexins could mediate calcium transport in plants (Laohavisit and Davies, 2011; Clark et al., 2012; Demidchik et al., 2018; Saad et al., 2020). OsANN1 and OsANN10 conferred tolerance to abiotic stress in rice by modulating ROS levels (Qiao et al., 2015; Gao et al., 2020). AtANN1 regulated [Ca2+]cyt elevation in response to salinity stress and also participated in drought stress tolerance by regulating ROS production (Laohavisit et al., 2013). OsANN4 activated Ca2+ influx in response to ABA (Zhang et al., 2021). ZmANN33 and ZmANN35 were up-regulated and participated in plasma membrane (PM) recovery during seed germination. In addition, inhibiting the expression of ZmANN33 and ZmANN35 increased membrane damage under chilling stress (He et al., 2019). However, a few reports exist on the roles of ANNEXINs in grapevine under abiotic stresses (Jami et al., 2012; Briz-Cid et al., 2016). Investigation the role of grapevine ANNEXINs involvment in stress response will enrich the function of annexin in different species.

The dynamic balance between plant growth regulation and stress adaptive response is implicated by many regulatory proteins, among which transcription factors (TFs) are key components that modulate stress adaptation pathways in plant stress responses. The basic leucine zipper (bZIP) TFs belong to one of the largest transcription factor families and are characterized by a basic DNA-binding region with a specific motif (N-X7-R/K) at the N-terminus and leucine zipper region at the C-terminus. They play pivotal and diverse roles in plants under high-temperature, salt, and drought stress conditions (Corrêa et al., 2008; Nijhawan et al., 2008). OsbZIP62V significantly enhanced tolerance to drought and oxidative stress, and the osbzip62 mutants displayed reduced drought stress tolerance (Yang et al., 2019). Zea mays bZIP60 mediated the unfolded protein response during heat stress (Li et al., 2020). The wilting degree was noticeably lower in TabZIP15 overexpressing plants than in KN199 plants under salt treatment (Bi et al., 2021). HvbZIP21 play a key role in drought stress tolerance through modulating ROS scavenging (Pan et al., 2022). The bZIP TFs can bind to the core sequence (-ACGT-) in the promoter of downstream genes (e.g., the G-box, C-box, and A-box), thereby participating in the transcriptional regulation of plant responses to stress (Nijhawan et al., 2008). The maize bZIP TF bZIP68 acts as a negative regulator of cold tolerance and directly binds to the A-box/G-box in the DREB1.7 promoter, inhibiting the expression of the DREB1 gene (Li et al., 2022). To date, 55 bZIP genes have been identified in grapevines, of which 32 VvbZIP genes are widely involved in responding to drought stress (Liu et al., 2014). VvbZIP45, also named VvGRIP55 or VvABF2, could bind to the ABA-responsive element and play a positive role in response to drought stress (Nicolas et al., 2014; Liu et al., 2019).

In the present study, we aimed to isolate and characterize a grapevine putative annexin gene, VvANN1 (Vv18g03470). Our results showed that heterologous expression of grapevine VvANN1 improved drought stress tolerance in Arabidopsis via reducing malondialdehyde (MDA) and increasing the activities of SOD, POD, and CAT in leaves under drought conditions. In addition, we found that drought-responsive TF VvbZIP45 regulated the expression of VvANN1, thus improving drought resistance in grapevine. We reveal a working mechanism of VvbZIP45-mediated VvANN1 in response to drought stress that may reduce the impact of drought on fruit quality and yield.



Materials and methods


Plant materials and growth conditions

Grapevine (V. vinifera L. cv. ‘Summer Black’ and ‘Venus’) was used in this study. Plantlets were grown on solid Murashige and Skoog (MS) medium under a 16-h light/8-h dark cycle and 70% relative humidity at 25°C in the greenhouse.

All transgenic lines of VvANN1 were developed in the A. thaliana Columbia (Col-0) background. Col-0 plants were used as the wild type in the present study. Arabidopsis thaliana seedings were germinated on MS for 6 days and transferred to soil pots (7cm×7 cm). The seedlings were grown in a light incubator (22°C, 16-h day/8-h night cycle and 70% relative humidity).



Phenotypic analysis

Five-week-old plantlets were transferred to liquid MS medium for 2 days and then planted in a fresh liquid MS medium with 10% (w/v) PEG6000 (NO. A610432, Sangon Biotech, Shanghai, China) to evaluate osmotic stress tolerance. Stem apex samples were collected for quantitative real-time polymerase chain reaction (RT-qPCR) analysis.

Six-day-old VvANN1 transgenic and Col-0 seedlings were germinated on MS medium, transferred to soil pots (7 cm×7 cm) for 9 days with regular water. These were dried for 7 days and then allowed a 3-day recovery. The survival rates were recorded and the seedings were photographed.



Vector construction

The total cDNA of VvANN1 and a 1,538-bp fragment of the VvANN1 promoter were cloned from five-week-old grapevine ‘Summer Black’ plantlets. The VvANN1 coding region sequence (cDNA) was digested and ligated with pCAMBIA1301-HA, modified pMDC83, and pET32a vectors to obtain Ubi::VvANN1-HA, 35S::VvANN1-GFP, and VvANN1-His constructs, respectively.

The promoter region (1,538 bp) upstream of the VvANN1 start codon was amplified and cloned into the vector to produce transgenic VvANN1Pro::GUS lines. Genomic fragments (285 bp) upstream of VvANN1 were amplified and cloned into pAbAi and pGreenII 0800-LUC vectors to generate pAbAi-VvANN1Pro and pGreenII 0800-LUC-VvANN1Pro, respectively.

VvbZIP45 cDNA was amplified and cloned into pCAMBIA1301-HA, pGreenII 62-SK, pGADT7 and pMDC83 vectors to generate Ubi::VvbZIP45-HA, pGreenII 62-SK-VvbZIP45, AD-VvbZIP45 and 35S::VvbZIP45-GFP, respectively.

Related constructs were introduced into Agrobacterium tumefaciens cells (GV3101) and grown at 28°C for 3 days before being transformed into Col-0. The primers used to produce the constructs are listed in Supplemental Table S1.



RNA isolation and RT-qPCR analysis

Total RNA was extracted from grapevine stem apices and Arabidopsis leaves using TRIzol reagent (NO. B511311, Sangon Biotech, Shanghai, China). RNase-free DNase I (EN0521, Thermo Fisher Scientific, Waltham, MA, USA) was used to remove genomic DNA. RT-qPCR was performed using the ChamQ Universal SYBR® qPCR Master Mix Kit (Q711-02, Vazyme, Nanjing, China) using the QuantStudio Q5 thermal cycler (Thermo Fisher Scientific, Waltham, MA, USA). The experiment was performed using three biological replicates. Relative quantitative results were calculated by normalization to AtACTIN2 and VvACTIN7, the internal controls in Arabidopsis and grapevine, respectively. All primer sequences are listed in Supplemental Table S1.



Histochemical β-glucuronidase (GUS) assay

GUS activity was detected via histochemical staining of tissues as previously described (Zhang et al., 2018a) but with slight modifications. All transgenic Arabidopsis tissues were incubated in GUS staining solution at 37°C with the corresponding time under dark conditions. All stained samples were washed with 70% ethanol to remove the residual dye and chlorophyll. Images were captured using a DVM6a 3D microscope (Leica, Wetzlar, Germany).



Subcellular localization of VvANN1

Transient expression assays were performed in grape protoplasts to determine the subcellular localization of VvANN1. Grape protoplasts were prepared, and transient expression assays were performed as described previously (Lee and Wetzstein, 1988; Wang et al., 2015). The recombinant plasmid 35S::VvANN1-GFP was introduced into grape protoplasts, followed by incubation at 28°C for 12 h. Fluorescence signals were observed using a Zeiss LSM710 laser scanning confocal microscope (Zeiss, Jena, Germany).



Recombinant VvANN1-His protein purification and Ca2+-binding activity

The Ca2+-binding assay was conducted by detecting fluorescence measurements of VvANN1 according to a method described previously (Qiao et al., 2015). The recombinant plasmid VvANN1-His was introduced into Escherichia coli (E. coli) strain BL21. Total VvANN1-His protein was induced by isopropyl β-D-thiogalactoside (IPTG; NO. A100487, Sangon Biotech, Shanghai, China) at 28°C for 12 h. E. coli cells were lysed via ultra-sonication, and the obtained samples were ultra-centrifuged at 12,000 ×g at 4°C for 15 min. The supernatant was collected and purified via affinity chromatography on Ni-agarose columns (Cat. No. 30210, Qiagen, Duesseldorf Germany). The assay media contained 2 μM VvANN1-His protein and 0 mM or 2 mM Ca2+. Fluorescence spectroscopy was carried out using a fluorescence spectrophotometer (F-4600; Hitachi, Tokyo, Japan).



Yeast one-hybrid assay

The pAbAi-VvANN1Pro (containing 285 bp partial promoter sequences with the ABRE element) vector was transformed into the yeast strain Y1HGold as bait. Positive yeast strains were diluted and spread onto selection medium (SD; Code No:630411, Clontech, Mountain View, CA, USA) lacking Ura containing various concentrations of Aureobasidin A (AbA; Code No.630466, Clontech, Mountain View, CA, USA) to screen for an appropriate concentration to eliminate self‐activation. AD-VvbZIP45 was transformed into Y1HGold with pAbAi-VvANN1Pro, and the pGADT7 plasmid was used as a negative control. Different experimental groups were cultured on SD/-Leu medium with or without 80 ng/mL AbA at 30°C for 3 days.



Luciferase reporter assays

A dual-luciferase reporter assay was conducted to test the transcriptional repression activity of VvbZIP45 in tobacco (Nicotiana tabacum) leaves. The pGreenII 62-SK and pGreenII 62-SK-VvbZIP45 were used as effector plasmids, and pGreenII 0800-LUC-VvANN1Pro was used as the reporter plasmid. The plasmids were mixed and expressed in tobacco leaves via A. tumefaciens GV3101 strain injection. After 2 days, total protein was extracted from infiltrated tobacco leaves, and the LUC/REN activity ratio was measured using the dual luciferase reporter assay system (E1960, Promega, Madison, WI, USA).



Chromatin Immunoprecipitation-qPCR assays

Approximately 1 g of plant tissue was harvested from two-week-old transgenic hybrid progeny seedlings that were germinated on MS plates in a light incubator. Samples were prepared according to previous reports (Yamaguchi et al., 2014; Zhao et al., 2022). ChIP experiments were performed using Abcam ChIP Kit - Plants (ab117137, Abcam, Cambridge, MA, USA) according to the manufacturer’s instructions. Chromatin was immunoprecipitated using anti-HA (ab9110, Abcam, Cambridge, MA, USA). Following immunoprecipitation, samples were analyzed by RT-qPCR. The specific primers used are listed in Supplemental Table S1.



Detection of H2O2 and O2·- in situ

Leaves were collected from VvANN1 transgenic Arabidopsis plants and Col-0 plants grown under normal conditions for 15 days, then grown with or without water for 5 days. H2O2 and O2·- levels were examined via histochemical staining with 3, 3′‐diaminobenzidine (DAB; CAS No: 91-95-2, Sigma-Aldrich, St. Louis, MO, USA) or nitro blue tetrazolium (NBT; CAS No: 298-83-9, Sigma-Aldrich, St. Louis, MO, USA), as previously described (Zhang et al., 2021). All measurements were determined using three independent biological replicates.



Measurement of antioxidant enzyme activity and MDA contents

Leaves were collected from VvANN1 transgenic Arabidopsis plants and Col-0 plants cultivated under normal conditions for 15 days (control), then without water for 5 days (drought-exposed).

Samples (each weighing 0.2 g) were homogenized in 1 mL of sodium phosphate buffer (50 mM phosphate, 1 mM EDTA-Na2, 1% (w/v) polyvinyl pyrrolidone; pH 7.4). Centrifugation was performed at 10,000 ×g at 4°C for 20 min, and the supernatant was used to detect antioxidant enzyme activity. The activities of SOD, POD, and CAT were determined according to methods described previously (Zhang et al., 2017).

Samples (each weighing 0.2 g) were homogenized in 2 mL of 10% thiobarbituric acid (TBA). Following centrifugation at 12,000 ×g at 4°C for 15 min, the MDA contents were detected according to the method described by Zhou et al. (2018).




Results


Characterization and expression of VvANN1

There are 14 predicted annexin genes in grapevine (Jami et al., 2012), however, the function of ANNEXIN family in grapevine remains unidentified. We isolated a putative grapevine annexin gene from Vitis vinifera via RT-PCR and named it VvANN1. Based on the results of bioinformatics analyses, the genomic sequence of VvANN1 is composed of five exons and four introns and produces a 930-bp coding sequence transcript encoding a protein of 309 amino acids with a molecular weight of 35 kDa (Figure 1A). This protein contains four annexin domain architectures (Figure 1B) with a type-II Ca2+ binding site in the first annexin conserved repeat domain.




Figure 1 | Characterization of VvANN1. (A, B) Schematic diagram showing the gene structure and protein domain of VvANN1. Exons are indicated by black boxes, introns are indicated by black lines between black boxes, non-translational regions are indicated by white boxes, and annexin domains are indicated by orange boxes. (C) Phylogenic tree of VvANNs and the Arabidopsis ortholog AtANNs. The phylogenetic trees were constructed with Mega X using the Neighbor-Joining method. Eight ANNEXINs family members from A thaliana including At1g35720 (AtANN1), At5g65020, At2g38760, At2g38750, At1g68090, At5g10220, At5g10230, At5g12380; fourteen ANNEXINs family members from V. vinifera including: Vv18g03470 (LOC100266093, VvANN1), Vv00g00650 (LOC100260243), Vv00g00660 (LOC100258538), Vv00g00710 (LOC100244780), Vv00g00720 (LOC100853064), Vv00g00750 (LOC100244780), Vv00g00760(LOC100256827), Vv00g00800 (LOC100260252), Vv00g25060 (LOC100256917), Vv00g25070 (LOC100253408), Vv01g05380 (LOC100250931), Vv03g02080 (LOC100243369), Vv06g10680(LOC100263694), Vv08g00710(LOC100240986), VvANN1 is marked with a red dot. The sequences of AtANNs are derived from NCBI, and the sequences of VvANNs are derived from Jami et al (2012).



A phylogenetic tree generated using the ANNEXINs of A. thaliana and V. vinifera suggests that VvANN1 has the maximum homology with AtANN1 of A. thaliana, so the gene was designated as VvANN1. This finding implies that VvANN1 proteins may regulate stress response processes similar to its homologous AtANN1 (Figure 1C).

Transcript levels in different organs of the grapevine ‘Venus’ were performed via RT-qPCR to analyze the tissue-specific expression of VvANN1. The expression of VvANN1 was higher in the flower, stem, and tendril than in the root, fruit, and leaf (Figure 2A). Furthermore, we also generated Arabidopsis transgenic lines (#1, #4, #7 and #9) containing the VvANN1Pro::GUS, and detected GUS activities in seedlings, flowers, which was consistent with the findings shown by RT-qPCR (Figure 2B). Moreover, important discrepancies were noted when comparing the GUS staining observed in different VvANN1Pro::GUS transgenic lines, such as #1 and #9. This result suggested the cassette VvANN1::GUS might be inserted various sites in different Arabidopsis transgenic lines and resulted in different GUS expression level based on the position effect, for example, there might be diverse enhancers near to the insertion sites.




Figure 2 | Tissue expression pattern analysis of VvANN1. (A) Expression analysis of VvANN1 in different tissues of Vitis spp. cv ‘Venus’ via RT-qPCR. VvACTIN7 was used as an internal control and compared to expression in root. Data are presented as mean ± SD (n = 3). Statistical significance was determined via one-way ANOVA; P < 0.05. (B) GUS histochemical staining of different tissues of VvANN1Pro::GUS transgenic Arabidopsis lines. Scale bars are 1 mm for six-day-old seedling, flower, silique, and stem images and 1 cm for 21-day-old seedling images.



We transformed the 35S::VvANN1-GFP vector transiently into grapevine protoplasts to investigate the subcellular localization of VvANN1. VvANN1-GFP signal could be detected in cytoplasm, whereas GFP signals were ubiquitously distributed in the grapevine protoplast (Supplemental Figure S1).

Furthermore, we carried out a VvANN1-His recombinant protein fluorescence experiment to verify the Ca2+ binding ability of VvANN1. First, we transformed the VvANN1-His plasmid into E. coli strain BL21. The VvANN1-His recombinant protein was successfully expressed in BL21 by adding IPTG, purified via Ni-NTA affinity chromatography, and further detected via SDS-PAGE (Supplemental Figure S2). Next, a UV spectrophotometer was used to measure the fluorescence intensity of the VvANN1-His recombinant protein when incubated with or without Ca2+. The highest fluorescence intensity was approximately 300 A.U. at 390 nm. By contrast, fluorescence intensity was reduced to 150 A.U. at 390 nm in the presence of Ca2+ (Supplemental Figure S3), indicating that VvANN1 might have Ca2+-binding capacity.



VvANN1 is responsive to osmotic stress and drought stress

AtANN1 is up-regulated in a Ca2+-dependent manner to regulate drought stress responses synergistically. Here, we investigated whether VvANN1 was responsive to drought stress. We performed RT-qPCR to detect the VvANN1 expression pattern in plantlets (Vitis spp. cv ‘Summer Black’ and ‘Venus’) treated with or without 10% PEG6000. The results showed that the expression of VvANN1 in ‘Summer Black’ and ‘Venus’ was significantly induced by PEG treatment up to 11-fold and 4-fold, respectively, at 24 h (Supplemental Figure S4A).

GUS staining was performed to determine further the expression of VvANN1 in six-day-old transgenic VvANN1Pro::GUS plants under PEG treatment. Histochemical staining revealed that, VvANN1Pro::GUS signals were mainly expressed in the vascular tissues of roots under normal conditions. This expression pattern of GUS activity was increased following treatment with 10% PEG6000 for 12 h (Supplemental Figure S4B), suggesting that VvANN1 expression may be induced by PEG treatment.

To further determine the role of VvANN1 in modulating plant osmotic stress, we further generated 3 independent transgenic Arabidopsis lines driven by the CaMV35S promoter (L2, L3 and L4) and 3 independent transgenic Arabidopsis lines driven by the Ubi promoter (L5, L6 and L7). The transcript level of VvANN1 was analyzed with RT-qPCR and three homozygous transgenic Arabidopsis lines (L2, L3 and L6) were used in subsequent experiments (Supplemental Figure S5). VvANN1 transgenic and Col-0 seedlings were cultivated on MS medium with 0 mM, 250 mM or 300 mM mannitol. The germination rates showed no apparent difference between VvANN1 transgenic and Col-0 seedlings in MS medium after 84 h. Conversely, all VvANN1 transgenic seedlings showed higher germinating rates than Col-0 in the presence of mannitol (Figures 3A, B), suggesting that, during the germination stage, VvANN1 transgenic seedlings were less sensitive to osmotic stress than Col-0 seedlings. Based on these results, we concluded that VvANN1 might positively regulate osmotic stress in Arabidopsis.




Figure 3 | VvANN1 positively regulates osmotic stress at germination in Arabidopsis. (A) Seedings of Col-0 and VvANN1 transgenic Arabidopsis were stratified at 4°C for 2 days and plated on MS medium supplemented with 0 mM, 250 mM or 300 mM mannitol. Photographs were captured at 60 h and 84 h after germination. (B) Germination rates of seedings were determined with respect to radicle emergence when supplemented with 0 mM, 250 mM or 300 mM mannitol at the 84-h time point.



Fifteen-day-old transgenic Arabidopsis and Col-0 plants were subjected to a drought treatment to evaluate the function of VvANN1 in drought tolerance. Once watering was stopped for 7 days, VvANN1 transgenic plants exhibited less wilting than Col-0 plants (Figure 4A). After rewatering, VvANN1 transgenic plants had higher survival rates (58%, 54% and 60% for L2, L3 and L6, respectively) than Col-0 plants (36%) (Figure 4B), indicating that VvANN1 transgenic plants significantly improved drought tolerance in Arabidopsis.




Figure 4 | Heterologous expression of VvANN1 increases resistance to drought stress in Arabidopsis. (A) Performance of VvANN1 transgenic plants and Col-0 plants subjected to soil drought stress without watering for 7 days, followed by recovery for 3 days. (B) Survival rates of VvANN1 transgenic plants and Col-0 plants after rewatering for 3 days. Values represent the means ± SD from three independent repeats (n = 48), and different letters indicate significant differences (one-way ANOVA, P < 0.05).





VvbZIP45 binds to the promoter of VvANN1 and activates its expression

We analyzed the VvANN1 promoter using the PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare) to gain further insights into the regulatory mechanism of VvANN1 and found several stress-responsive cis-elements (e.g., MYC, MYB and ABRE). Among these are two ABRE cis-elements in the 0- to 300-bp region of the VvANN1 promoter. Studies have shown that VvbZIP45 can bind to the ABRE element in the promoter region of the target gene and enhance drought stress tolerance in Arabidopsis (Liu et al., 2014; Nicolas et al., 2014; Liu et al., 2019). Thus, we hypothesized that VvbZIP45 could bind to the promoter region of VvANN1 and regulate its expression.

We performed a Y1H assay, where the VvANN1 promoter sequence (from -1 to -285 bp) containing two ABRE motifs was first constructed into the pAbAi vector (pAbAi-VvANN1Pro). Next, this bait plasmid was transformed into yeast strain Y1HGold. Finally, the pGADT7-VvbZIP45 and pGADT7 vectors were transformed into the yeast Y1HGold carrying the bait plasmid. The results showed that Y1HGold carrying pAbAi-VvANN1Pro and transformed with the pGADT7-VvbZIP45 plasmid grew on SD/-Leu medium containing 80 ng/mL AbA, whereas yeast cells carrying the pGADT7 vector did not (Figure 5A). This result showed that VvbZIP45 could bind to the promoter region of VvANN1.




Figure 5 | VvbZIP45 positively regulates the transcription of VvANN1 by binding to its promoter. (A) Y1H assay showing the interaction between VvbZIP45 and the VvANN1 promoter. (B, C) ChIP-qPCR assays showing the binding of VvbZIP45 to the promoter of VvANN1 in vivo. ChIP-qPCR analysis using VvANN1Pro::GUS/UBI::VvbZIP45-HA and Col-0 plants with anti-HA and anti-IgG, respectively. Immunoprecipitated DNA samples were quantified by qPCR using primers specific to regions within the VvANN1 promoter (1-4). Relative enrichment is represented as input (%). Values represent the means ± SD from three independent repeats, and different letters indicate significant differences (one-way ANOVA, P < 0.05). (D) Reporter and effector used in the dual-luciferase reporter assay. (E) Activation of the VvANN1 promoter by VvbZIP45. The 35S promoter was used as a negative control (Student’s t-test, ***P < 0.001). (F) Tissue expression patterns of VvANN1 in the presence of VvbZIP45 using VvbZIP45 as the effector and VvANN1Pro::GUS as the reporter. GUS expression was visualized in different tissues of Arabidopsis transformed with effector and reporter constructs. Scale bars are 1 mm for six-day-old seedling, flower, and silique images and 1cm for 21-day-old seedling images.



We performed a ChIP-qPCR assay to investigate whether VvbZIP45 could bind directly to the ABRE cis-element in the promoter region of VvANN1. Ubi::VvbZIP45-HA transgenic Arabidopsis plants were crossed with VvANN1Pro::GUS transgenic plant, and hybrid transgenic A. thaliana seedlings were verified via PCR. Four fragments spanning different regions of the VvANN1 promoter with or without the ABRE motif were selected for qPCR analysis (Figure 5B). Figure 5C shows that 1, 3 and 4 fragments of the VvANN1 promoter were markedly enriched in ChIP-qPCR assay with anti-HA compared with anti-IgG.

We used a luciferase reporting system to determine whether VvbZIP45 could activate VvANN1 expression in vivo (Figures 5D, E). A pGreenII 0800 vector harboring a dual-luciferase reporter gene driven by the VvANN1 promoter was co-transformed into tobacco leaves with pGreenII 62-SK or pGreenII 62-SK-VvbZIP45. The results showed that tobacco plants expressing pGreenII 62-SK-VvbZIP45 exhibited significantly higher LUC/REN activity than control plants.

To further assure the regulation of VvbZIP45 in VvANN1 expression in vivo, we also generated transgenic Arabidopsis that constitutively expressed the VvbZIP45 gene (35S::VvbZIP45) and further produced VvANN1Pro::GUS/35S::VvbZIP45 Arabidopsis plants via crossing. The lower GUS expression level VvANN1Pro::GUS lines #1 and #4 (as shown in Figure 2C) were used as the male parents, 35S::VvbZIP45 Arabidopsis as female parent. The results of histochemical GUS assays showed that staining intensity was significantly higher in hybrid plants (VvANN1Pro::GUS/VvbZIP45) than in VvANN1Pro::GUS transgenic plants (Figure 5F). Interestingly, 10% PEG6000 treatment could be resulted in much more strong GUS staining in VvANN1Pro::GUS/35S::VvbZIP45 hybrid Arabidopsis plants comparing to VvANN1Pro::GUS transgenic plants itself (Figure 6). These results indicated that VvbZIP45 could act as a transcription factor to promote VvANN1 expression under normal or drought stress conditions.




Figure 6 | VvbZIP45 enhanced VvANN1 expression under PEG treatment. GUS staining of six-day-old VvANN1Pro::GUS/35S::VvbZIP45 and VvANN1Pro::GUS transgenic Arabidopsis seedlings under normal and PEG treatment. Scale bars=1 mm.



Further examination of the expression level of VvbZIP45 in five-week-old grapevine plantlets under osmotic stress showed that VvbZIP45 expression was rapidly activated by PEG treatment and reached the highest level at 12 h (Supplemental Figure S6). This result suggests that VvbZIP45 could be up-regulated under drought stress.



VvANN1 improved the ROS scavenging ability of transgenic Arabidopsis under drought stress

In plants, ROS serve as signal molecules at low levels but can cause cell damage at extreme doses. Drought stress could lead to ROS accumulation. Here, H2O2 accumulation was detected via DAB staining. The results showed no difference in DAB staining of VvANN1 transgenic plants and Col-0 plants under normal conditions. However, after 5 days of drought treatment, weaker staining was observed in VvANN1 transgenic leaves than in Col-0 leaves (Figure 7A). The accumulation of O2.- detected via NBT staining showed similar results under drought stress treatment (Figure 7B). These results indicated that less H2O2 and O2.- were produced in VvANN1 transgenic plants than in Col-0 plants under drought stress.




Figure 7 | VvANN1 modulates ROS production, lipid peroxidation, and antioxidase activity under drought stress in Arabidopsis. (A, B) DAB and NBT staining of leaves in VvANN1 transgenic plants and Col-0 plants under normal and drought stress conditions. Scale bars = 1 mm. (C) MDA content in VvANN1 transgenic plants and Col-0 plants under normal and drought stress conditions. (D–F) Activities of SOD, CAT, and POD in VvANN1 transgenic plants and Col-0 plants under normal and drought stress conditions. Values represent the means ± SD from three independent repeats, and different letters indicate significant differences (one-way ANOVA, P < 0.05).



Previous studies have shown that ROS accumulation affects intracellular environment stability and severely damages the plant cell membrane (Zhang et al., 2018b). The level of MDA is an important indicators of cell membrane damage (Gao et al., 2020). In the present study, the MDA levels in VvANN1 transgenic plants were similar to Col-0 plants under normal conditions. Following drought treatment for 5 days, three VvANN1 transgenic plants had significantly lower MDA content (3.42, 3.80 and 3.51 μmol/g) than Col-0 (4.54 μmol/g) (Figure 7C). These results suggest that VvANN1 plays a vital role in the reduced accumulation and damage of ROS in cells under drought stress.

The activities of ROS scavenging enzymes (SOD, POD and CAT) were examined to analyze the mechanism of VvANN1 function in regulating the level of ROS (Figures 7D–F). The activities of SOD, POD, and CAT were not significantly different in both VvANN1 transgenic plants and Col-0 plants under normal conditions. However, after drought stress treatment, the enzymatic activities of SOD, POD, and CAT were significantly higher in VvANN1 transgenic plants than in Col-0 plants. These results suggested that the expression of VvANN1 driven by CaMV35S or Ubi promoter in Arabidopsis could improve the activity of SOD, POD and CAT to eliminate excess ROS, subsequently assisting in the maintenance of plasma membrane integrity and improving drought stress tolerance.




Discussion

Over the past few decades, the role of annexin in regulating abiotic and biotic stresses have been extensively studied in plants, especially in fruits and vegetables. For instance, FaAnn5s and FaAnn8 were important in regulating plant hormone signaling during the growth and maturing of strawberry fruit (Chen et al., 2016). Furthermore, overexpression of RsANN1a in Arabidopsis enhanced heat tolerance, suggesting a key role in the heat stress response of radish (Shen et al., 2021). Additionally, BnaANN genes played important roles in JA signaling and multiple stress responses in Brassica napus (He et al., 2020). However, the biological functions and regulatory mechanisms of ANNEXINs in grapevine remain unclear. This study will shed light on the roles of VvANN1 in drought stress in grapevine.

In the present study, we identified an annexin gene from V. vinifera and named it VvANN1. Sequence analysis and phylogenetic analysis showed that this protein contains four annexin domain architectures and has close homology with ANN1 in A. thaliana (Figures 1A–C). Therefore, it is speculated that VvANN1 and AtANN1 might have similar functions. Furthermore, the different expression levels of VvANN1 in grapevine tissues and ectopic expression VvANN1 in Arabidopsis indicate that VvANN1 may have distinct functions (Figure 2), so we firstly verified the ability of VvANN1 to response to drought stress. As expected, the expression of VvANN1 was induced by osmotic stress, and VvANN1 transgenic plants showed higher germinating rates than Col-0 plants under osmotic stress (Supplemental Figure S4 and Figure 3). In addition, overexpression of VvANN1 enhanced drought tolerance in A. thaliana (Figure 4).

The bZIP TFs are widely distributed across several plant species and are involved in many responses to abiotic stresses, such as drought, salt, and low temperature (Wei et al., 2012; Liu et al., 2014; Li et al., 2015). For example, OsbZIP23 positively regulates drought and high-salinity stress responses by modulating the expression of stress-related genes in rice (Xiang et al., 2008). ANAC096 interacts with AtABF2 and further regulates the expression of ABA-inducible genes, enhancing dehydration and osmotic stress tolerance in Arabidopsis (Xu et al., 2013). VvbZIP45 transgenic Arabidopsis plants exhibited more tolerance to osmotic stress compared to WT (Liu et al., 2019). However, studies on the function of VvbZIP45 in regulating the expression of grapevine annexin genes have not been reported. Our results indicated that VvbZIP45 expression in grapevine ‘Summer Black’ was significantly induced by PEG treatment (Supplemental Figure S6). Transient expression assays, Y1H assays, genetics investigations and ChIP-qPCR assays all showed that VvbZIP45 could bind to the promoter of VvANN1 and activate its expression (Figures 5A–E).

As shown in Figure 2C, various VvANN1Pro::GUS lines showed differently level of GUS staining (strong or weak). This result implied that the cassette VvANN1 Pro::GUS might be inserted in various sites of chromosomes in Arabidopsis, and resulted in different expression level of GUS based on the position effect, for example, there might be diverse enhancers near to the insertion sites of T-DNA, and also reflected that there might be a certain range of regulation levels of VvANN1 promoter by TFs in Arabidopsis. Therefore, the VvANN1Pro::GUS/35S::VvbZIP45 hybrid lines showed more strong GUS staining intensity than that of the original VvANN1Pro::GUS transgenic lines (Figure 5F). In addition, the genetic analysis also demonstrated that VvbZIP45 could enhance the expression of VvANN1 under PEG treatment (Figure 6). Taken together, these results indicated that VvbZIP45 could bind to the promoter of VvANN1 and further active its expression under drought stress.

Drought stress often results in excessive ROS accumulation (Mahmood et al., 2019). A low ROS concentration serves as a signal in regulating plant growth and stress responses; however, excessive ROS accumulation can destroy cellular compounds. The antioxidant defense system is a crucial way to balance excess ROS in plants (You and Chan, 2015; Hussain et al., 2019). Plant annexins have been shown to exhibit the ability to respond to abiotic stresses by modulating ROS formation. For instance, overexpression of OsANN1 in rice exposed to heat stress conditions enhanced the activities of SOD and CAT, decreased the content of H2O2, and improved the plant’s tolerance to heat (Qiao et al., 2015). Treatment with exogenous ABA showed significantly higher levels of O2.– and H2O2 in the mesophyll cells of OsANN4-RNAi lines than in the WT (Zhang et al., 2021). Our results were broadly in line with those of previous studies; for example, the contents of O2.– and H2O2 in VvANN1 transgenic plants were lower than Col-0 plants under drought stress (Figures 7A, B). The activities of SOD, POD and CAT in VvANN1 transgenic plants were significantly higher than in Col-0 (Figures 7C–F). Therefore, we hypothesize that VvANN1 responds to drought stress, at least in part by modulating ROS accumulation. In this study, we have not identified a direct relationship between H2O2 content and the function of VvANN1. However, our results imply that VvANN1 may play crucial role on regulation the intracellular level of H2O2.

Ca2+ acts as a second messenger in plants and regulates the activation of a wide range of downstream processes in response to environmental and developmental stimuli (Xi et al., 2017; Tong et al., 2021). Ca2+ influx is primarily dependent on ion channels, such as the cyclic nucleotide-gated channel (CNGC) or glutamate receptor-like (GLR). Annexins were shown to function as Ca2+-permeable transporters based on their Ca2+-binding ability. AtANN1 plays a positive regulatory role in response to cold stress by mediating cold-triggered Ca2+ influx; moreover, the [Ca2+]cyt elevation was reduced in atann1 mutants (Liu et al., 2021b). MYB30 regulates the oxidative and heat stress responses through AtANN1 and AtANN4 by mediating Ca2+ signals (Liao et al., 2017). ZmANN33 and ZmANN35 were involved in Ca2+ signaling transduction processes under chilling stress (He et al., 2019). Although we found that VvANN1 was capable of Ca2+-binding activity (Supplemental Figure S3), the exact mechanism underlying how VvANN1 regulates Ca2+ under drought stress remains to be further explored.

We propose a hypothetical model depicting the role of VvANN1 in response to drought stress based on our findings (Figure 8). The ABRE binding protein VvbZIP45 directly binds to the promoter region of VvANN1 and activates its expression, thus further modulating ROS to alleviate the damage caused by drought stress. Our study provides insights into the roles of ANNEXINs in regulating drought responses in grapevine.




Figure 8 | A hypothetical working model of VvbZIP45 modulates VvANN1 response to drought stress. Drought stress induces the expression of VvbZIP45 in grapevine, which then positively regulates the transcription of VvANN1. VvANN1 enhances the activity of SOD, POD, and CAT to scavenge excess ROS. VvANN1 may also participate in Ca2+ signaling transduction in grapevine under drought stress.
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Supplementary Figure 4 | Expression patterns of VvANN1 under PEG treatment. (A) RT-qPCR analysis of VvANN1 expression in the five-week-old Vitis spp. cv ‘Summer Black’ and ‘Venus’ plantlets after 10% PEG6000 treatment. VvACTIN7 was used as an internal control and compared to expression in 0 h. Values represent the means ± SD from three independent repeats, and different letters indicate significant differences (one-way ANOVA, P<0.05). (B) GUS staining of six-day-old VvANN1Pro::GUS transgenic Arabidopsis seedlings under normal and PEG treatment. Scale bars=1 mm.

Supplementary Figure 5 | RT-qPCR analysis of VvANN1 expression in different VvANN1 transgenic Arabidopsis lines. AtACTIN2 was used as an internal control. Values represent the means ± SD from three independent repeats.

Supplementary Figure 6 | VvbZIP45 transcript expression levels under PEG treatment in five-week-old Vitis spp. cv ‘Venus’. VvACTIN7 was used as an internal control and compared to expression in 0 h. Values represent the means ± SD from three independent repeats, and different letters indicate significant differences (one-way ANOVA, P < 0.05).
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Heavy damage to tomato crops due to wilt stress caused by the pathogenic bacterium Ralstonia solanacearum and the insufficient availability of management strategies with desired control levels urged the researchers to investigate more reliable control methods to manage this issue in tomato and other horticultural crops. In this study, Parthenium hysterophorus, a locally and freely available herbaceous plant, was successfully used to manage bacterial wilt of tomatoes. The significant growth reduction ability of P. hysterophorus leaf extract was recorded in an agar well diffusion test and its ability to severally damage the bacterial cells was confirmed in SEM analysis. In both greenhouse and field trials, soil amended with P. hysterophorus leaf powder at 25 g/kg soil was found to effectively suppress the pathogen population in soil and significantly reduce the wilt severity on tomato plants, resulting in increased growth and yield of tomato plants. P. hysterophorus leaf powder at concentrations greater than 25 g/kg soil caused phytotoxicity in tomato plants. The results showed that P. hysterophorus powder applied through the mixing of soil for a longer period of time before transplanting tomato plants was more effective than mulching application and a shorter period of transplantation. Finally, the indirect effect of P. hysterophorus powder in managing bacterial wilt stress was evaluated using expression analysis of two resistance-related genes, PR2 and TPX. The upregulation of these two resistance-related genes was recorded by the soil application of P. hysterophorus powder. The findings of this study revealed the direct and indirect action mechanisms of P. hysterophorus powder applied to the soil for the management of bacterial wilting stress in tomato plants and provided the basis for including this technique as a safe and effective management strategy in an integrated disease management package.




Keywords: IDM, phytotoxic, genes, soil, horticulture



Introduction

Phytobacterial diseases cause significant losses by reducing the yield of many important agricultural crops (Obradovic et al., 2008). Among plant pathogenic bacteria, Ralstonia solanacearum, the causal agent of wilt disease, is one of the most serious pathogens (Nion and Toyota, 2015). On the basis of geographically varied distribution, R. solanacearum forms a species complex consisting of four phylotypes, five races, and six biovars (Prior et al., 2016). This soil-borne disease is widespread worldwide and has a huge host range, encompassing more than 185 species of plants (Vu et al., 2013; Nion and Toyota, 2015). The pathogen produces wilting symptoms, and gradually, plants start drying. Losses caused by R. solanacearum to economically important plants vary greatly based on the weather conditions, cultivar and soil types, host susceptibility, etc. Over 15 tomato diseases, including bacterial wilt, have been reported to cause significant damage to tomato crops in several countries worldwide with yield losses ranging from 0% to 96% and yield losses caused by bacterial wilt were reported up to 94.54% (Nion and Toyota, 2015; Khan et al., 2020).

Although several methods have been explored to manage bacterial wilt disease, the majority of the host crops still lack an effective and eco-friendly control technique. Because of the pathogen’s complex nature, growth inside the host, soil persistency, aqueous transport, and biodiversity, it is difficult to control (Nion and Toyota, 2015). Over several decades, various strategies for bacterial wilt disease control have been researched. According to, chemical approaches were primarily discussed in studies of these techniques, followed by biological, cultural, and physical practices. Chemical pesticides have been used extensively to control plant disease. Unfortunately, chemical control has been severely restricted because of its link to chemical resistance, environmental degradation, and toxic side effects (Vidaver, 2002; Montesino, 2007). Because of the rising demand for ecologically friendly pesticides, the search for safe and efficient antimicrobial agents is crucial for treating plant pathogens.

The harmful effects of chemical pesticides can be reduced by using pesticides of plant origin, which contain diverse antimicrobial compounds (Dubey et al., 2011). The use of botanicals as substitutes for synthetic chemical pesticides has grown yearly throughout the world. Particularly, the rise in the production of organic foods has resulted in a significantly higher demand for botanical pesticides in industrialized and developed countries (El-Wakeil, 2013). In several studies, scientists attempted to use plant-based materials to control plant pathogens. The rice seed-borne pathogenic bacteria Xanthomonas oryzae was found to be particularly affected by aqueous extracts from the wild medicinal herb Adhatoda vasica (Govindappa et al., 2011). Plant material in the form of aqueous extracts and green manures as foliar or seed treatments have already been demonstrated to be effective against different plant diseases (Cardoso et al., 2006; Askarne et al., 2012). However, the organic amendment of soil through plant material, especially Parthenium hysterophorus, was not investigated against bacterial wilt disease.

This study aimed to investigate the (i) antibacterial potential of P. hysterophorus in detail, (ii) its ability to upregulate host resistance, and (iii) its utilization for the management of tomato bacterial wilt disease in a greenhouse as well as in field conditions. The destructive morphological properties of P. hysterophorus against R. solanacearum were confirmed through a scanning electron microscope, and upregulation of host resistance was investigated through qRT-PCR analysis of resistance genes in tomatoes. A comprehensive greenhouse and repeated field trials were carried out using P. hysterophorus powder as a soil organic amendment for the management of bacterial wilt disease in tomatoes.



Materials and methods


Plant and pathogen source

Six plants that were abundantly present along the roadside and in open, uncultivated fields were collected from Muzaffarabad City, Azad Jammu, and Kashmir State, Pakistan (Supplementary Table S1). The plants were washed with distilled water and shade-dried for 1 week. Depending on the experimental need, the plants were grounded as a whole or separated into different parts such as roots, stems, leaves, and shoots. The preserved and identified pathogenic strain of R. solanacearum was reactivated in Lysogeny broth (LB) medium (peptone 10 g, yeast extract 5 g, sodium chloride 10 g) at 25°C for 48 h, and after confirming the pathogenicity, it was used for different in vitro and in planta (greenhouse and field) experiments.



Preparation of plant extract and powder

The finely ground powder of plant or plant parts was extracted with ethanol. Briefly, 50 g of powder was soaked in 200 ml of ethanol for 48 h with continuous stirring, followed by filtration by using a muslin sheet and centrifugation at 8000 rpm for 5 min. Using Whatman filter paper No. 31, a clear filtrate was obtained and was dried under reduced pressure using a vacuum evaporator. The obtained extract was checked for antibacterial activity. For soil amendment, leaves were dried and ground into a fine powder.



Evaluation of antibacterial activity

An ethanol extract from plants was tested for their bioactivity against R. solanacearum through the good diffusion method. The dried extract was dissolved in ethanol at 400 mg/ml. In a Petri plate, 25 ml of LB medium with a bacterial concentration of 105 CFU/ml was poured and allowed to cool for 4–5 min. Eight wells of 3 mm in size were punched through a sharp plastic borer in the medium, and six wells were filled with 10 µl of plant extracts; one well was filled with streptomycin, and one was filled with ethanol as a negative control. After incubating the plates at 25°C for 24 h, the diameter of the inhibition zone around the wells was measured in millimeters. In the next step, the extract of different parts (roots, leaves, stems, and shoots) of the most active plant was tested by using the above method. The most active plant part (leaves) was then tested in different concentrations (100, 200, 300, and 400 mg/ml) to evaluate the concentration-dependent activity of plant extract.



Phytotoxicity test

To test the phytotoxicity effect of the most active plant part powder, tomato plants were grown in soil amended with different rates of plant powder (5, 10, 15, 20, 25, 30, and 35 g) in 1 kg soil in a pot experiment. Briefly, 20-day-old tomato seedlings (Rio Grande) were transplanted in 1 kg of potted soil with different rates of plant powder at one plant per pot. The plants were grown for 30 days after transplantation with routine horticultural practices. After 30 days, the phytotoxic effect was evaluated by recording data on plant length, plant weight, and the number of leaves per plant. Seven plants were maintained for each treatment, and the experiment was repeated once.



Greenhouse test

In the greenhouse test, different times (0, 5, 10, and 15 days before transplantation) and methods (mixing and mulching) of P. hysterophorus powder at 25 g/kg soil were evaluated for their effect on the soil population of the pathogen, disease severity, and growth and yield of tomato plants. P. hysterophorus powder, 25 g, was applied to 1 kg of soil in pots either through mixing or simple mulching (spreading powder over soil) at 0, 5, 10, and 15 days before transplantation. A bacterial suspension of 35 ml of R. solanacearum (105 cfu/ml) was poured at the center of each pot. Tomato seedlings were transplanted 0, 5, 10, and 15 days after P. hysterophorus powder application in each pot. The plants were grown for 70 days, and data were taken on growth (plant and root length, plant weight) and yield (number of tomato/plant) parameters.



Disease severity and pathogen population in soil

The disease severity data were recorded over the season up to four times at an interval of 15 days using a disease index rating scale (Wai et al., 2013), and the calculated disease severity value was converted to Area Under Disease Progressive Curve (AUDPC) value by using the method described by Madden et al. (2007). The pathogen population in soil under the influence of different treatments was counted using the serial dilution method. Soil from each pot in the rhizosphere region was sampled using a 12-cm-long cork borer. R. solanacearum, a pathogenic bacteria, was isolated from soil samples on selective growth medium tetrazodium chloride nutrient agar (TZCNA). Isolated bacterial colonies were counted, and the data were converted to log10. From each pot, three independent samples were taken and used as subreplicate for each treatment.



Field test

This experiment was designed to test the field efficacy of P. hysterophorus powder against bacterial wilt disease in tomato plants. The experimental field area was equally divided into three sets of plots and each set contained two plots, each 8 m2 in size. Each plot consisted of three lines and each line was transplanted with 12 tomato plants. The 100-ml pathogen inoculum (105 cfu/ml) was mixed with the soil by pouring in holes in two sets of plots followed by amendment of this soil with P. hysterophorus powder through mixing method, fifteen days prior to tomato (Rio Grande) transplantation in one set (T1: P+P) and the other set with only pathogen inoculation (T2: P). Both pathogen inoculum and P. hysterophorus powder were applied to the soil around the point of the plantation. The third set of plots neither received pathogen inoculum nor P. hysterophorus powder kept as control (C). The plants were grown for 70 days, and data on soil bacterial pathogens, disease severity, and plant growth and yield were recorded as above in the greenhouse experiment.



Evaluation of resistance induction

Tomato seedlings (20 days old) were grown in soil mixed with P. hysterophorus leaf powder in two groups. Plants in one group were kept uninoculated, while in the other group, they were inoculated with R. solanacearum suspension (1 × 107). Control plants were maintained by using sterile water treatment. After inoculation of the pathogen, at 0, 6, 12, 24, 48, and 72 h, the leaves were collected for RNA analysis. TRNzol Universal reagent was used for the extraction of total RNA FastKing RT Kit was used for reverse transcription of 1 µg of total RNA after DNase treatment. PCR was performed in a 25-µl buffer reaction. The composition of the PCR mixture and running conditions are presented in Supplementary Table S2. The expression of PR2 and TPX marker genes was analyzed using primers F-5′GGACACCCTTCCGCTACTCTT3′; R-5′TGTTCCTGCCCCTCCTTTC3′ and F-5′GAGATGCAGTTGTGGCTACG3′; R-5′GCGAAGGATTGTTGCAGTCT3′, respectively, in the leaf samples, and actin was kept as internal reference gene. The experiment was performed in triplicates.



Statistical analysis

In vitro experiments were conducted using the CRD design, while for field evaluation, RCBD was maintained. The data on plant yield and growth, pathogen population in the soil, and severity of the disease were analyzed as dependent variables, while the methods and duration of applications were analyzed as independent variables using the Statistix 8.1 package. The significant treatment mean was differentiated using the LSD test p = 0.05.




Results


Antibacterial activity of different medicinal plant extracts against R. solanacearum

The ethanol extracts of different medicinal plants were tested for in vitro bacterial growth inhibition against R. solanacearum. Three plant extracts, Dodonaea viscosa, Peganum harmala, and P. hysterophorus, inhibited the growth of R. solanacearum, with the maximum growth inhibition of R. solanacearum being recorded by the P. hysterophorus extract. The inhibition zone given by P. hysterophorus extract was 18.7 ± 0.7 mm, which was nearly similar to the inhibition zone produced by the positive control streptomycin at 19.3 ± 1.2 mm. The growth inhibition zones recorded for Dodonaea viscosa and Peganum harmala were 9.3 ± 1.1 mm and 5.2 ± 0.6 mm, respectively. The extracts of other plants did not show any activity (Figures 1A, B).




Figure 1 | (A, B) Antibacterial evaluation of different plants against a bacterial wilt pathogen. (C, D) Antibacterial evaluation of different parts of P. hysterophorus against a bacterial wilt pathogen. P1, Broussonetia papyrifera; P2, Dodonaea viscosa; P3, Peganum harmala; P4, Parthenium hysterophorus; P5, Mentha piperita; P6, Fumaria parviflora. Different lowercase letters show significant difference among treatments.



After the screening of several plants, different parts of the most active plant (P. hysterophorus) were tested against R. solanacearum in vitro growth inhibition. Among different plant parts, leaf extract inhibited maximum in vitro growth of R. solanacearum by giving the biggest zone of inhibition (13.5 ± 0.8 mm), followed by shoot and stem extract, while root extract did not show antibacterial activity (Figures 1C, D).



Concentration-dependent antibacterial activity and cellular destruction

Different concentrations (100, 200, 300, and 400 mg/ml) of the P. hysterophorus leaf extract were tested to investigate the concentration-dependent antibacterial activity. Results showed that increases in the concentration of the extract resulted in increased antibacterial activity. The lowest concentration, 100 mg/ml, was not active. The concentrations of 200, 300, and 400 mg/ml showed significant inhibition of bacterial growth by giving 6.8, 13.8, and 19.6 mm inhibition zones, respectively. The zone of inhibition produced by the highest concentrations is nearly equal to the one produced by positive control at 20.1 mm (Figures 2A, B). Bacterial cells from the biggest inhibition zone were subjected to SEM analysis to observe the cellular destructions caused by plant extract. Results from SEM images clearly indicated the morphological destructions of bacterial cells treated with leaf extract. Compared to untreated cells, the cells treated with plant extract showed swollen and ruptured cellular morphology (Figures 2C, D).




Figure 2 | (A, B) Antibacterial evaluation of P. hysterophorus leaf extract in various concentrations. B1, streptomycin; B2, ethanol; B3, 100; B4, 200; B5, 300; and B6, 400 mg/ml against a bacterial wilt pathogen. (C, D) SEM figures of bacterial cells. Different lowercase letters show significant difference among treatments.





Phytotoxicity test

The phytotoxicity of P. hysterophorus leaf powder to tomato plants was checked by evaluating the growth parameters of tomato plants sown in soil that was amended with different application rates of P. hysterophorus leaf powder. Compared to the control, the treatment in which the soil was amended with plant powder increased plant growth. Although the lower application rates showed a slight increase in plant growth, their effect was statistically not different from the control. The application rate of 25 g/kg soil, however, showed a significantly higher plant length of 46.6 cm, a weight of 53.4 g, and a leaf number of 59.4 as compared to the control, where 37.4 cm, 43.7 g, and 47.2 plant length, weight, and leaf number were recorded, respectively. The higher two doses showed phytotoxicity to tomato plants and caused a significant reduction in plant growth. The highest application rate of 35 g/kg soil showed the lowest plant length of 16.0 cm, a minimum weight of 18.7, and a leaf number of 16.4 (Figure 3).




Figure 3 | (A) Tomato plant growth parameters under the influence of different amounts of P. hysterophorus leaf powder. (B) Pictures of tomato plants grown in soil amended with different amounts of P. hysterophorus leaf powder.





Greenhouse and field study


Pathogen population in soil

The soil was amended with P. hysterophorus leaf powder through mixing and mulching methods at 0, 5, 10, and 15 days before transplanting. At the end of the experiment, the pathogen population in the soil was quantified through the serial dilution technique. In general, the soil bacterial population decreased as application time increased, and plant powder applied through the mixing method had significantly less pathogen population in the soil than mulching. The plant powder, when applied 15 DBT through the mulching method, showed a 0.55-log10 cfu/g soil pathogen population as compared to unamended control soil with a 1.95-log10 cfu/g soil pathogen population, while in the case of the mixing method, the same treatment showed lowest soil pathogen population 0.21 log10 cfu/g of soil (Figures 4A, B).




Figure 4 | (A) Pathogen population in soil amended with P. hysterophorus leaf powder at different time durations through mulching or mixing method. (B) Comparison CFU of R. solanacearum isolated from untreated (control) soil or soil treated with the best treatment.





Disease severity

The calculated disease severity was converted to AUDPC value. Results showed that the method and time of plant powder application significantly affected the disease severity of tomato plants. Consistent with the effect on the pathogen population in the soil, the disease severity reduced with an increase in application time, and plant powder applied through the mixing method caused more reduction than simple mulching over the soil. The minimum AUDPC value of 403 was recorded for the plants sown in soil amended with plant powder at 15 DBT through the mixing method, while the corresponding AUDPC value for control in the mixing experiment was 1,940. In the case of the mulching experiment, the AUDPC values for 15 DBT and control treatments were 1,046 and 1,923, respectively (Figures 5A, B).




Figure 5 | (A, B) Disease severity (converted to AUDPC value) on tomato plants grown in soil amended with P. hysterophorus leaf powder at different time durations through mulching or mixing methods in a greenhouse trial. (C, D) Disease severity (converted to AUDPC value) on tomato plants grown under different treatments in field trials. C, control plants; PT, plants inoculated with the pathogen and treated with P. hysterophorus leaf powder; P, untreated plants inoculated with pathogens.



In field tests, the disease severity of pathogen-inoculated plants with or without treatment of plant powder was recorded. Results showed that treatment of tomato plants with plant powder 15 days before transplantation through the mixing method exhibited a significantly lower AUDPC value (630) than the AUDPC value (1626) of untreated inoculated plants. The control plants that were not inoculated with the pathogen did not show disease symptoms (Figures 5C, D).



Plant growth and yield

Tomato plant height, root length, fresh biomass, and yield were evaluated under the treatment of plant powder applied through mixing or mulching at different application times. Among different application times, the longest time, 15 DBT, was superior over other application times, and the powder applied through the mixing method was batter than the mulching method in terms of improving plant growth and yield under bacterial wilt disease stress (Figure 6). The maximum weight of the plant was 64.8 g, the length of the shoot was 69.2 cm, the root was 39.3, and the number of tomatoes per plant was 17.4, shown by the plants sown in soil amended with plant powder at 15 DBT through mixing method. The plant powder when applied with the same application time i.e. 15 DBT but through simple mulching over soil showed 49.2 g, 56.4 cm, 29.7 cm, and 9.3, weight, plant length, root length, and number of tomatoes per plant, respectively. The minimum plant growth and number of tomatoes per plant were shown by the plants sown in the control soil.




Figure 6 | Growth and yield of tomato plants grown in soil amended with P. hysterophorus leaf powder at different time durations through mulching or mixing methods in the greenhouse. Different lowercase letters show significant difference among treatments.



In field trials, the pathogen-inoculated plants when treated with plant powder showed significantly higher growth (plant length: 50.4 cm, weight: 70.3 g, and root length: 32.4 cm) and yield (23.7 tomato/plant) compared to untreated inoculated plants (plant length: 22.5 cm, weight: 35.5 g, and root length: 16.7 cm) and yield (2.3 tomato/plant). The uninoculated and untreated control plants showed similar growth and yield as shown by plants treated with plant powder (Figure 7).




Figure 7 | Growth and yield of tomato plants grown under different treatments in field trials. C, control plants; PT, plants inoculated with the pathogen and treated with P. hysterophorus leaf powder; P, untreated plants inoculated with pathogens. Different lowercase letters show significant difference among treatments.





Resistance induction

To test whether the application of P. hysterophorus powder induces host resistance to R. solanacearum, the expression of the resistance-related genes PR2 and TPX was measured through qRT-PCR analysis. The expression pattern of these two genes in plant powder-treated plants inoculated with or without the pathogen was investigated after 0, 6, 12, 24, 48, and 72 h of treatment (Figure 8). In uninoculated plants, the expression of PR2 was initiated after 24 h of plant powder treatment and then decreased. In pathogen-inoculated plants, the PR2 gene started expressing from the start, peaked at 24 h, and then decreased. The TPX gene was expressed from the beginning in both uninoculated and inoculated plants. However, in uninoculated plants, the TPX expression stopped after 6 h, but in pathogen-inoculated plants, it showed higher expression until 24 h, with a peak at 12 h.




Figure 8 | Relative expression of resistance genes (A: PR2 and B: TPX) in tomato plants under different treatments. T: Un-inoculated plants grown in soil amended with P. hysterophorus powder, TP: Plants treated with P. hysterophorus powder and inoculated with R. solanacearum.







Discussion

The tomato, a nutrition-rich plant with a high source of income for farmers, is one of the most widely grown plants worldwide. However, various tomato plant diseases affect the products in terms of quantity and quality, and therefore, decrease productivity. Bacterial wilt caused by R. solanacearum is one of the well-known diseases of tomatoes that cause severe destruction not only in tomato crops but in a wide range of economically important host plants. Management of plant diseases greatly relies on chemicals, but the harmful effects of these synthetic chemicals, along with the pathogen’s potential to develop resistance, have urged scientists to investigate chemical-free strategies for the management of plant pathogens (Dasgupta et al., 2007; Mamphogoro et al., 2020). Because of this circumstance, scientists in different countries are becoming more interested in using organic amendments (OAs) and green manures to reduce plant diseases (Scotti et al., 2015).

Numerous researchers have reported the effectiveness of plant-based OAs against various phytopathogens (Bonanomi et al., 2007), such as fungi (Kareem et al., 2008), nematodes (Al-Shaibani et al., 2008), bacteria (Ranjit et al., 2012), as well as viral pathogens (Khan et al., 2001). The population of plant parasitic nematodes in the soil was significantly decreased by amending the soil with the dried powder of Fumaria parviflora (Naz et al., 2015). In another study, successful suppression of Sarpagandha leaf spot disease was achieved through organic amendments of Pongamia pinnata and Millettia indica as a seed cake (Arumugam et al., 2010). Tomato bacterial wilt was effectively suppressed by using different parts of Cajanus cajan and Crotalaria juncea as green manure (Cardoso et al., 2006). In this study, we tested various medicinal plants that abundantly grow in open uncultivated fields or roadsides for their potential to manage bacterial wilt of tomatoes.

Among six plants tested in this study, the extract of P. hysterophorus showed the highest antibacterial activity. Evaluation of different parts of P. hysterophorus revealed that leaf extract possesses higher activity than other plant parts in a concentration-dependent way. The highest concentration, 400 mg/ml, exhibited a maximum growth inhibition zone compared to other lower concentrations. The inhibition of bacterial growth by extracts of medicinal plants is attributed to the natural bioactive compounds present in them. The superiority of leaves over other plant parts can be explained on the basis of a higher amount of antibacterial substances present in leaves. Generally, plants producing antimicrobial compounds contain these compounds in leaves. According to reports, the leaves of the medicinal plant Withania somnifera have higher concentrations of antimicrobial compounds than the rest of the plant (Singh and Kumar, 2011). The morphology of bacterial cells treated with P. hysterophorus leaf extract was studied through SEM analysis. Severe morphological destructions to bacterial cells were obvious in SEM images compared to the normal morphology of cells in the control group. The destruction of bacterial cell morphology is due to the membrane disruption properties of antibacterial chemical compounds present in the leaf extract. Phytochemicals were previously demonstrated to disrupt or rupture the bacterial cell membranes, which resulted in abnormal cell morphology observed in SEM analysis (Kamonwannasit et al., 2013).

The P. hysterophorus leaves powder was selected for soil amendment for the control of bacterial wilt disease in tomato plants. Before using P. hysterophorus leaf powder, the maximum safe amount for organic soil amendment to manage bacterial wilt disease was confirmed by the phytotoxicity test. Results showed that P. hysterophorus powder applied at 25 g/kg soil was safe as plants grown in soil amended with a rate higher than 25 g/kg exhibited a significant reduction in growth. There have been reports of using dry powders at a maximum dose of 45g/kg of soil and green manures at a maximum dose of 55g/kg of soil without experiencing any observable phytotoxic effects (Flores-Moctezuma et al., 2006; Cavoski et al., 2012). However, depending on the plant type to be protected and the type of plant used to make an organic amendment, phytotoxic levels may differ from plant to plant. In this study, the higher two amounts (30 and 35 g/kg soil) caused a significant reduction in plant growth that suggests phytotoxicity. Therefore, before using such powders on a commercial scale, it is necessary to find out the phytotoxic threshold level for each plant powder and each target crop.

The maximum safe amount of P. hysterophorus powder was then evaluated as a soil amendment to control the bacterial wilt of tomatoes through different times and methods of applications in greenhouse trials. Among different times and methods of application, the soil amendment with P. hysterophorus powder 15 days before transplantation through the mixing method achieved higher suppression of pathogen population in the soil, enhanced plant growth and yield, and reduction in disease severity. The optimal application timing of 15 DBT might be explained better by the fact that there was more time for the plant powders to break down and release antibacterial compounds and that R. solanacearum was exposed to these compounds for a longer period of time. This resulted in a higher suppression of the pathogen population in soil, which leads to a decrease in disease severity and an enhancement in plant growth and yield. Similar results were obtained by Aliyu et al. (2010), who reported increased yield and growth of cowpea by applying Azadirachta indica leaf powder at 14 DBT. The maximum safe amount of P. hysterophorus powder was then evaluated for managing bacterial wilt of tomato in field conditions by using the best application time 15 days before transplantation and method of application (mixing). Consistent with greenhouse results, the artificially inoculated field soil mixed with 25 g P. hysterophorus leaf powder per plant rhizosphere before 15 days of tomato transplantation significantly reduced bacterial wilt disease on tomato plants. This treatment caused higher growth of plant and tomato yield as compared to plants in the control group.

The use of plant materials as a soil amendment for the management of plant diseases has been previously reported in several studies (Naz et al., 2015). Plant residue integrated into the soil has a variety of effects. The discharge of bioactive compounds is the most visible effect of the breakdown of organic matter in the soil, especially at high temperatures that accelerate the release of such antimicrobial molecules (Bonanomi et al., 2007). These antimicrobial compounds can damage the pathogen directly (Regnault-Roger et al., 2005). Dried plant powders were also reported to have compounds that act as elicitors for plant defense to upregulate the host resistance against pathogens (Walters et al., 2005). Various plant extracts have been shown to act as natural SAR elicitors in addition to having direct antimicrobial effects, as demonstrated by the in vitro reduction of pathogen growth (Kagale et al., 2004; Hassan et al., 2009; Mitra and Paul, 2017). Consistent with the results reported in these studies, we also found the antibacterial and host resistance upregulation activities of P. hysterophorus powder. The resistance-related genes PR2 and TPX investigated in this study were significantly upregulated in the leaves of tomato plants grown in soil amended with P. hysterophorus powder.

Considering its strong in vitro antibacterial activity and the in planta disease suppression effect of P. hysterophorus leaf powder, it has the potential to be a useful part of integrated disease management against bacterial wilt disease in tomatoes. The dried powder also has advantages such as stable shelf life, easy availability, and ease of application. Additionally, as compared to bulky plants, the plant powder could be conveniently carried to other areas where it is not locally grown. The nature of purely natural phytoproduct makes it eco-friendly and difficult for pathogens to build resistance. According to reports, OA is efficient, nontoxic, and easily biodegradable. Using plant-based products to manage plant diseases is cost-effective, especially if these plants are abundantly grown on unwanted land. These characteristics make the use of such plants an appealing part of integrated disease management for resource-constrained farmers in developing or underdeveloped countries.



Conclusion

The significant growth reduction ability of P. hysterophorus leaf extract was recorded in an in vitro test, and severe damage to bacterial cell morphology was confirmed through SEM analysis. In both greenhouse and field trials, soil amended with P. hysterophorus leaf powder at 25 g/kg was found to effectively suppress the pathogen population in soil and significantly reduce the wilt severity on tomato plants, resulting in increased growth and yield of tomato plants. The indirect effect of P. hysterophorus powder in managing bacterial wilt stress was evaluated through expression analysis of two resistance-related genes PR2 and TPX. The upregulation of these two resistance-related genes was recorded by the application of P. hysterophorus powder. The findings of this study revealed the direct and indirect action mechanisms of P. hysterophorus powder applied to the soil for the management of bacterial wilting stress in tomato plants.
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The reactive oxygen species (ROS) signal regulates stress-induced leaf abscission in cassava. The relationship between the function of the cassava transcription factor bHLH gene and low temperature-induced leaf abscission is still unclear. Here, we report that MebHLH18, a transcription factor, involved in regulating low temperature-induced leaf abscission in cassava. The expression of the MebHLH18 gene was significantly related to low temperature-induced leaf abscission and POD level. Under low temperatures, the levels of ROS scavengers in different cassava genotypes were significantly different in the low temperature-induced leaf abscission process. Cassava gene transformation showed that MebHLH18 overexpression significantly decreased the low temperature-induced leaf abscission rate. Simultaneously, interference expression increased the rate of leaf abscission under the same conditions. ROS analysis showed a connection between the decrease in the low temperature-induced leaf abscission rate caused by MebHLH18 expression and the increase in antioxidant activity. A Genome-wide association studies analysis showed a relationship between the natural variation of the promoter region of MebHLH18 and low temperature-induced leaf abscission. Furthermore, studies showed that the change in MebHLH18 expression was caused by a single nucleotide polymorphism variation in the promoter region upstream of the gene. The high expression of MebHLH18 led to a significant increase in POD activity. The increased POD activity decreased the accumulation of ROS at low temperatures and the rate of leaf abscission. It indicates that the natural variation in the promoter region of MebHLH18 increases antioxidant levels under low temperatures and slows down low temperature-induced leaf abscission.
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Introduction

Cassava (Manihot esculenta Crantz) is an important food crop and a potential biomass energy source worldwide. It is the sixth-largest food crop in the world and is a staple food for 700 million people (Wang et al., 2014; Liao et al., 2016a; Liao et al., 2016b). Cassava originated in warm climates, with high light efficiency, starch yield, drought resistance, barren resistance, and other characteristics (Liao et al., 2016a). However, it has a low tolerance to low-temperature stress. Therefore, low temperature is an important limiting factor that restricts the transplantation of cassava to high latitude areas and the expansion of its productivity. It is necessary to mine low-temperature tolerant cassava germplasms, deeply analyze its genetic mechanisms, and then select new low-temperature tolerant cassava varieties. This exploration significantly benefits cassava production in the north. Cassava has a very obvious occipital abscission tissue that controls the abscission and growth of leaves. The mechanisms of leaf abscission and growth conversion in cassava demonstrate their strong adaptability to adversity. Under adverse conditions, cassava actively abscises a part of its leaves to adapt and avoid adverse environments. However, under the appropriate environmental conditions after the removal of adversity, cassava can flexibly grow new leaves to meet the needs of efficient photosynthesis, which is a structural characteristic of cassava different from other crops (Liao et al., 2016a). Stress-induced flexible shedding and growth transition of leaves in the occipital abscission zone of cassava have a complex mechanism. Studies have shown that many genes regulate this process, and the reactive oxygen species (ROS) signal is the key regulatory signal (Liao et al., 2016a).

Plants deal with low temperatures and other stresses using complex and diverse mechanisms. It includes physical and structural adaptations, the role of intercellular regulatory permeable substances, and the clearance of ROS by protective enzyme systems. The ROS signaling pathway has a key position in the regulatory network (Lee and Lee, 2000). ROS are by-products of metabolic processes in the mitochondria, chloroplasts, and peroxisomes. High levels of ROS damage cells by attacking the cell membranes, destroying proteins, lipids, and other cellular components, destroying defense barriers, and so on. The production and clearance of ROS in plants are in a state of dynamic balance when the growth environment is normal. Hydroxyl radicals (OH-), superoxide anion radicals (O2·-), and hydrogen peroxide (H2O2) are a few toxic ROS that is produced in excess during adverse conditions (Sagi and Fluhr, 2006). Peroxidase (POD), catalase (CAT), and superoxide dismutase (SOD) in the antioxidant enzyme system can effectively scavenge ROS, enhancing plants tolerance to adversity (Gechev et al., 2006). The antioxidant enzyme system regulates the stress resistance of cassava and leaf senescence (Xu et al., 2013a). During the growth and development of cassava, an effective ROS scavenging mechanism can delay the senescence of stems and leaves, maintain the leaves for a certain level of photosynthesis, and thus affect the starch accumulation and final yield of cassava. However, shoot photosynthesis must be maintained within a certain range, as too much or too little does not promote starch accumulation (Luo et al., 2007). The ability of cassava to scavenge ROS was significantly improved by the simultaneous overexpression of two ROS-scavenging enzyme genes, MeCu/ZnSOD and MeCAT1. It was superior to the wild-type control in terms of green retention of leaves, anti-aging, post-harvest rot resistance of root tubers, and resistance to adverse conditions. However, there was no significant difference between the final root tuber yield and the control (Xu et al., 2013a; Xu et al., 2013b). Liao et al. confirmed that excessive ROS accumulation could start cassava leaf abscission process so that the abscission can be completed before its life cycle is completed (Liao et al., 2016a; Liao et al., 2016b).

Plant bHLH is an important transcription factor gene that widely regulates low temperature and ROS response. CsbHLH18, a sweet orange transcription factor, regulates the cold tolerance and homeostasis of plant mainly by regulating the production of ROS using antioxidant genes (Geng and Liu, 2018). In transgenic Arabidopsis, overexpression of the FtbHLH2 gene in Fagopyrum tataricum improves low-temperature tolerance, and this enhancement of low-temperature tolerance is related to ROS (Yao et al., 2018). Overexpression of the HLH transcription factor RmICE1 improves the ability to tolerate low temperatures by regulating the level of ROS and activating the expression of stress response genes in Rosa roxburghii (Luo et al., 2020). Other plants, including the Cryptomeria fortunei, the cherry (Prunus avium L.), and the longan (Dimocarpus longan), have been reported to use bHLH transcription factors in response to low temperatures and ROS (Yang et al., 2019; Shen et al., 2021; Zhang et al., 2021).

Materials with various genotypes are important resources for studying the mechanisms of overcoming adversity (Basu et al., 2016). The different ROS scavenging mechanisms between genotypes may explain the variation in stress resistance. When subjected to stress, stress-sensitive plants have high ROS levels and low enzyme activity to eliminate them, ultimately leading to serious cell membrane damage. The ROS level of stress-resistant plants is lower than that of sensitive plants, and the enzyme activity of scavenging ROS is increased, which makes the degradation of the growth phenotype of stress-resistant genotypes lower under stress (Siddiqui et al., 2015; Ren et al., 2016). Under adverse conditions, the stress-resistant materials have high antioxidant activity, low ROS content, and lipid peroxidation, as well as higher growth potential, yield, and yield components. In contrast, stress-sensitive materials may have lower yield potential under adverse conditions due to defects in the antioxidant system of vegetative and reproductive organs (Singh et al., 2012). Here, we report that the transcription factor MebHLH18 actively regulates low temperature-induced leaf abscission in cassava. The cassava transgene showed that the overexpression strain slowed the low temperature-induced cassava leaf abscission rate. Further studies showed a connection between the decrease in the rate of cassava leaf abscission caused by the overexpression strain and the increase in POD activity. Moreover, Genome-wide association studies (GWAS) analysis showed that the single nucleotide polymorphism (SNP) variation in the promoter region upstream of MebHLH18 led to the change of MebHLH18 expression, increased POD activity, and decreased the rate of leaf abscission in cassava. Our results show that the natural variation of the promoter region of MebHLH18 increases the antioxidant levels at low temperatures and decreases the low temperature-induced leaf abscission rate.



Materials and methods


Plant material

This study used 170 cassava germplasms in total. Please refer to Table S3 for a detailed list of material names.



Low-temperature stress experiment and physiological index determination

The cassava planting method was carried out according to Liao methods (Liao et al., 2016a). In brief, the stems of cassava wildtypes and transgenic plants were cut into with uniform length, planted in flowerpots mixed uniform medium with an equal amount of soil and sand, and cultured in the rain-proof shed. For low-temperature stress treatments, four-month-old cassava plants with a uniform growth status were chosen for low-temperature stress experiments, each pot contained 3 cassava plants and 4 pots were prepared for 1 treatment and repeated 3 times, 1 treatment with 3 times repetition regarded as one biological replicate, the selected cassava plants with relatively consistent growth potential were selected to be cultured at 4°C for low-temperature treatment, while the same number of cassava plants cultured at room temperature were identified as the control group. After the plants were treated at 4°C for 24 hours, the control plants were placed in the greenhouse for normal growth. The treated and control plants were placed in the greenhouse simultaneously for growth recovery. Samples collection and phenotypes detection were carried out after 10 days of growth recovery. The Wang method was used to detect the physiological indexes of SOD, POD, and CAT activities (Wang et al., 2022). In detail, the upper, middle, and lower leaves of the plants were selected, cut, mixed, frozen in liquid nitrogen, and stored at −80°C to detect the physiological index. The SOD activity was determined using the nitroblue tetrazolium reduction method and the NBT method. The POD activity was detected using the guaiacol method. The CAT activity was examined by the H2O2 ultraviolet absorption method following the corresponding reagent box operation instruction of Suzhou Keming Company (Wang et al., 2022).



Gene subcellular localization

The method and process of cassava gene subcellular localization are described above. The gene expression vector was constructed and transformed into the GV3101 strain. Transformation and infection tests were carried out on tobacco leaves that had been grown for six weeks. Confocal microscopy (Olympus FV1000) was used to observe fluorescence signals after two days of conversion (Xiong et al., 2018).



Phylogenetic analysis

The neighbor connection method and bootstrap analysis were used to analyze the phylogenetic tree constructed by MEGA6 (500 replicates). The online tool Evolview was used to visualize the phylogenetic tree (Wang et al., 2022). We used ClustalW for multiple sequence alignment.



Real-time polymerase chain reaction

Real-time RT-PCR was used to verify the expression analysis of MebHLH18. The procedure of real-time PCR refers to the method published by Wang et al. (Wang et al., 2022). To analyze the expression levels of MebHLH18 under low-temperature stress treatments, Leaf abscission zones were harvested at 0, 6, 12, 24, 48, and 72 h after 4°C treatments, the leaf abscission rate was also calculated at the same time points after low-temperature stress treatments, POD activities were also detected in both leaves and root at the selected time points after low-temperature stress treatments. For analysis the expression levels of MebHLH18 in cassava genotypes SM2300-1 and COL514, the leaf abscission zones were harvested at 12 and 24h after 4°C treatments. The primers list in the Table S6. The RNA of three independent biological samples was reverse transcribed and used for real-time analysis.



Population genetic analyses

GEMMA was adopted for GWAS analysis (http://www.xzlab.org/software.html). The software was used for analysis, and the mixed linear model was used to correct the population structure and the genetic relationships between the individuals. GEMMA was used to perform association analysis based on the correlation of different cassava populations, and potential candidate SNPs were screened based on the significance of the association (P-value). LDBlockShow software was used to draw the haplotype block.



Measurement of leaf abscission rate induced by low temperatures

10 days of growth recovery after low-temperature treatment, the leaves of 170 representative cassava germplasms were carefully counted. The leaves of five cassava plants were statistically analyzed for each cassava germplasm. The correlation analysis was based on the final number of leaves growth and the average number of leaves of five plants.



Plasmid construction and cassava transformation

The MebHLH18 gene transformation vector was created using the same construction and gene transformation methods as Wang et al. (Wang et al., 2022). The expression cassette of cassava MebHLH18 was inserted into the binary vector pCAMBIA1301 under the control of the CaMV 35S promoter to generate 35S::MebHLH18 containing the hygromycin phosphotransferase gene (hpt). The construct was introduced into A. tumefaciens strain LBA4404 and then used for genetic transformation. The embryogenic callus of cassava TMS60444 and A. tumefaciens-mediated genetic transformation were performed as described by Xu et al. (2013a). To construct the RNAi plasmid, a cDNA fragment of MebHLH18 was amplified from cassava and inserted into the vector pCAMBIA1301 as described previously (Wang et al., 2022). The primers for MebHLH18 gene transformation vector construct were list in Table S6.



Promoter sequence analysis

Fisher’s exact test was used to compare sequence variation and low temperature-induced leaf abscission (Jung, 2014).



Transient expression assay of promoter activity

The cassava varieties SM2300-1 and COL514 were used to clone the 2-kb promoter fragment upstream of MebHLH18. The SNP mutation fragment from nucleotides T to A was performed by overlapping extension PCR (Table S6). All constructed fragments were inserted into the pNC-Green-LUC vector. Protoplasts were isolated from the leaves, and each MebHLH18 promoter LUC gene fusion construct was used to transform the protoplasts transiently. LUC to REN luciferase activity was measured using a dual luciferase reporting analysis system (Promega) (Huo et al., 2017). The primers used are listed in Table S1.



Histochemical staining and detection of ROS

H2O2 and O2·- levels were determined using the method published by Geng et al. (Geng and Liu, 2018). 3,3’-diaminobenzidine (DAB) and NBT were adapted respectively to analyze H2O2 and O2·- levels, Briefly, the cassava leaves were placed in freshly prepared solutions of DAB (1 mg ml–1 in 50 mM potassium phosphate, pH 3.8) or NBT (1 mg ml–1 in 50 mM potassium phosphate, pH 7.8). After incubation for 12 h in the dark at room temperature, the chlorophyll was removed with 75% ethanol in a boiling water bath and the leaves were then photographed (Geng and Liu, 2018).



Statistical analysis

Low-temperature treatment was repeated three times for each line. All data were statistically evaluated using Statistical Package for Social Sciences software (SPSS statistics). Statistical difference was determined by analysis of variance based on Fisher’s LSD test. P < 0.05 was considered statistically significant.




Results


The levels of reactive oxygen scavengers vary significantly in different cassava genotypes with low temperature-induced leaf abscission

Our previous studies confirmed that ROS and ROS scavengers significantly regulate stress-induced leaf abscission in cassava (Liao et al., 2016a; Liao et al., 2016b). To study the reactive oxygen scavenger levels in different cassava genotypes under low temperature-induced leaf abscission, we measured the levels of reactive oxygen scavengers (SOD, CAT, and POD) in the roots and leaves of different cassava genotypes under low temperatures (Figure 1; Table S1). The results showed significant differences in the natural changes of reactive oxygen scavengers in different cassava genotypes during low temperature-induced leaf abscission. POD content in the leaves was the highest (84236 U/g FW), while that in the roots was the lowest (83.77 U/g FW), CAT content in the roots was the highest (1050 U/g FW), while that in the roots and leaves was the lowest (1.9 U/g FW), SOD content in leaves was the highest (482.7 U/g FW), while SOD content in leaves was the lowest (22 U/g FW) (Figure 1; Table S1). Among the three antioxidants induced by low temperature, the variation of POD was the most obvious. As shown in Figure 1 and Table S1, the reactive oxygen scavengers of different cassava genotypes exhibit continuous quantitative characteristics and obvious changes during low temperature-induced leaf abscission. The maximum value of a reactive oxygen scavenger is POD-L, and the minimum value is CAT-L and CAT-R (Figure 1; Table S1). The results showed that low temperature-induced leaf abscission caused the ROS scavenger content in the leaves of different cassava genotypes to differ significantly.




Figure 1 | The levels of reactive oxygen scavengers significantly different among cassava genotypes during low temperature-induced leaf abscission. (A–C) Peroxidase (POD) (A), Superoxide dismutase (SOD) (B) and Catalase (CAT) (C) activities in cassava were detected among cassava genotypes during low temperature-induced leaf abscission. CK-L: Leaf control; LT-L: Leaf treated at 4°C for 24 hours; CK-R: root control; LT-R: root treated at 4°C for 24 hours. In low temperature-induced cassava leaf abscission, significant differences in reactive oxygen species scavengers were detected between cassava genotypes. Cassava grown for 120 days was selected as the experimental material. The cassava plants with consistent growth were selected for low-temperature treatment. After the plants were treated at 4°C for 24 hours, the control plants were placed in the greenhouse for normal growth. The treated and control plants were placed in the greenhouse simultaneously for growth recovery. Samples were taken after 10 days of growth recovery. The leaves were collected from the upper, middle, and lower parts of the four plants. The roots of the four plants were mixed and frozen in liquid nitrogen and stored at −80°C. During low temperature-induced leaf abscission, POD, SOD and CAT activities in cassava were detected. The value is represented as mean ± standard error (n=40).



We carried out descriptive statistical analysis on the phenotypic data of characters obtained from low-temperature stress experiments to study the effects of low-temperature stress on cassava ROS scavengers. As shown in Table S1, Low-temperature stress increases the diversity of cassava population ROS scavengers, the variation coefficients of POD content measured in the leaves and roots were higher in the treatment group than in the control group. CAT had the highest coefficient of variation of the measured values of the traits under the control and cold treatment conditions (the average coefficient of variation is 213.8). SOD had the lowest coefficient of variation (the average coefficient of variation is 50.46).

This study conducted variance analysis on the data of the low-temperature group and control group in the same part of the same experiment to further understand whether low-temperature stress significantly impacts cassava the ROS scavenger. The results are shown in Table S1. The value of POD in the leaves group was significantly higher than that in the root group (P=1.0E-4, leaf, P=0.6476, root). The average value of the POD population in the treatment group was significantly higher than that of the control group (P<0.001). These results showed that different cassava materials had different responses to low-temperature stress and that there were obvious common characteristics among cassava materials, this shows that the characteristics of active oxygen scavengers vary greatly in cassava germplasm under low temperature stress, especially the variation of POD is very rich.



MebHLH18 expression in the root is highly related to POD expression in the root and leaf in low temperature-induced leaf abscission process in cassava

Our previous studies confirmed that stress-induced genes significantly regulate cassava leaf abscission (Liao et al., 2016a; Liao et al., 2016b). We analyzed the correlation between MebHLH18 expression and low temperature-induced leaf abscission to study the regulatory genes involved in low-temperature-induced leaf abscission. Quantitative PCR was used to examine the expression pattern of MebHLH18 in the root at room temperature and 4°C for six time points (0h, 6h, 12h, 24h, 48h and 72h). The results showed that MebHLH18 was induced expression by low temperature treatment in six time-points (Figure 2A). Moreover, the expression levels of MebHLH18 were higher and higher with the prolongation of low temperature treatment (Figure 2A). The leaf abscission rates were analyzed at 10 days recovery growth after low temperature-treated for the six time points, the results indicated that the leaf abscission rates highly related to the MebHLH18 expression covering the six time points by correlation analyses (Figure 2B; Table S2, Correl=0.97). We also analyzed the correlation between MebHLH18 expression and POD activity. The results are as shown in the Figure 2C, MebHLH18 expression in roots is significantly positively correlated with POD activity (Figure 2B; Table S2, Correl=1.00). Roots exhibit high levels of MebHLH18 expression. The roots and leaves exhibit the highest levels of the corresponding POD activity, indicating that MebHLH18 may be related to the POD activity induced by low-temperature stress.




Figure 2 | The expressions of MebHLH18, POD levels as well as leaf abscission displayed similar pattern under cold treatment. (A) The MebHLH18 expression levels in low temperature-treated (4°C) (0h, 6h, 12h, 24h, 48h and 72h) plants were analyzed by fluorescence real-time quantitative polymerase chain reaction. (B) Leaf abscission rates were analyzed at 10 days recovery growth after low temperature-treated for six time points selected in (A). (C) POD level analysis in low temperature-treated (4°C) (0h, 6h, 12h, 24h, 48h and 72h) plants were analyzed. (D) The MebHLH18 expression levels in SM2300-1 and COL514 cassava genotypes under low temperature treated for 12h and 24h. Cassava grown for 120 days was selected as the experimental material. The cassava plants with consistent growth were selected for low-temperature treatment. After the plants were treated at 4°C for 24 hours, the control plants were placed in the greenhouse for normal growth. The treated and control plants were placed in the greenhouse simultaneously for growth recovery. Samples were taken after 10 days of growth recovery. Five plants selected as one samples, each sample was replicated four times. The value is represented as mean ± standard deviation (n=20) in (A–D).



To understand the MebHLH18 patterns in different cassava genotypes, the expression patterns of MebHLH18 in SM2300-1 and COL514 were carried out. The results showed that MebHLH18 was induced to express in both germplasms at low temperatures, with higher expression in SM2300-1 and lower expression in COL514 (Figure 2D). These results indicate that the expression of MebHLH18 is different in different cassava germplasms under low-temperature stress.



MebHLH18 is a bHLH family member

All the bHLH gene sequences of cassava genotype AM560-2 were obtained from the JGI cassava genome database. Phylogenetic comparison of bHLH members in cassava and Arabidopsis was carried out (Figure S1; Figure 3A). The MebHLH18 (Manes.13G1057100) gene region is 1400 bp long, including two introns (89 bp and 101 bp, respectively) and three coding exons (677 bp, 374 bp, and 74 bp, respectively). The CDS sequence of the MebHLH18 gene is 1125 bp long, encoding 374 amino acids. The CDS sequence is aligned in NCBI conservative domain database. A bHLH domain was found at the N-terminal of MebHLH18, indicating that the MebHLH18 gene may be a member of the bHLH family. MebHLH18 was confirmed to be a nuclear localization protein in tobacco leaves by infiltrating Agrobacterium tumefaciens (strain GV3101) containing 35S: MebHLH18 GFP with 35S: MeERF1 GFP as a positive control (Figure 3B).




Figure 3 | Functional characterization of MebHLH18. (A) Phylogenetic comparison of group indicated in Figure S1 (marked in red) bHLH members in cassava and Arabidopsis. Bootstrap values from 500 resamplings are indicated. (B) Subcellular localization of MebHLH18. Transient expression of 35S:MebHLH18-GFP and 35S:MeERF1-GFP in Nicotiana benthamiana leaves is shown. MeERF1-GFP was used as a nuclear marker. Bars, 20 μm.





Overexpression of MebHLH18 in cassava decreases the low temperature-induced leaf abscission rate by increasing POD levels

We obtained MebHLH18 transgenic plants with overexpression and RNA interference through cassava transgenic to know whether the biological function of MebHLH18 is related to low temperature-induced leaf abscission. Transgenic cassava lines were identified by hygromycin screening and real-time RT-PCR (Figure S2). MebHLH18 was expressed at significantly higher levels in overexpression lines (OE1, OE2, and OE6) compared to wild-type and MebHLH18 RNA interference lines (RI3, RI5, RI7) (Figure S2). Two transgenic lines (OE1 and OE2) and two RNA interference transgenic lines (RI3 and RI7) were selected for further analysis under the condition of low temperature-induced leaf abscission. However, there is no significant difference between the growth of transgenic plants and wild-type plants at room temperature (Figures 4A, B). However, the difference is significant when low-temperature stress causes leaf abscission (Figures 4A, B). We analyzed the days of more than 50 percent the leaf abscission in MebHLH18 overexpressing lines, MebHLH18 RNA interference lines, and wild type at 10 days recovery growth after low-temperature treatment. The results showed that when these plants were exposed to low-temperature stress, the overexpressing plants delayed leaf abscission for about 5-6 days as compared to the wild type plants (Figure 4C), while in transgenic plants silenced for MebHLH18 expression leaf abscission rate have no different from wild type plants (Figure 4D), resulting in decreased leaf abscission in MebHLH18 overexpressing plants lines as compared to knockdown plants and wild type (Figures 4C, D). The extent of leaf abscission negatively correlated with MebHLH18 expression in knockdown and over-expressing lines (Figures 4C, D). These results indicate that MebHLH18 regulates the abscission of cassava leaves induced by low-temperature stress.




Figure 4 | MebHLH18 transgenic cassava plants showed that MebHLH18 expression alleviated leaf abscission exposed to low temperatures. (A) MebHLH18 overexpression lines (OE), wild-type plants (WT) and overexpression empty vector lines (P) recovered 10 days after a 4°C low-temperature treatment exposure. (B) MebHLH18 RNAi lines (RI), wild-type plants (WT) and overexpression empty vector lines (P) recovered 10 days after a 4°C low-temperature treatment exposure. (C) The leaf abscission in overexpressing MebHLH18 lines, WT, and overexpressing empty vector showing the time (day) until >50% of leaves had abscised after a 4°C low-temperature treatment exposure. (D) The leaf abscission in knockdown, WT, and overexpressing empty vector showing the time (day) until >50% of leaves had abscised after a 4°C low-temperature treatment exposure. All samples were collected from 120-day-old cassava plants for analysis. The data in the graph is expressed as mean ± standard error based on four technical replicates (n=20). Bar=50 mm. Mann Whitney test based on ranks in (C, D).



Our previous studies have shown that stress-induced ROS plays a key role in regulating cassava leaf abscission (Liao et al., 2016a). We analyzed the ROS level in transgenic lines and wild types because the leaf abscission rate of transgenic cassava lines overexpressing MebHLH18 is significantly lower than that of wild type and interference lines. The diaminobenzidine (DAB) and nitro blue tetrazolium (NBT) histochemical staining results showed that compared with the overexpression transgenic plants, the leaves of wild plants and interference lines were darker after DAB and NBT staining (Figures 5A, B), indicating that the cell levels of H2O2 and O2·- of transgenic plants were lower than those of non-transgenic plants (Figures 5A, B). The histochemical staining and determination results showed that the transgenic overexpression lines accumulated low levels of ROS under low-temperature stress (Figures 5C, D).




Figure 5 | Reactive oxygen species and antioxidant enzyme activities levels in wild-type plants and transgenic lines. (A) Histochemical staining of diaminobenzidine was used to detect the in situ accumulation of H2O2 in the transgenic lines and WTs after low-temperature treatment. (B) Histochemical staining of nitro blue tetrazolium was used to detect the in situ accumulation of O2·- in the transgenic lines and WTs after low-temperature treatment. (C) Quantitative H2O2 measurements in transgenic lines and WT plants. (D) Quantitative O2·- measurements in transgenic lines and WT plants.The error bar represents three independently copied standard deviations. The asterisk indicates a significant difference between WT and transgenic lines (**P < 0.001). (E–G) Activity of catalase (CAT) (E), superoxide dimutase (SOD) (F), and peroxidase (POD) (G) in transgenic lines and WT after low-temperature treatment. The asterisk indicates a significant difference between WT and transgenic lines (**P < 0.001).



We analyzed the reactive oxygen scavengers (SOD, POD, and CAT) in overexpression lines, interference lines (Figures 5E–G), and wild-type plants to understand whether reactive oxygen scavenger of the plant plays a role in regulating MebHLH18 in the abscission of cassava leaves induced by low-temperature stress. We analyzed the activity of ROS scavengers in transgenic and non-transgenic lines. Under low-temperature conditions, POD activity in overexpression lines was significantly higher than in wild-type and interfering lines (Figure 5G). The difference in POD activity confirmed POD that plays important role in regulating low temperature-induced leaf abscission.



Natural variation in the promoter of MebHLH18 is associated with leaf abscission in cassava under low temperature

We used 170 cassava germplasms (Table S3) from China, Colombia, and Brazil to determine the natural variation of genes related to low-temperature control. We measured five low-temperature traits (Table S4) using these germplasms as research objects, and we used the number of growing leaves (TNL) measured 10 days after low temperature as a representative trait (Figure 6A; Figure S3). The low temperature-induced leaf abscission phenotypes of these germplasms were analyzed. The analysis of the number of leaves with various qualities growing 10 days after low temperature revealed that the minimum number of leaves growing after the low temperature was 0, and the maximum number of leaves was 190. The number of leaves growing for most germplasms was 0-80, indicating that the number of leaves with various qualities growing under low temperature showed great variation (Figure 6A). Among them, SM2300-1 retained many leaves after low-temperature treatment, while COL514 almost lost all its leaves. We sequenced the whole genome of these 170 cassava varieties to detect nucleotide polymorphism. Then, we performed a GWAS analysis of TNL in these cassava populations using a mixed linear model and kinship correction (Huang et al., 2010; Yano et al., 2016). As shown in Figure 6, the TNL value of GWAS as a candidate for low-temperature response shows that the quantitative trait loci on six chromosomes (chromosomes 3, 5, 8, 11, 13, and 16) exceed the significance threshold (Figure 6B; Table S5). We analyzed these GWAS peak SNP sites and found that the GWAS peak was the highest in chromosome 13 (Figure 6B; Table S5). Further, we analyzed the GWAS peak site in this chromosome and found that this site belongs to the promoter region of Manes.13G105700 (MebHLH18) gene.




Figure 6 | Genome-wide association studies (GWAS) analysis revealed that MebHLH18 is involved in low temperature-induced leaf abscission. (A) Frequency distribution of the total number of leaves at 10 days after low temperature (TNL). (B) Manhattan map of the TNL phenotype. Six quantitative trait loci (QTLs) had TNL values greater than the threshold of significance induced by low temperature-induced leaf abscission. The GWAS peak on chromosome 13 is located in a QTL, Manes. 13G105700 (MebHLH18), which has a peak value. The red arrow indicates the location of the MebHLH18 gene.



The promoter region of the 13G105700 (MebHLH18) gene was analyzed. Although the coding region of the MebHLH18 genomic DNA did not differ between the parents SM2300-1 and COL514, there were seven different DNA site variations in the 2.0 kb region upstream of the starting site (Figure 7A). We inferred this region from 170 cassava varieties to determine the relationship between low temperature-induced leaf abscission and the MebHLH18 promoter region (Table S5). A strong signal was detected at the -287 site of the promoter region (GWAS peak value was 7.21, Table S5; Figure 7B, C). It was found that after exposure to low temperature, there were more leaves and T in the promoters of most varieties. In contrast, fewer leaves and A are the promoters of most varieties after exposure to low temperature. Therefore, the A-T transformation of the promoters may cause differences in gene expression, which cause changes in the leaf growth number of cassava varieties after exposure to low temperature. We inserted the mutant promoter fragment into the binary vector pNC-Green-LUC and transiently expressed it in the protoplast to determine whether this SNP affects the expression of MebHLH18. The 287 SNP mutation (1 construction, A is T) in the mutant COL514 promoter significantly enhanced its relative expression when compared to the COL514 promoter (Figure 7D). To further confirm its role in regulating MebHLH18 expression, we compared the expression levels of genes with SNP sites for T and A. The 287 T genotype expresses MebHLH18 at a relatively higher level than 287 A (Figure 7D). These results indicate that changing its transcriptional expression level in cassava requires the conversion of 287 SNP upstream of it.




Figure 7 | Association test and expression level of the MebHLH18 variant. (A) Sequence comparison of the bHLH18 promoter region in cassava germplasm COL514 and SM2300-1. (B) A correlation test of seven variants in the 2.0 kb promoter region with leaf abscission. The black dots represent seven variations. (C) A triangular matrix with a pair of linkage disequilibrium. (D) Transient expression analysis of three single nucleotide polymorphism effects in the MebHLH18 promoter (n=5). The value is represented as mean ± standard deviation. Student t-test was used to generate P-value; ***P < 0.001.



To further study whether the change of this site contributes to the tolerance of cassava to low temperatures, we used cassava as a material to study the activity of the MebHLH18 promoter under T and A conditions. We compared the gene expression of cassava lines with the T promoter and cassava lines with the A promoter to determine whether this SNP affects the expression of MebHLH18. As expected, ZMD578 and 13C005 with T promoters are positively correlated with bHLH18 expression levels, while negatively correlated with Baodao9-3 and Guangximushu with A promoters (Figure 8A). Additionally, to determine whether this SNP affects low temperature-induced leaf abscission phenotype in cassava, we compared and studied the degree of leaf abscission of cassava germplasms with different loci after low-temperature treatment and analyzed the results. The results showed that cassava lines with different loci recovered after low-temperature treatment, and it was found that the leaf abscission rate with the promoter at locus A was 74.6%-96.2%. In contrast, the leaf abscission rate of cassava lines with the promoter at locus T was 18.7%-35.8% (Figures 8B, C), indicating that the variation of promoter locus of the MebHLH18 gene caused the change of leaf abscission under low temperature stress in cassava.




Figure 8 | The A-T conversion of the MebHLH18 promoter region caused the change in MebHLH18 expression in different cassava germplasms. (A) The expression analysis of germplasms ZMD578 and 13C005 (with the same single nucleotide polymorphism (SNP) as SM2300-1), Baodao9-3, and Guangximushu (with the same SNP as COL514). The selected cassava germplasms were treated at 4°C for 24 hours under the same conditions. Values are represented as mean ± standard error (SE) (n=4). (B, C) Different SNP cassava germplasms, ZMD578, 13C005, Baodao9-3, and Guangximushu, had different rates of leaf abscission. All materials were treated at 4°C for 24 hours and recovered for 10 days, and then leaf abscission analysis was conducted in (C), with mean ± standard error (n=4). The Student’s t-test determined statistical significance. The asterisk indicates the statistically significant difference calculated using Student’s t-test: ***P < 0.001.






Discussion

There was no obvious regularity in the average value of the SOD and CAT enzyme activity scavenged by active oxygen. However, POD activity differed significantly among the different low-temperature resistant genotypes. The difference between the overall average values of SOD and CAT is insignificant due to the dual effects of most low-temperature resistance traits. They have a positive effect on low-temperature resistance under mild stress but a negative effect or even the opposite trend under moderate low-temperature stress. This is mainly due to the differences in genotypes and antioxidants (Obidiegwu et al., 2015).

The reactive oxygen signal is the main regulating signal in cassava leaf abscission. However, there are several active oxygens, including O2·-, H2O2, and OH-, but it is unclear which one regulates the leaf abscission of cassava. Our research believes that reactive oxygen has a dual role in regulating cassava at low temperatures; specifically, the early stages of low temperature can cause the defense response in cassava and increase its adaptability to low temperatures. However, the level of active oxygen will rise steadily as the low-temperature stress progresses. In contrast, the high level of active oxygen will attack the cell membrane and destroy the protein, lipid, and other cell components so that the defense barrier will be damaged. The cassava cells will be damaged, causing the leaves to fall off prematurely. Antioxidant determination results supported this finding. At low temperatures, antioxidant POD levels increased steadily, especially during the late stage of low-temperature stress. Significant increases in POD levels show that POD was the main antioxidant of cassava against low-temperature stress. POD is related to the elimination of O2·-, H2O2, and · OH- (Gechev et al., 2006), and our results are consistent with this conclusion. The antioxidant determination results showed that POD levels increased more significantly than other antioxidants during the low-temperature process, indicating that the removal of ROS caused by POD may be the main reason causing the different leaf abscission rates of cassava under low temperature stress. The literature has previously described the changes in POD regulated by bHLH18 under low temperatures, and our study confirmed this result. Moreover, the high levels of POD expression regulated by bHLH18 confer a degree of resistance to low-temperature stress. Our results further confirm that bHLH18 positively regulates POD under low temperatures. Cassava has a very obvious occipital abscission zone structure, which enables cassava to have a flexible mechanism of leaf abscission and growth transformation when exposed to severe stress conditions. ROS is the main regulatory signal of this mechanism. Our results show that when cassava is exposed to severe low-temperature stress conditions, the change in POD level caused by bHLH18 is a stress escape behavior. Under severe low-temperature stress, cassava regulates the shedding of some leaves in advance through ROS, returns some nutrients, and stores them in the cassava root tubers. Cassava can use the stored nutrients to grow new leaves after the low-temperature stress is relieved, which may be how it responds to stress or escapes it.

Many genome-wide association analysis methods are used to study plant trait changes. Changes in gene expression levels brought on by variations in the sequence of the promoter region will also change the traits of plants (Pan et al., 2015; Sun et al., 2020; Zhang et al., 2021). This is in addition to variations in the gene coding region, which affect how plants react to low temperatures. For example, Ruan et al. reported that the natural variation of the amino acids A and G in the TGW2 promoter determines the width and weight of rice grains (Ruan et al., 2020). Our research shows that bHLH18 expression increases when there is a 287 bp A to T substitution upstream of it. This increased bHLH18 expression results in a high level of POD expression, which decreases ROS and changes the abscission rate of cassava leaves at low temperatures. Our research shows that natural variation in the cassava promoter region is one of the reasons for the natural domestication and evolution of cassava.



Conclusion

Here, we report that the transcription factor MebHLH18 involved in regulating low temperature-induced leaf abscission in cassava. We found through GWAS analysis that the change in MebHLH18 expression was caused by the SNP variation in the upstream promoter region of the gene. The overexpression of MebHLH18 in cassava transgenic plants increased POD activity. It decreased leaf abscission rate, indicating that the single nucleotide variation in the MebHLH18 promoter region led to the change in MebHLH18 expression. The active oxygen scavenging system induced the decreased leaf abscission rate by low temperature.
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Horticultural crops are greatly disturbed by severe abiotic stress conditions. This is considered one of the major threats to the healthy lives of the human population. Salicylic acid (SA) is famous as one of the multifunctional phytohormones that are widely found in plants. It is also an important bio-stimulator involved in the regulation of growth and the developmental stages of horticultural crops. The productivity of horticultural crops has been improved with the supplemental use of even small amounts of SA. It has good capability to reduce oxidative injuries that occur from the over-production of reactive oxygen species (ROS), potentially elevated photosynthesis, chlorophyll pigments, and stomatal regulation. Physiological and biochemical processes have revealed that SA enhances signaling molecules, enzymatic and non-enzymatic antioxidants, osmolytes, and secondary metabolites activities within the cell compartments of plants. Numerous genomic approaches have also explored that SA regulates transcriptions profiling, transcriptional apprehensions, genomic expression, and metabolism of stress-related genes. Many plant biologists have been working on SA and its functioning in plants; however, its involvement in the enhancement of tolerance against abiotic stress in horticultural crops is still unidentified and needs more attention. Therefore, the current review is focused on a detailed exploration of SA in physiological and biochemical processes in horticultural crops subjected to abiotic stress. The current information is comprehensive and aims to be more supportive of the development of higher-yielding germplasm against abiotic stress. 
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Introduction

Agriculture production is decreasing because of the rapid human population growth and recent global climate change. It is necessary to improve and boost the required agricultural outputs by nearly 70% by the mid-century to feed huge populations in the future (Bulgari et al., 2019). Moreover, the production of horticultural crops is badly affected by climate change. Crop growth and yield is reducing gradually due to elevated environmental extremities occurring from industrialization and urbanization. Several biotic (e.g., insect pests and diseases) and abiotic stresses (e.g., drought, salinity, heavy metals, and temperature extremities) are major constraints restricting the productivity of horticultural crops (Devi et al., 2022). One of the most challenging aspects for plant researchers is plant response under diverse environmental stress conditions. Water deficiency, an excess of salts, and temperature extremities are major abiotic constraints disturbing plant health at growth, yield, and quality stages (Mangal et al., 2022). The development, characterization, and evaluation of tolerant germplasm is a recent need against abiotic stresses. However, while some traditional strategies have been adopted for the development of tolerant germplasm, they are laborious, time-consuming, and not capable of eliminating multiple stresses (Ahmad and Anjum, 2018; Ahmad et al., 2023). Therefore, appropriate measures are being developed to fulfill the food needs of the world’s population. Moreover, it is imperative to develop suitable and appropriate strategies in the current era to alleviate the problems of intolerance in horticultural crops (Mahpara et al., 2019). Hence, the exogenous application of phytohormones (including salicylic acid, abscisic acid, ascorbic acid, melatonin, brassinosteroids, strigolactones, jasmonates, auxins, ethylene, cytokinins, and gibberellins) may possibly be an accurate and concise option for the production of climate-resilient crops with higher yields and excellent quality.

Among phytohormones, SA has been considered an alternative eco-friendly and suitable chemical regulator for the alleviation of abiotic stress tolerance issues in many horticultural crops. SA is effective even in very small amounts in numerous ways for the regulation of plant growth and developmental stages in response to stressful conditions, as reported by Jiang and Asami (2018). Wani et al. found SA to be more effective for the regulation of different signal transduction trails in response to plants growing under abiotic stress (2016). Regulation of external and internal stimuli is encouraged due to SA, which further contributes to major changes occurring in the developmental processes of horticultural crops (Kazan, 2013). SA is widely known as one of the signaling molecules in horticultural crops subjected to abiotic stress (Jahan et al., 2019). Therefore, it has been assumed that SA is appropriate and effective for the mitigation of the adversities of abiotic stress. SA is also beneficial for the quality production of horticultural crops (Li et al., 2021). Numerous physiological, biochemical, and photosynthetic pigments and molecular mechanisms were regulated by the supplemental use of SA against abiotic stress. SA is also famous as one of the promising phytohormones with an excellent capability to cope with the adversities that occur from abiotic stress. SA has the potential to enhance the generation of bioactive compounds and activate plant defense systems against stressful conditions (Mahpara et al., 2019). Therefore, SA supplemental use is effective and supportive for the excellent production of horticultural crops growing under abiotic stress conditions.

The supplemental application of SA is necessary for the sustainable production of horticultural crops subjected to abiotic stress conditions, as it improves plant defense systems. Therefore, the exogenous use of phytohormones (SA) is the most effective and promising method for the alleviation of abiotic stress intolerance in horticultural crops. Thus, there is a need to explore the physiological and biochemical responses of plants with the exogenous use of SA against abiotic stress for sustainable yields.



Impact of climate-related extremities on the growth and yield of horticultural crops

Horticultural crops are rich source of nutritional contents necessary for healthy life because of the higher nutritional value and capability of staple food for the biosphere. Horticultural crop production is disturbed globally due to abiotic stresses, i.e., water deficiencies, salinity, cold, heat, heavy metals, minerals deficiencies, UV light, and pesticides. Abiotic stresses are altering the morphological, physiological, anatomical, and biochemical processes in plants and have an adverse effect on production or plant senescence (Rao et al., 2016). It has been shown that plant response to stressful conditions is chiefly based on type, duration, level of stress, plant stage, and the genetic make-up of species/cultivars (Feller and Vaseva, 2014); this can result in restrictions in growth, poor and low yield, disturbances in developmental phases, the rupturing of photosynthetic pigments, membrane injuries, disruptions in photosynthesis and stomatal regulation, and a low water potential in leaves, as indicated by Wani et al. (2016).

Harsh climatic conditions are becoming more noticeable because of the rapid increase in pollution and extensive variations due to global climate change. For instance, water deficit conditions around the globe may possibly be raised due to persistent exposure to temperature extremities in rain-fed places. Higher temperature conditions in the future are likely to cause water shortages and excess salts in soils, as predicted by Raftery et al. (2017). Furthermore, they also revealed thattemperature is going to be increased due to global warming. However, production and quality decline in horticultural crops in the near future are likely to be due to multiple stresses like drought, salinity, cold, heat, mineral deficiencies, and heavy metals. Furthermore, it has been noted that 90% of agricultural regions are becoming more susceptible to single or multiple environmental stresses.

Transcriptional activities have a greater contribution to the tolerance to oxidative stress. Different researchers have revealed the significance of transcriptomic activities in the regulation of ABA production (Cao et al., 2014). Moreover, the ASC-GSH cycle is regulated at the maximum level in the tolerant-germplasm as compared to sensitive-germplasm, as reported by Mahajan and Sanejouand (2015). Moreover, it can also be used for the characterization of either tolerant or sensitive landraces for sustainable production (Gallardo et al., 2014).

Different management practices have been employed to cope with the adverse effects of abiotic stress in horticultural crops (Kazan, 2013). Agronomic practices, molecular approaches, and supplemental use of phytohormones are more appropriate practices for the alleviation of intolerance in horticultural crops against abiotic stress (Jiang and Asami, 2018; Jahan et al., 2019). Among phytohormones, SA is well known for its mitigation of adverse effects of abiotic stress. Previous plant researchers have revealed that SA has a good capability to regulate the uptake of minerals, stomata regulation, the excellent working of photosynthetic contents, the generation of metabolites, and the defense system by activating ROS scavengers against abiotic stress (Li et al., 2021). Therefore, appraising the associations of these environment-related extremities with plant morpho-physiological and biochemical responses is imperative for the improvement of numerous horticultural practices.



SA is a safeguarding and signaling molecule for horticultural crops under abiotic stress

SA is a well-known molecule that can protect against abiotic stresses by acting as a signaling compound. Abiotic stress indication is necessary to cope with its adverse effects in a timely manner for higher yields with quality produce. Horticultural crops are rich in minerals and vitamins necessary for a healthy life. Therefore, management practices are imperative for higher yielding-germplasm of horticultural crops. Climate change and continuous cropping are threats to the productivity of horticultural crops through abiotic stress (Connor, 2002). Moreover, SA is not only important for the regulation and activation of the defense system of plants against biotic stress but also more effective and helpful for the improvement of abiotic stress tolerance in horticultural crops, as discussed by Horváth et al. (2007).

The fundamental appliances of SA-enhanced abiotic stress resistance comprise SA-mediated osmolytes generation and their accumulation. Osmolytes generation could be helpful for the maintenance of osmotic homeostasis, minerals and nutrients uptake and up-regulation, increasing the scavenging of ROS activities, and improving the productivity of secondary metabolites (such as glutathione, phenolics, phytoalexins, alkaloids, allicin, terpenes, thionins, defensins, and glucosinolates). SA signaling activates the osmolytes production necessary for the maintenance of numerous hormone pathways (Khan et al., 2015). Therefore, it has been assumed that SA is found to be an important signaling molecule, and also acts as a safeguard for the alleviation of intolerance in horticultural crops growing under climate-related extremities globally (Tables 1, 2).


Table 1 | Exogenous SA involvement against abiotic stress in vegetable production.




Table 2 | Exogenous SA involvement against abiotic stress in fruit production.



Interestingly, SA has a large contribution to the expression of pathogens-related genes (PR) containing PR1, PR2, and PR5, as revealed by Ali et al. (2018). PR genes are fascinating due to their capability to reduce pathogen attacks. Furthermore, these genes are also involved in the reduction of abiotic stresses. Similarly, another study by Wu et al. (2016) also revealed that PR gene expression is also interesting and helpful for the mitigation of the negative effects of abiotic stress. Overexpression of transgenic tobacco PR-1 is also effective for tolerance against heavy metals in peppers, as revealed by Sarowar et al. (2005). In another study by Hong and Hwang (2005), it has been shown that pepper PR-1 overexpression is also involved in the improvement of tolerance in the Arabidopsis against salinity and drought stresses. However, more molecular approaches need to be investigated, and much is still necessary for the enhancement of tolerance against abiotic stress.

Plant microbes interaction with plant health is attracting more attention from plant researchers. However, research into the increased potential of microbes against abiotic stress is still limited and needs further attention from plant researchers. Some plant researchers have observed that SA is involved in the increase of SA levels in microbes, which is further necessary for plant health by increasing soil porosity and maximizing nutrient uptake chances in plants (Lundberg et al., 2012). Microbes enriched with endogenous SA levels had greater potential to increase plant tolerance against harsh climatic conditions either due to climate change or continuous cropping patterns (Lebeis et al., 2015).



Involvement of salicylic acid in the reduction of oxidative injury

Extremities of abiotic stress conditions result in excess toxic ROS. These potentially increase oxidative stress (Figure 1). However, ROS disturbs photosynthetic mechanisms, and the chance of osmotic stress occurs. Moreover, water stress conditions also majorly cause osmotic stress conditions in horticultural crops (Figure 2). Oxidative stress reduces plant growth, development, and yield. Cell membranes and electrolyte leakage are enhanced due to oxidative stress conditions. These conditions can damage parts or the whole of the plant (Muhammad et al., 2022).




Figure 1 | Effect of salinity and drought stress on horticultural crops.






Figure 2 | Heavy metals toxicity adversely affect the growth of horticultural crops.



Roots are considered as the first plant organ subjected to abiotic stress. Therefore, when exposed to abiotic stress, a higher reduction in growth and yield is observed in roots compared to other plant parts, like shoots. The elevated production of H2O2 reduces glutathione, and MDA indicates the extremities of oxidative stress conditions in the root zone, as studied by Ghosh et al. (2015). Elevated abiotic stress levels enhance the oxidative stress conditions in cells, compartments, and organelles. The increase of the accumulated photo-reducing effect is also due to oxidative stress. Furthermore, irregularities in the movement of electrons are mainly due to oxidative injuries in plants, as revealed by Sharma et al. (2012). Moreover, the Mehler reaction that occurs under abiotic stress deteriorates higher electrochemical energy and is considered one of the major causes of ROS, H2O2, and MDA activities at the extreme level.

The activation of enzymatic and non-enzymatic systems have the capability to trigger oxidative defense system under environmental stresses. However, it has been reported these responses to defense activities are chiefly organ specific. Polyphenols are extensively found in the root and young mature leaves. Therefore, these respond rapidly in roots and leaves compared to other plant parts. Polyphenol is famous as a non-enzymatic bioactive molecule involved in the defense system of plants (Tanou et al., 2009). However, the accumulation of tocopherols is not observed in roots because these are specific scavengers of singlet oxygen radicals in the photosystem II (Samira et al., 2015). In another study by Hussain et al. (2018), it was recorded that tocopherol accumulation was reduced in rice leaves due to excess salinity. Moreover, it has been found that plant roots have the potential to produce abscisic acid (ABA) under stressful conditions. ABA production is an indication of stress conditions in the root biosphere because it acts as a signaling molecule in plants under stress conditions.

Metabolic disturbances also occur due to oxidative extremities, as reported by Gallardo et al. (2014). Tolerant germplasm has the capability to produce an excess of tocopherols to cope with the adversities of stress conditions, as revealed by Sytykiewicz (2016). Furthermore, tocopherols have the potential to mitigate the negative effects of salinity even in seedling-stage plants. The exogenous application of SA is helpful to cope with the adversities that occur from abiotic stress. It is a multifunctional phytohormone with a diverse nature involved in the improvement of defense systems of numerous horticultural crops, i.e., bell pepper (Zhang et al., 2020), spinach (Gilani et al., 2020), peppermint (Ahmad et al., 2018), and potato (Li et al., 2019). Elevated growth, yield, photosynthesis, stomatal regulation, and protection from oxidative injury were due to the supplemental application of SA. Therefore, it can be assumed that SA is more effective for the alleviation of abiotic stress intolerance in horticultural crops focusing on higher yields with quality production (Figure 3).




Figure 3 | Impact of salicylic acid on horticultural crops under abiotic stress conditions.





Salicylic acid improves salt tolerance by scavenging toxic ROS, MDA, and H2O2

SA is a multifaceted phenolic compound and naturally occurring molecule that signals against abiotic stress, as evaluated by Khan et al. (2015). SA contributes to the regular functioning of growth, photosynthetic adeptness, germination of seeds, roots enlargement, maturity and ripening, SA-microbes interaction, gravitropism maintenance, and responses to climate-related extremities, as described by Martel and Qaderi (2016). Supplemental use of about 1 mM of SA greatly increases water use efficiency (WUE), gas exchange mechanisms, activation of enzymatic activities, proline activation, and the reduction in oxidative injuries under extremities of temperature (heat stress) in tomatoes (Jahan et al., 2019). Biomass production is reduced due to drought stress. The disturbances in photosynthetic pigments and irregular stomatal functioning enhances the chances of osmotic stress. In another study, Galviz et al. (2021) demonstrated that 0.1 mM of SA improved biomass production, photosynthetic mechanism, enzymatic and non-enzymatic activities, and WUE, decreased cell-membrane damage, and provided better anatomical response under drought stress conditions. Similarly, Kaya (2021) revealed that SA had a better ability to induce drought tolerance in peppers by reducing oxidative injuries. Furthermore, photosynthetic behavior, enhanced proline levels, glyoxalase system, and regulation of stomata functioning were also reported with the utilization of SA in the peppers.

SA is effective for the mitigation of climatic adversities in temperate fruit crops by reducing oxidative and osmotic stress and improving defense systems. Chilling injury damage is most common in fruit crops grown in temperate regions. SA potentially provides tolerance to fruit crops through an increase in different sugars, sugars metabolism, sucrose levels, and the activation of genes related to cold responses, as described by Zhao et al. (2021). Chen et al. (2011) found that in eggplants growing under abiotic stress, oxidative injuries were reduced with a foliar spray of nearly 0.1 mM of SA (chilling injury), with improved defense systems and expression of defense-related genes. Potato production in chilling conditions was improved by the use of SA. Hence, 0.1 mM of SA was most effective to increase the chilling tolerance in plants, as demonstrated by Mora-Herrera et al. (2005). Similarly, another study by Shi et al. (2006) also evaluated that 1 mM of SA exogenously sprayed on cucumbers significantly improved the plant defense systems against heat stress through the reduction in MDA, H2O2, electrolyte leakage, and ROS. Moreover, SA improved the photosynthetic behavior of cucumbers against heat stress. Regarding heavy metals, Cd toxicity was reduced with 0.1 mM of SA in melons through the decreased adsorption of Cd, over-generation of ROS, and enhanced oxidative enzymes, proline levels, and protein content, as observed by Zhang et al. (2015). A better defense system indicated the tolerance level of a horticultural crop (potato) under stressful environments (heat stress) (Lopez-Delgado et al., 1998). Under heat stress, banana production improved with the exogenous use of SA, which improved the antioxidant pool, as examined by Kang et al. (2003). Furthermore, ROS, MDA, and H2O2 were reduced with SA application as a foliar spray. SA has the potential to mitigate adversities that occur due to abiotic stress by improving minerals uptake and ions homeostasis (Yalpani et al., 1994; Santisree et al., 2020).

The use of SA is an imperative way to lessen the adversities of abiotic stress and significantly enhance tolerance in horticultural crops of tropical and subtropical regions. A SA dose of 0.5 mM significantly enhances the activating potential of antioxidant activities in banana seedlings. However, the reduction in oxidative stress indicates activities such as ROS, MDA, and H2O2 (Kang et al., 2003). Moreover, higher activation of rubisco was recorded in grape leaves via the integration of photosynthesis under heat stress (Wang et al., 2010). SA improves mineral uptake from the roots toward other parts of the plant. Shama et al. (2016) demonstrated that an exogenous spray of SA 300 ppm revealed excellent vegetative and reproductive growth with enhanced level of minerals, such as potassium, while a decrease in sodium levels was recorded in garlic growing under salinity. SA is favorable for the growth of plants under normal or even stressful conditions. It produced a noticeable decrease in Na+ with increased amounts of numerous minerals in cucumbers against salinity stress, as described by Yildirim et al. (2008). A SA dose of 1.5 mM enhanced the antioxidant potential in peppers (Mahdavian et al., 2008), cucumbers (Lei et al., 2010), and peas (Martel and Qaderi, 2016) under UV-B stress.



Salicylic acid and osmolytes activities

Abiotic stress may be detected by measuring signaling molecules generated within the plant’s body. Osmolytes are important signaling molecules for abiotic stress in horticultural crops, especially fruit crops (Rabey et al., 2016). Disturbances in the osmotic conditions in the root’s biosphere are due to higher salt levels and water deficiency. Osmoprotectants are also naturally produced for the activation of the plant defense system against stressful conditions. Over-production of toxic ROS and H2O2 were regulated by the generation of osmolytes like proline, glycine betaine (GB), and ascorbates, and their regulation was an indication of tolerance to abiotic stress, as reported by Munns (2002).

Elevated production of osmolytes showed a major involvement in the regulation of stomata conductance, transpiration, and respiration rates (Fu et al., 2019). Production of ascorbates within the plant cells could decrease the generation of H2O2 and numerous other derivatives, as evaluated by Fatemi et al. (2021). Moreover, stress intolerance can be alleviated by the production of osmolytes within the plant compartments. Osmolytes production is effective for the removal of the toxic effects of MDA content in plants under abiotic stress. Furthermore, ROS reduction indicators were also observed in plants due to the production of osmolytes (Racchi, 2013). Tolerant germplasm had less MDA and H2O2 generation compared to sensitive germplasm (Abbas et al., 2015). SA can be effective in the reduction of MDA and H2O2 activities.

Proline contributes to the stabilization of numerous protein structures and membrane protection against the adversities of ROS activity. These are excellent scavengers of over-generated ROS within the plant cells (Mittler et al., 2004). Elevated proline concentration has been revealed in tolerant germplasm; however, sensitive germplasm has a very poor generation of proline content within the cells and compartments. Therefore, proline concentration supports coping with the negative effects of abiotic stress. Numerous plant biologists have revealed that proline is a stress-signaling molecule (Rahneshan et al., 2018). Osmolytes GB were generated in maximum amounts for plants growing under climate-related extremities examined by Karimi and Kuhbanani (2015). Similarly, in another study by Abdollahi and Takhti (2013), the stability of photosynthetic pigments and protein structures was found to be regulated by the productivity of GB content. The characterization, evaluation, and cultivation of tolerant germplasm is vital for higher yields.

Phytohormones are important for increasing the antioxidant potential that promotes the defense systems of plants. These contribute to the scavengers of over-generated ROS and H2O2 (Haneklaus et al., 2007). Supplemental application of SA in plants also improved the antioxidant profiling and regulation of stomata conductance and photosynthesis, as observed by Molassiotis et al. (2016). Hence, SA is necessary for the improvement of defense processes of plants cultivated under abiotic stress for excellent growth and elevated yields. The exogenous use of SA on horticultural crops is still limited, and little information currently exists. Hence, the present review inspires the utilization of SA on horticultural crops for enhanced defense systems.



Hormonal regulation with exogenous SA application

Endogenous hormonal regulation is necessary in cucumbers to increase tolerance against abiotic stress, as described by Sharif et al. (2022). The excellent potential of hormonal regulation was reported in two Zizyphus species when compared to others. The regulation of hormones could be involved in the maintenance of stomata conductance and photosynthetic activities, as reported in a study by Meena et al. (2003). Among supplemental phytohormones, SA is vital for enhancing resistance against stressful plant conditions. SA spray improves the antioxidant potential and also improves the scavenging potential for ROS, H2O2, and MDA, as reported by Mansour (2000). Similarly, Verma et al. (2018) reported that a reduction in stress indicators was due to hormonal regulation in fruit crops. Moreover, hormonal regulation and molecular programming are effective for abiotic stress tolerance in plants (Raza et al., 2022a; Raza et al., 2022b). Therefore, the use of SA and its exploration is important for the mitigation of adversities in stressful conditions focusing on crop yields. The application of SA at 100 mg L-1 has been evaluated by Rehman et al. (2011) to have significant and positive effects on the improvement of seed germination and the overall production of cucumbers growing in stressful conditions. The production of eggplants was increased with the improvement of endogenous hormonal levels by the application of 0.3% SA under stressful conditions, as evaluated by Chen et al. (2011).



Conclusion and future concerns

The adversities of biotic and abiotic stresses are increasing due to the fluctuations in climate change in the present era. Different management practices can be used for the reduction of the negative impacts of abiotic stress on horticultural crops. Among these, supplemental use of phytohormones is effective for the sustainable production of horticultural crops against climate-related extremities. Among phytohormones, SA is more helpful and supportive in nature, and involved in the alleviation of stress intolerance in plants. It has been recommended that a small amount of SA has an excellent capability to cope with adversities that occur due to abiotic stress, and this is a good way to ensure the sustainable production of agricultural crops globally.
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  Cold-induced sweetening (CIS) is an unwanted physiological phenomenon in which reducing sugars (RS) get accumulated in potato (Solanum tuberosum) upon cold storage. High RS content makes potato commercially unsuitable for processing due to the unacceptable brown color in processed products like chips, fries, etc., and the production of a potential carcinogen, acrylamide. UDP-glucose pyrophosphorylase (UGPase) catalyzes the synthesis of UDP-glucose towards the synthesis of sucrose and is also involved in the regulation of CIS in potato. The objective of the present work was RNAi-mediated downregulation of the StUGPase expression level in potato for the development of CIS tolerant potato. Hairpin RNA (hpRNA) gene construct was developed by placing UGPase cDNA fragment in sense and antisense orientation intervened by GBSS intron. Internodal stem explants (cv. Kufri Chipsona-4) were transformed with hpRNA gene construct, and 22 transgenic lines were obtained by PCR screening of putative transformants. Four transgenic lines showed the highest level of RS content reduction following 30 days of cold storage, with reductions in sucrose and RS (glucose & fructose) levels of up to 46% and 57.5%, respectively. Cold stored transgenic potato of these four lines produced acceptable chip colour upon processing. The selected transgenic lines carried two to five copies of the transgene. Northern hybridization revealed an accumulation of siRNA with a concomitant decrease in the StUGPase transcript level in these selected transgenic lines. The present work demonstrates the efficacy of StUGPase silencing in controlling CIS in potato, and the strategy can be employed for the development of CIS tolerant potato varieties.
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  1. Introduction.

Cold storage of potato (Solanum tuberosum L.) is an integral part of post-harvest handling of this semi-perishable crop. However, potato becomes sweet in taste due to the accumulation of reducing sugars (RS), a physiological process known as cold-induced sweetening (CIS) (Sowokinos, 1990). CIS occurs due to the cold-induced imbalance between the rate of breakdown of starch and its metabolism, resulting in higher glucose and fructose content in tubers (Sowokinos, 2001a; Blenkinsop et al., 2010). It is an undesirable physiological process as sweetened potato is not preferred for both table and processing purposes. Potato with a high amount of RS content develops brown to a black colour and bitter taste when fried at a higher temperature. Reducing sugars react with the amino group of free amino acids during frying or processing at high temperatures and develop dark pigmentation by a non-enzymatic reaction called Maillard reaction (Murata, 2021). Dark-coloured potato chips, fries, etc. taste bitter and are unsafe due to the presence of a high level of acrylamide, a byproduct of the Maillard reaction (Keijbets, 2008). Acrylamide has been classified as a ‘Probable carcinogen to humans (Group 2A) (Nursten, 2005; Borda and Alexe, 2011; Halford et al., 2011).

Due to a rapid expansion of the potato processing industry in India, the demand for quality raw materials throughout the year is also increasing and it is anticipated to rise from 6 million tonnes in 2025 to 25 million tonnes in 2050 (Singh, 2012). At present nearly 8.9% of the total potato produce is being processed, which is projected to be 10.76% by the year 2025 (CPRI Vision, 2050). However, the lack of supply of processing-grade potatoes throughout the year is still a major constraint for the potato processing industry (Das et al., 2021). Potato is kept in cold storage after harvest for yearlong supply and to avoid problems like price crashes and glut situations (Pradel et al., 2019). However, so far bred Indian potato cultivars including indigenous processing grade potato varieties by ICAR-CPRI, Shimla (i.e. ‘Kufri Chipsona1’, ‘Kufri Chipsona2’, ‘Kufri Chipsona3’, and ‘Kufri Chipsona4’) are not good cold chipper. Hence potato becomes unfit for processing after cold storage due to susceptibility to CIS and accumulation of a high amount of RS during cold storage (Pandey et al., 2009; Marwaha et al., 2010; Kumar, 2011; Raigond et al., 2018; Gupta et al., 2021). Therefore, the development of new cultivars with low RS build-up during cold storage or the improvement of existing genotypes with traits like cold/CIS tolerance is very important for the sustenance of potato processing industry. However, no resistant cultivar has indeed been developed so far by conventional breeding that could be regarded as good “cold chippers (Xiong et al., 2002; Hamernik et al., 2009). The biggest impediments towards the development of CIS resistant potato cultivars through conventional breeding are the lack of suitable germplasm, the genetic complexity of potato, heterozygosity, and polysomic tetraploid inheritance of this crop (Ortiz and Watanabe, 2004; Bradshaw et al., 2006; Hirsch et al., 2013). Therefore, genetic engineering is the most practical alternative for the amelioration of CIS in potato. Numerous efforts have been made to manipulate the expression of genes encoding the key regulatory enzymes, transcriptional factors, and other regulatory molecules that are directly or indirectly involved in CIS with variable degrees of success in reducing RS accumulation during CIS (Schwimmer et al., 1961; Sowokinos, 2001a; Geigenberger et al., 2004; Liu et al., 2010; Brummell et al., 2011; Liu et al., 2013; McKenzie et al., 2013; Zhang et al., 2013; Shivalingamurthy et al., 2018; Shi et al., 2021, Shi et al., 2022). Vacuolar acid invertase (vaINV), catalyzing the penultimate step, has been identified as one of the major factors involved in CIS (Zrenner et al., 1996; Matsuura-Endo et al., 2004; McKenzie et al., 2005; Liu et al., 2021). A few studies reported considerable improvement of CIS by down regulation of the StvaINV expression (Bhaskar et al., 2010; Wiberley-Bradford et al., 2014; Zhu et al., 2014; Hameed et al., 2018). However, it was observed that a high amount of sucrose gets accumulated in cold-stored StvaINV silenced potato, which imparted an undesirable sweet taste to chips (Pattanayak et al., 2009). This necessitates that an alternative strategy be devised to circumvent the problem of sucrose accumulation.

UGPase catalyzes the first reversible and committed step in sucrose synthesis through the formation of high-energy glycosyl nucleotide, UDP-glucose (Rees and Morrell, 1990; Spychalla et al., 1994; Borovkov et al., 1996). Double knockout mutant for UGPase alleles (atugp1 and atugp2), confirmed the essential role of AtUGPase in carbohydrate metabolism in both the vegetative and reproductive phases in Arabidopsis thaliana (Park et al., 2010). During the initiation of CIS in potato tubers, the change in StUGPase expression and the concentration of UDP-Glc were found to be closely parallel to that of sucrose level, indicating the crucial role of UGPase in regulating carbon flux for sucrose biosynthesis in tubers during cold storage (Zrenner et al., 1993; Spychalla et al., 1994; Hill et al., 1996; Bagnaresi et al., 2008; Chen et al., 2008).To date, two UGPase alleles have been reported and designated as UgpA (A-II isozyme; UGP5) and UgpB (A-I isozyme; UGP3) in potato (Katsube et al., 1990; Spychalla et al., 1994; Sowokinos et al., 2018). Interestingly, the allelic ratios of UgpA and UgpB are reported to determine the degree of CIS resistance (Sowokinos, 2001b; Sowokinos et al., 2018). Despite a 96% reduction in UGPase activity through antisense inhibition in transgenic potato, no detrimental effect was observed in the growth and development of genetically engineered lines (Zrenner et al., 1993). While transgenic potato tubers expressing the StUGPase antisense construct were cold-stored, Spychalla et al. (1994) noticed a considerable shift in the sucrose concentration. Therefore, in the current study, we attempted RNAi-mediated downregulation of StUGPase to develop cold-chipping potato transgenic lines. Both sucrose and RS content reduced considerably in UGPase RNAi transgenic potato after cold storage at 4 °C for 30 days.


 2. Materials and methods.

Virus-free in vitro grown plantlet of potato cultivar Kufri Chipsona-4 (KC4), obtained from the Division of Crop Improvement, ICAR-Central Potato Research Institute, Shimla, was used as plant material for this study. The plantlets were cultured, multiplied, and maintained in vitro under the growth condition of 16h light-8h dark photoperiod cycle and 24 °C temperature. Internodal stem segments were used as explants for Agrobacterium-mediated transformation.

 2.1. Development of .StUGPase:RNAi gene construct

 2.1.1. Target selection.

The StUGPase cDNA sequence of 1758 nt was retrieved from the NCBI (Sequence ID: D00667.1). The sequence was divided into four regions/fragments, and a similarity search was performed through the BLAST search in NCBI to identify the region with the least homology with other non-target genes. Moreover, the web tool dsCheck (http://dsCheck.RNAi.jp/) was used to identify the target region with maximum siRNA generation potential with the least off-targeting effect. The ~500 nt long sequences corresponding to the 450-949 nt region of the StUGPase cDNA were selected for the development of the hpRNA construct.


 2.1.2. Development of hpRNA .StUGPase construct and binary vector cassette for potato transformation

PureLink™ RNA Mini Kit (Invitrogen™) was used to extract total RNA from KC4 leaves following the manufacturer’s protocol. cDNA was synthesized from 1 µg of total RNA using PrimeScript™ 1st strand cDNA Synthesis Kit (Takara Bio ink). DNA fragments of ~500 bp were amplified from KC4 cDNA using specially designed StUGPase sense and antisense specific primers having specific restriction sites incorporated in them ( Supplementary Table 1 ) using a thermal cycler (Eppendorf, Germany). The amplified fragments were ligated, individually onto the pGEM T-Easy vector. Potato Granule Bound Starch Synthase (GBSS) intron of 105 nt corresponding to 3821-3925 nt of GBSS gene sequence (StGBSS; NCBI Accession ID: X58453) was amplified with specific sets of primers ( Supplementary Table 2 ) containing suitable restriction enzyme sites and ligated onto the pGEM T-Easy vector. After sequence confirmation the UGPase sense (UGPase-S) fragment was taken out from the pGEM T- Easy vector by XbaI-SacI digestion and ligated onto XbaI-SacI digested pUC19 vector to get pUC19::UGPase-S. Similarly, 105 bp potato GBSS intron was taken out by XmaI-SacI digestion of pGEM T-Easy vector and cloned onto the pUC19::UGPase-S, linearized by XmaI-SacI digestion, to get pUC19::UGPase-S:GBSS-Int. UGPase antisense (UGPase-AS) fragment was finally subcloned onto BamHI-SacI sites of the pUC19::UGPase-S:GBSS-Int to get pUC19::UGPase-S:GBSSInt:UGPase-AS (designated as pU::hpU; hereby the hpRNA StUGPase construct is abbreviated as hpU). Each step of the assembly was confirmed by restriction digestion and sequencing. Finally, the hpU construct was subcloned onto pBI121 binary vector linearized by XbaI- SacI digestion to get the binary vector cassette pBI121::hpUGPase (hereby, designated as pB:hpU;  Figure 1 ). The constructed recombinant binary vector cassette was confirmed by restriction analysis and sequencing. The binary vector was then transformed into A. tumefaciens strain EHA105 by freeze-thaw method (Höfgen and Willmitzer, 1988). Colonies harboring pB:hpU were confirmed by PCR and then used for potato transformation.

 

Figure 1 | Outline of the strategy for the development of StUGPase hpRNA binary vector cassette, pBI121::UGPase-S:GBSS-Int:UGPase-AS (designated as pB::hpU) for potato transformation. The details of the cloning strategy have been described in Result section 3.1. 





 2.2. Potato transformation.

 in vitro grown potato plantlets (20-23 days old) were used as a source of internodal stem explants. About 100 such explants were placed on Petri plates containing filter paper (90 mm Whatman No.3) placed on pre-culture medium (M.S. medium without any hormone or antibiotics, pH- 5.8) for two days in dark conditions. The pre-cultured internodal stem explants were taken out from Petri plates and dipped in diluted (1:5) Agrobacterium culture, harbouring pB:hpU binary vector cassette, for 1 min in an aseptic Petri plate. The plate containing explant with Agrobacterium culture was shaken slowly in rotational movement. The explants were dried on sterile filter papers and kept on the same pre-culture plates for two days for co-cultivation in the dark. After that, transformed internodal explants were sub-cultured on selection medium [M.S. basal medium (PT021, Himedia) supplemented with 2 mg/l Ca-pantothenate, 3 mg/l GA3, 3 mg/l Trans-Zeatin Riboside, 0.05 mg/l IAA, 50 mg/l kanamycin, 250 mg/l cefotaxime and 250 mg/l carbenicillin, 20g/l sucrose, pH = 5.8], and the plates were kept at 24 °C under 16 hours light and 8 hours darkness. After 6-8 days, the cultures were shifted into fresh regeneration plates to avoid agro-contamination followed by regular sub-culturing after 10-15 days. After 30-40 days of selection, a tiny adventitious shoot/plantlet proliferating from one/both ends of the explant can be visible. The shoots were allowed to grow up to 2-3 cm and then excised and transferred into tubes containing selective propagation medium for a better shoot and root growth and kept at 24 °C. After rooting, the plants are allowed to grow for 3-4 weeks and multiplied at regular intervals.


 2.3. Screening and selection of putative transgenic lines.

The putative transformants were screened by PCR for transgene integration using specific sets of primers (UGPase-S F & GBSS-Int R;  Supplementary Table 2 ) to amplify 600 bp fragment encompassing UGPase-S and GBSS-Int. PCR amplification ( Supplementary Table 3 ) was carried out in a thermal cycler (Eppendorf, Germany) programmed with a hot start at 94°C for 5 min, followed by 35 cycles of 94°C for 1 min, 55°C for 1 min and 72°C for 1.5 min and a final extension at 72°C for 7 min. The amplified PCR products were resolved on 1% agarose gel, visualized on a UV- trans-illuminator, and photographed using a gel documentation system. Transgene expression in the PCR-confirmed transgenic lines was confirmed by RT-PCR. Total RNA was extracted from the UGPase RNAi potato lines and wild-type control potato plants using the SpectrumTM Plant Total RNA Extraction kit (Sigma, USA) according to the manufacturer’s protocol. The cDNA was synthesized from 800 ng of total RNA using the PrimeScriptTM single-strand cDNA Synthesis Kit (Takara Bio Ink). RT-PCR was done using the same primer set used for PCR analysis. The amplified RT-PCR products were electrophoresed on 1% agarose gel, visualized on U.V.- transilluminator, and photographed using a gel documentation system.


 2.4. Net house trial of .in-vitro grown UGPase-RNAi transgenic lines

The RT-PCR positive putative transgenic lines were further multiplied in-vitro and were grown in soil in a transgenic net house under short-day winter conditions. Haulm cutting was done 120 days after planting (DAP), and tubers were collected after 7 days of haulm cutting. The baby tubers so obtained were kept in a cold chamber in March, and taken for sprouting in the first week of October. Sprouted tubers were planted in soil in a transgenic net house in the last week of October under the natural short-day winter condition of Delhi, India. Haulm cutting was done 120 days after planting and harvesting was done 7 days after haulm cutting. Processing attributes were analyzed at fresh harvest, and the rest of the tubers were stored at 4°C in a controlled environment growth chamber (Percival- Scientific, USA). Uniform-size tubers were taken out from the cold chamber after 30 days of cold storage for analysis of cold chipping attributes.


 2.5. Evaluation of cold chipping attributes of potato pre and post-cold-storage.

The chipping attributes of the control, and transgenic lines, were assessed at various stages like fresh harvest (without cold treatment), 30 days of cold storage at 4°C, and 21 days of reconditioning at room temperature. Six freshly harvested tubers from each transgenic line were randomly selected for the preparation of chips. Potato chips prepared by deep-frying at 184 °C in groundnut oil were assigned a colour score on a scale of 1-10 based on visual inspection as per the colour score reference chart for potato chips developed by Ezekiel et al. (2003). Chips with a colour score of 1 are the lightest in colour and chips with a score of 10 are the darkest in colour. Chips with colour scores of 1-3 are preferred and are considered acceptable as per the standard norm of the processing industry.


 2.6. Sugar estimation.

Total sugar was extracted following the protocol of Viola and Davies (1992) with slight modifications. Tuber samples were ground to a fine powder in a pre-chilled pestle and mortar, and about 200 mg of the sample was taken in 2 ml Eppendorf tubes containing 1 ml of 80% ethanol. Sampling was done in replication of three for each transgenic line. Tubes were kept at 4°C overnight with intermittent vortexing. The next morning the mixture was boiled at 80°C for 10 minutes and then allowed to cool at RT. Tubes were centrifuged for a brief period at 3000xg for 2 min, and the clarified supernatant was transferred to fresh tubes. The above step of ethanol extraction was repeated twice with the same sample. The collected clarified supernatant was kept in a vacuum evaporator (CentriVap Centrifugal Concentrator) at 40° C till the entire solution is evaporated. Sugar was dissolved in 200 ul of water and the soluble sugar (glucose, fructose, and sucrose) content was estimated using the Sucrose/D-Fructose/D-Glucose Assay Kit (Product code: K-SUFRG from Megazyme). All the reagents were prepared as per the manufacturer’s instructions (https://www.megazyme.com/documents/Assay_Protocol/K-SUFRG_DATA.pdf) and were stored at the appropriate temperature. The 1/10 diluted sugar sample was used for the assay reaction in triplicate and the absorbance reading during enzymatic assay was taken in a spectrophotometer at 340 nm.


 2.7. Molecular characterization of the selected transgenic potato lines.

 2.7.1. Southern hybridization analysis.

Southern hybridization was done to confirm the transgene integration and the transgene copy number in the genome of UGPase RNAi transgenic potato lines. Approximately 15 µg of genomic DNA per sample was completely digested with 5 µl of EcoRI (EcoRI-HF® 20U/ µl) in a 50 µl reaction and resolved on 0.8 % Agarose gel (without ethidium bromide) in 1X TAE buffer. Southern blot preparation was done according to Russell and Sambrook (2001) using a positively charged nylon membrane (Hybond N+, Amersham, U.K.). The DNA blotting (capillary transfer) was carried out at room temperature for 16 hr. The membrane was carefully removed from the gel, rinsed in 2X SSC (0.3 M NaCl, 0.03 M Trisodium Citrate, pH 7.0), and placed on Whatman 3 paper for air-drying. The membrane was fixed at 22 J/cm for 2 min using Stratalinker UV-crosslinker (Stratagene, U.K.). A 790 bp of DIG-labelled probe was PCR amplified by using nptII gene-specific primers. Probe preparation, prehybridization, hybridization, and detection were performed by following the protocol provided by DIG Luminescent Detection Kit (Roche). The hybridized membrane was exposed to X-ray film (Fujifilm, Kodak) in an intensifying cassette under dark conditions. The cassette was placed for 2 hours, and the exposed X-ray film was developed to visualize the results.


 2.7.2. Northern hybridization analysis.

RNA was isolated from the cold stored tubers following the protocol developed by Kumar et al. (2007). For small RNA northern blot analysis, a 5% metaphor gel was prepared and 90 µg total RNA per sample was loaded for separation. RNA samples were separated at 70-75 V at 4°C for 3-4 hr and then transferred to a positively charged nylon membrane (N+, Bright Star-Plus, Applied Biosystem) through capillary blotting setup, same as described for Southern blot transfer in the section 2.7.1. The capillary transfer of RNA was carried out for 7-8 hours while maintaining the transfer buffer temperature at 4˚C. For cross-linking, EDC reagent was used as described by Pall and Hamilton (2008) in place of U.V.cross-linking. A PCR DIG-Probe Synthesis Kit with DIG-dUTP from Roche was used for the PCR labelling of a 500 nt long probe specific to the target sequence using StUGPase-S-specific primers by following the manufacturer’s instructions. Pre-hybridization, hybridization, and band detection were performed following the protocol provided by DIG Luminescent Detection Kit (Roche, Basel, Switzerland).


 2.7.3. Quantitative real time-PCR.

For detecting the downregulation of StUGPase expression in transgenic lines compared to the control at various treatment conditions (fresh vs. cold treatment), qRT-PCR analysis was performed using StUGPase-specific primers. For tuber tissue, sampling was done at fresh harvest as well as after 30 days of cold storage. qRT-PCR reactions were performed in the Agilent qPCR system under the following conditions, initial denaturation at 95°C for 5 minutes, followed by 40 cycles of 95˚C for 30 sec, 62˚C for 30 sec and 72˚C for 20 seconds. The reactions were carried out using gene-specific real-time primers ( Supplementary Table 4 ) and the StEF1α gene as an internal control. The relative expression levels were calculated using the 2−ΔCt method (Pfaffl, 2001). The specificity of the PCR amplification was checked through melt curve analysis.




 3. Results.

 3.1. Development of hpRNA .StUGPase gene construct and binary vector cassette(s) for potato transformation

The strategy adopted was to develop the StUGPase hpRNA gene construct by cloning the target sequence in an inverted repeat (IR) orientation intervened by potato “granule-bound starch synthase (GBSS)” intron. The complete cDNA sequence of StUGPase (Sequence ID: D00667.1) was retrieved from GenBank ( Supplementary Figure 1 ). For the development of hpRNA construct, a 500 nt sequence corresponding to the 450-949 region of StUGPase cDNA ( Supplementary Figure 2 ) was selected using the web tool dsCheck (http://dsCheck.RNAi.jp/). Potato genomic DNA sequence of 105 nt corresponding to 3821-3925 nt of potato GBSS genomic DNA sequence (Sequence ID: X58453) comprised of 13 nt GBSS exon-13 (5′ exons), 85 nt GBSS intron-13 (last intron), and 6 nt GBSS exon 14 (3′ exons) was used as an intervening sequence for inverted repeat (IR) gene construct ( Supplementary Figure 3 ).

The targeted region of StUGPase was RT-PCR amplified using two sets of primer pairs ( Supplementary Table 1 ), and the 500 bp long amplified DNA fragments, designated as sense (S) and antisense (AS), were ligated separately onto pGEM T-Easy vector through TA-cloning. Similarly, the 105 bp potato GBSS intron was PCR amplified from KC-4 genomic DNA and cloned onto the pGEM T-Easy vector. The StUGPase-S, StGBSS-Int, and StUGPase-AS fragments were confirmed by sequencing, and then sequentially subcloned onto the pUC19 vector to generate UGPase hpRNA construct ( Figure 1 ). At every step of assembly, the clones (pUC19::StUGPase-S, pUC19::StUGPase-S:StGBSS-Int, and pU::hpU) were confirmed by restriction digestion and sequencing ( Figure 1 ). The assembled ~1100 bp long hpU fragment was released from the pU::hpU by XbaI-SacI digestion and then subcloned onto the pBI121 backbone, generated by replacing the GUS coding region by XbaI-SacI digestion to get pB::hpU RNAi binary vector cassette. Development of pB::hpU was confirmed through different combinations of restriction digestion (data not shown) and then introduced into Agrobacterium tumefaciens EHA105 competent cells for potato transformation.


 3.2. Potato transformation.

About 800 inter-nodal stem explants of the potato cultivar, KC4, were used for the Agrobacterium-mediated genetic transformation technique and 27 putative transformants were developed. These putative transformants were screened by PCR and RT-PCR and 22 UGPase RNAi lines were obtained ( Figure 2 ). A DNA fragment of ~600 bp corresponding to the cloned sequence of StUGPase-S and StGBSS-Int region was amplified from the 22 UGPase RNAi transgenic lines but not from the non-transgenic control ( Supplementary Figures 4 ,  5 ). These RNAi transgenic lines were grown in the transgenic net house as short-day winter crop. During the net house trial, normal growth and development were observed in all the UGPase RNAi transgenic lines, and no morphological abnormalities were seen in any of the transgenic lines ( Supplementary Figure 6 ).

 

Figure 2 | Transformation, regeneration, and net house trial of UGPase RNAi potato transgenic lines of KC4. (A) pre-culture, (B) selection, (C) regeneration, (D-F). shoot elongation, (G) transfer into rooting media, (H) rooting, (I) hardening, (J) net house grown plants, (K) harvested tuber. 




 3.3. Net house trial.

 In vitro multiplied plantlets of the 22 UGPase RNAi transgenic lines and the non-transgenic KC4 control (approx. 20 plants for each line) were grown in the net house as a short-day winter crop. Tubers were harvested in February after 120 days of planting and kept in cold storage for seed purpose as they were small and of varying size. The tubers were taken from cold storage in the first week of October and kept at room temperature for sprouting. Sprouted seed tubers were planted in the last week of October in soil in the net house under natural short-day conditions. Haulm cutting was done after 120 days of planting, and harvesting was done 7 days after haulm cutting. The yield attribute of the RNAi transgenic lines was found variable across the lines and significantly different when compared to non-transgenic control. Out of the total of 22 lines, the highest tuber yield was recorded in UG4 (327.04 g/plant), whereas the lowest was recorded in UG11 (91.60 g/plant) ( Supplementary Table 5 ). After the evaluation of cold chipping abilities, a total of four transgenic lines (UG14, UG18, UG19, and UG21) were selected for further analysis. The average tuber yield of the four selected lines (272.60 gm/plant) was found similar to the average yield of the control line (305.06 gm/plant).


 3.4. Evaluation of processing attributes.

 3.4.1. Chip color.

Chips were prepared from both fresh harvest and cold stored tubers. At fresh harvest, all the RNAi transgenic lines and non-transgenic control produced desirable light colour chips with a score of 1.0. However, chips prepared after 30 days of cold storage displayed drastic differences in chip colour scores ranging from 2.5 to 6.5. KC4 control tubers produced the darkest color chips (colour score 6.5) after 30 days of cold storage. In general, there was deterioration in chip colour in all the UGPase RNAi lines after cold storage compared to that of fresh harvest. The cold-chipping performance showed that out of 22 RNAi transgenic lines evaluated, chips produced from the four RNAi lines, UG14, UG18, UG19, and UG21, had acceptable light colour after 30 days of cold storage. The chip colour score for the two UGPase RNAi lines, UG14 and UG19, was 2.5, while for the other two RNAi lines, UG 18 and UG 21, it was 3.0 ( Figure 3 ;  Supplementary Table 6 ). There was considerable improvement in chip colour in all the RNAi lines after reconditioning of cold-stored tubers for 21 days at room temperature. Chips colour for the three best performing RNAi lines, UG14, UG18, and UG19 was 1.5, while for the other best performing RNAi line, UG21, it was 2.0. In contrast, the non-transgenic counterpart produced chips with colour score of 3.5 after reconditioning ( Figure 3 ).

 

Figure 3 | Cold chipping performance of the four best performing UGPase RNAi potato transgenic lines of KC4 at fresh harvest (FH), after 30 days of cold storage (CS) and after 21 days of room temperature reconditioning (RC) of the cold stored tubers. The number below chips of each line indicates chip colour score. 




 3.4.2. Soluble sugar content.

Total soluble sugars [Reducing sugar (RS), glucose and fructose; and sucrose] content of the four best performing UGPase RNAi lines were estimated from tubers at fresh harvest, after cold storage, and after reconditioning. In general, RS and sucrose content was much less in all the four selected RNAi transgenic lines at all three treatment conditions studied. At harvest, RS content in the four selected RNAi lines ranged from 4.9-8.13 mg/100g fresh weight compared to 12mg/100g fresh weight in KC4 non-transformed control. The maximum reduction in RS content was observed in UG18 (59.31%) followed by UG21 (50.12%) and UG19 (37.58%), whereas the least reduction was recorded in UG14 (32.41%) ( Figure 4 ; summarised in the  Supplementary Table 6 ). Around 15-25 times increase in RS level was observed in both the RNAi transgenic and control tubers after cold storage for 30 days. However, the extent of increase in RS content was 54.09% to 57.52% lesser in the four RNAi transgenic lines than that of the control after cold storage. The RS content in cold-stored tubers of these four UGPase RNAi lines ranged from 120 mg to 163 mg per 100 g FW, whereas it was more than 250 mg per 100 g FW in the control tubers ( Figure 4 ). RS level reduced considerably in both the RNAi lines and control after reconditioning. RS level varied from 48.25 mg to 77.7 mg per 100 g FW in the RNAi lines, whereas it was 110.6 mg per 100 g FW in the control line after reconditioning ( Figure 4 ). The reduction in RS content in the RNAi lines was 37.4% to 59.3% over that of 30-day cold storage ( Figure 4 ).

 

Figure 4 | Reducing sugar content in the UGPase RNAi potato transgenic lines of KC4. KC4C, Kufri Chipsona-4 control; UG14, UG18, UG19, and UG21 are the four selected UGPase RNAi transgenic lines of KC4.FH, Fresh harvest; CS-30, cold stored for 30 days; RC-21, 21 days reconditioning at room temp after cold storage. 



Similarly, there was a significant reduction in sucrose level in the UGPase RNAi transgenic lines than that of the non-transformed control. At harvest, the control tuber had sucrose content of 320.16 mg/100 g fresh weight, and the average sucrose content of the RNAi lines was 170.23 mg/100 g fresh weight which is around 43% less than that of the control ( Figure 5 ). The highest reduction of sucrose content was observed in line UG21 (50%) followed by UG19 (47.55%), UG14 (46.77%), and UG18 (43.55%). After cold storage at 4° C for 30 days, sucrose content increased upto 910 mg/100g FW in the UGPase RNAi transgenic lines, while it was 1314 mg/100g FW in the control tubers implying a 4-5.4 times increase in sucrose content under cold stored condition than that of fresh harvest ( Figure 5 ). The sucrose level in the RNAi transgenic lines was 31-46% lesser than that of the non-transgenic counterpart. The highest reduction was noticed in line UG14 (46.12%), followed by UG19 (39.9%), UG21 (33.9%), and UG18 (30.7%). When the sucrose content of tubers after reconditioning was compared with that of fresh harvest, the reconditioned tubers were found to possess slightly higher sucrose levels than that of the control tuber. Following the trend, the sucrose content of the transgenic lines was 17-22% lower than that of the non-transgenic counterpart after reconditioning ( Figure 5 ).

 

Figure 5 | Sucrose content in the UGPase RNAi potato transgenic lines of KC4. KC4C, Kufri Chipsona-4 control; UG14, UG18, UG19, and UG21 are the four selected UGPase RNAi transgenic lines of KC4. FH, Fresh harvest; CS-30, cold stored for 30 days; RC-21, 21 days reconditioning at room temp after cold storage. 





 3.5. Molecular characterization of selected transgenics.

 3.5.1. Southern analysis.

The four UGPase RNAi potato lines were analyzed for confirmation of gene integration and copy number by Southern hybridization. Genomic DNA isolated from leaves of the four RNAi transgenic lines and non-transformed KC4 control was digested with EcoRI, which had a single recognition site within the T-DNA region of pB:hpU binary vector. PCR amplified 790 bp nptII fragment was labeled with DIG-dUTP and used as a probe. The selected four UGPase RNAi transgenic potato lines carried 2-5 copies of the transgene in their genome. Out of four selected transgenic potato lines, UG19 had five, UG14 had four, UG18 had three and UG21 had 2 copies of the transgene ( Figure 6 ).

 

Figure 6 | Southern blot analysis of the UGPase RNAi transgenic potato lines of KC4. Lanes: WT, wild type control; UG14, UG18, UG19, UG21 represent transgenic potato lines; +ve, positive control. 




 3.5.2. Small RNA Northern blot analysis.

Small RNA northern hybridization was done to detect the accumulation of siRNA in the RNAi transgenic lines. Total RNA isolated from the cold stored tubers was resolved on metaphor agarose gel and blotted onto the membrane, which was probed with randomly labeled UGPase-S cDNA. Positive control of 21nt long oligo with sequence similarity with UGPase mRNA target region was used as control. A prominent band of ~21 nt long was detected in all the four RNAi transgenic lines indicating UGPase-specific siRNA accumulation ( Figure 7 ). No UGPase-specific siRNA band was observed in case of the non-transgenic control.

 

Figure 7 | Small RNA northern blot of the UGPase RNAi transgenic potato lines of KC4. siRNA band corresponding to ~21nt long positive control oligo was detected in the fourRNAi transgenic lines. Lanes: Lanes: WT, wild type control; +ve, positive control; UG14, UG18, UG19, UG21 represent transgenic potato lines. 




 3.5.3. Real-time PCR.

Real-time PCR analysis was conducted to detect the extent of downregulation of the target gene, StUGPase, expression. cDNA was prepared from RNA isolated from both the freshly harvested and cold stored tubers of the four UGPase RNAi transgenic lines and wild-type control and used for real-time analysis. Many-fold reduction in the steady-state StUGPase transcript abundance was recorded in cold-stored tubers of the RNAi potato line was detected ( Figure 8 ). The highest reduction (4.5 fold at FH and 5 fold at CS-30) in transcript level was observed in UG19. The level of reduction in StUGPase transcript in UG14, UG18, and UG21 was 3.5, 2.8, and 2.2 folds, respectively, at fresh harvest (FH) and 3.9, 2.4, and 1.8 folds, respectively, after cold storage for 30 days (CS-30) compared to that of the control. In comparison to the freshly harvested and reconditioned tubers, the level of UGPase expression was 2.51- 3.32 times higher in the cold stored tuber. But still, in both the conditions, the same pattern of downregulation of UGPase expression was observed.

 

Figure 8 | Reduction in StUGPase expression in the four RNAi potato transgenic lines of KC4 as revealed by Real-Time PCR analysis. Control, KC4C plant; UG14, UG18, UG19, and UG21 represents RNAi transgenic lines. FH, fresh harvest; CS-30, cold stored for 30 days. 






 4. Discussion.

The data presented in the current study demonstrate that RNAi-mediated silencing of the StUGPase gene is an effective approach of reducing RS accumulation and consequently improving cold chipping attributes in processing potato cultivars. Based on previous studies the two enzymes, namely vaINV and UGPase, have been considered to be the two key regulatory enzymes of CIS. To date, considerable efforts were made to reduce vaINV activity and RS accumulation in potato tubers utilizing a multitude of molecular strategies, including overexpression of invertase inhibitors (Greiner et al., 1999; McKenzie et al., 2013) and silencing of the gene encoding vaINV (Zhang et al., 2008; Pattanayak et al., 2009; Bhaskar et al., 2010; Wiberley-Bradford et al., 2014; Zhu et al., 2014; Clasen et al., 2016; Yasmeen et al., 2022). Since vaINV is associated with the breakdown of sucrose into RS during CIS, the inhibition of vaINV activity could lead to the accumulation of sucrose in the tuber. Although sucrose does not influence potato chip colour, but it imparts an undesirable sweet taste in chips prepared from cold stored vaINV silenced potato (Pattanayak et al., 2009). This sucrose accumulation could further be prevented by manipulating another key enzyme, UGPase, since it has significant control over the flux of carbon toward sucrose biosynthesis and found to play a crucial role during CIS (Zrenner et al., 1993; Spychalla et al., 1994; Hill et al., 1996; Bagnaresi et al., 2008; Chen et al., 2008). Therefore, the present study was designed to suppress StUGPase expression by hpRNA-mediated silencing of StUGPase and consequent amelioration of CIS in potato. As UGPase is involved in many important biological functions it was perceived that complete knockout of the gene might have detrimental effects in growth and development. Hence, RNAi-mediated silencing of StUGPase was adopted considering the ease of hpRNA construct development and high efficacy of the technique (He and Hannon, 2004; Duda et al., 2014; Liang et al., 2015; Swiech et al., 2015). Previous attempts of silencing of StUGPase employing antisense approach demonstrated variable success. Zrenner et al. (1993) could not find any significant change in RS content despite 96% decrease in UGPase activity of antisense line, Spychalla et al. (1994) observed a significant change in the sucrose content of cold stored transgenic potato tubers expressing an antisense construct of StUGPase. In the present study, significant reduction of soluble sugar content (both sucrose and RS content) was observed in the selected four RNAi transgenic lines’ tubers of KC4 after cold storage for 30 days. Reduction of RS content was reflected in the colour of the chips prepared from cold stored transgenic tubers. Chip colour of the cold stored RNAi transgenic tubers was in the acceptable range (score of 2.5 to 3.0) compared to very dark brown colour (score of 6.5) in the cold stored control tubers. It was reported that RS level in cold stored potato should not exceed 160mg/100g tissue fresh weight to get acceptable colour in chips with score of 1-3 (Ezekiel et al., 2003). As both the RS content and chip colour score of cold stored RNAi transgenic tubers were at the border line of acceptance processing attributes of the selected RNAi transgenic potato lines were tested after reconditioning of tubers at room temperature (20-24° C) for 21 days. Room temperature reconditioning of cold stored potatoes is normally followed by the processing industries for improvement in colour and texture in the processed potato products like chips and fries (Ezekiel et al., 2003; Marwaha et al., 2010). In the present study, much improvement in sucrose and RS content and consequently in chip colour were recorded after reconditioning. Sucrose content in all the four RNAi lines was almost to that of the respective fresh harvest level, and RS content was reduced to half of the respective level after cold storage and also almost half compared to that of control after reconditioning. That at each point of the study (fresh harvest, 30 days of cold storage and after reconditioning) soluble sugar level (both sucrose and RS content) was almost 50% less in the RNAi lines compared to that of control indicates the efficacy of the strategy.

Downregulation of the target gene was recorded in all the selected transgenic lines (54-72 % in FH and 45-80% under CS-30 conditions). StUGPase expression was reported to be substantially up-regulated in potato tubers at low temperature (Spychalla et al., 1994; Borovkov et al., 1996) which is also evident in the current study. StUGPase expression was enhanced many folds in untransformed WT plants under cold storage. Despite that, the extent of StUGPase down regulation was almost similar during both at fresh harvest and after cold storage. Detection of StUGPase-specific siRNAs in cold stored RNAi transgenic tubers, but not in cold stored control tubers, confirms that this down regulation of StUGPase expression was mediated by these siRNA mediated degradation of StUGPase mRNA. This indicates that RNAi-mediated silencing was not inhibited in cold, and was effectively operational during cold storage (Szittya et al., 2003). Although we could not find a strict correlation among the extent of down regulation of StUGPase expression, reduction of soluble sugar content in the cold stored RNAi transgenic tubers, and chip colour. This could be due to the influence of some other factors on tuber sugar content and chip colour. It is important to note that the tuber sugar content and chip colour are influenced by many factors like disease stress, temperature and water stress, management practices, and mechanical handling (Kumar et al., 2004).


 5. Conclusion.

Amelioration of CIS in transgenic potato developed by RNAi-mediated silencing of StUGPase demonstrates the important role played by the enzyme in the regulation of sucrose biosynthesis and the accumulation of RS in the cold-stored potato tubers. A considerable improvement in the cold-chipping ability of UGPase RNAi transgenic potato in terms of reduction in sucrose and RS content and improvement in chip colour demonstrates the efficacy of the strategy. No growth and developmental abnormalities were observed during the net house trial. The apparent variation in yield was due to the planting of different size baby seed tubers. However, the selected four lines showing a 2 to 5 fold reduction in StUGPase expression had a comparable average yield to that of the control. Considering the vital role UGPase plays in plant growth, development, survival under stress conditions, and also in CIS it can be said that our strategy could strike a balance between induction of a moderate level of silencing of this essential gene and achieving considerable improvement in reduction of soluble sugar content and improvement in chip colour. Our approach, being less disruptive, might be the choice to get commercial success in near future. In the future, modern genome editing tools can also be employed to get any mutant with optimum silencing of StUGPase and development of transgene free CIS tolerant potato lines.
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Walnut (Juglans regia) is an important nut tree species in the world, whereas walnut trees often face inadequate phosphorus (P) levels of soil, negatively limiting its growth and yield. Arbuscular mycorrhizal fungi (AMF) can colonize walnut roots, but whether and how AMF promotes walnut growth, physiological activities, and P acquisition is unclear. The present study aimed to evaluate the effects of Diversispora spurca on plant growth, chlorophyll component concentrations, leaf gas exchange, sugar and P concentrations, and expression of purple acid phosphatase (PAP) and phosphate transporter (PT) genes in leaves of J. regia var. Liaohe 1 seedling under moderate (100 μmol/L P) and low P (1 μmol/L P) levels conditions. Three months after inoculation, the root mycorrhizal colonization rate and soil hyphal length were 45.6−53.2% and 18.7−39.9 cm/g soil, respectively, and low P treatment significantly increased both root mycorrhizal colonization rate and soil hyphal length. Low P levels inhibited plant growth (height, stem diameter, and total biomass) and leaf gas exchange (photosynthetic rate, transpiration rate and stomatal conductance), while AMF colonization significantly increased these variables at moderate and low P levels. Low P treatment limited the level of chlorophyll a, but AMF colonization did not significantly affect the level of chlorophyll components, independent on soil P levels. AMF colonization also increased leaf glucose at appropriate P levels and leaf fructose at low P levels than non-AMF treatment. AMF colonization significantly increased leaf P concentration by 21.0−26.2% than non-AMF colonization at low and moderate P levels. Low P treatment reduced the expression of leaf JrPAP10, JrPAP12, and JrPT3;2 in the inoculated plants, whereas AMF colonization up-regulated the expression of leaf JrPAP10, JrPAP12, and JrPT3;2 at moderate P levels, although AMF did not significantly alter the expression of JrPAPs and JrPTs at low P levels. It is concluded that AMF improved plant growth, leaf gas exchange, and P acquisition of walnut seedlings at different P levels, where mycorrhizal promotion of P acquisition was dominated by direct mycorrhizal involvement in P uptake at low P levels, while up-regulation of host PAPs and PTs expressions at moderate P levels.
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Introduction

Phosphorus (P) is an important nutrient for plant growth and productivity. However, in the soil, P is immobilized in the form of aluminum/iron or calcium/magnesium phosphate (Pi), which prevents it from being acquired by plants. In addition, the utilization rate of Pi in agriculture is 15−20%, making crops often faced with P starvation (Malhotra et al., 2018). The use of a large amount of P fertilizers leads to the decline in soil physical and chemical properties, pollutes soil and aquatic environment, changes biodiversity, and triggering significant carbon emissions (Li et al., 2022). To deal with P starvation, plant roots absorb Pi directly from the soil by Pi transporters (PTs) or indirectly through their symbiotic arbuscular mycorrhizal fungi (AMF) (Wang et al., 2021). The inorganic Pi absorbed by the roots is loaded through the Casparian band in the xylem vessels and then transferred to the shoots via the protein, phophate 1 (Sandhu and Rouached, 2022).

Attempts have also been made to use some beneficial microorganisms to enhance plant growth under P starvation conditions, such as the AMF (Adeyemi et al., 2021). AMF is an ancient class of fungi that establish mycorrhizal symbiosis on about 80% of terrestrial plants, where AMF obtains their required sugars and fatty acids from the plant partners in exchange for the acquired P (Smith and Smith, 2011). In addition, mycorrhizal extraradical mycelium can extend beyond the Pi depletion zone in the rhizosphere to absorb Pi that cannot be obtained by plants, increase the area of root absorption area, release organic acids such as citrate and malate to dissolve organic Pi, and activate expressions of specific PT genes in both mycorrhizal roots and AMF to absorb and transfer Pi, thus enhancing plant P acquisition (Etesami et al., 2021). AMF also changes Pi absorption kinetic parameters and stimulates other microbial activities in the soil to jointly promote P absorption of host plants (Smith et al., 2015). In addition to PTs, purple acid phosphatase (PAP) genes are also involved in mycorrhizal enhancement of host P acquisition. In soybeans, overexpression of GmPAP33 resulted in increased plant P concentrations after AMF inoculation and also participated in arbuscule degradation (Li et al., 2019).

Walnut (Juglans regia L.) is an important nut tree species in the world, cultivated in Asia, North America, Europe and South America, of which China is the world’s largest walnut producer, with 7.8 million hm2 of walnut planted area and a yield of 4.806 million t in 2020 (Ma and Ning, 2021). However, the soil fertility of walnut orchards in China is relatively low, especially the Olsen-P level, resulting in low fruit yield and oil content (Zhang, 2014), which seriously limits the high yield and quality of walnut. In addition, in the United States, many walnut trees in Lake County, California also suffer from P starvation, mainly in the volcanic soil (Serr, 1960), resulting in small and thin leaves, thin and few branches, and purplish red in the petiole and leaf backside in severe cases. Some AMF populations have been found to inhabit the rhizosphere of walnuts and confer many important physiological contributions to the host walnut (Ma et al., 2021). Mao et al. (2022) observed that the AMF colonization rate of walnut roots in Yunnan, China ranged from 75.67% to 84.37%, along with the genus Acaulospora, Diversispora, Funneliformis, Glomus, Rhizophagus, Scuteiiospora, Sclerocystis, and Septoglomus recorded in the rhizosphere. And, further inoculation revealed that these native AMF species significantly increased leaf and root P content (Mao et al., 2022). In walnut seedlings inoculated with five AMF species, Huang et al. (2020) observed improved plant growth, coupled with the best effect on D. spurca. Mycorrhizal walnut seedlings recorded higher mineral element concentrations, including P than non-mycorrhizal seedlings, regardless of soil water regimes (Behrooz et al., 2019). This shows the potential value of AMF for P acquisition by walnut trees. However, it is not clear whether and how the efficient AMF strain D. spurca affects P acquisition, leaf gas exchange, and sugar accumulation in walnut plants under soil P-deficient and P-sufficient conditions.

The purpose of this study was to analyze the effects of an efficient AMF strain (D. spurca) on growth and leaf P concentrations, gas exchange, chlorophyll component concentrations, sugar accumulation, and PAP and PT gene expressions in walnut seedlings grown in 1 and 100 μmol/L P levels.



Materials and methods


Plant culture

The seeds of walnut variety Liaohe No. 1 were provided by the Walnut Technology Extension Center of Baokang (Hubei, China). The seeds were surface disinfected with 75% ethanol for 8 min, washed with distilled water, soaked in distilled water for a week, and then sown in autoclaved sands for the germination in an incubator at 28°C/20°C (day and night temperature) and 80% relative humidity. The seedlings with four leaves were transplanted into plastic pots (2.4 L) pre-filled with hydrochloric acid-washing sand to reduce the interference of P in the substrate.

Based on the results of Huang et al. (2020), we selected the D. spurca strain as the fungal material because it showed relatively good effects on improving walnut growth. The D. spurca strain was isolated from the rhizosphere of tomato in Shouguang (Shandong, China). After the morphological identification, the strain of D. spurca was trapped by white clover under potted conditions. After approximately 11 weeks, the D. spurca-colonized roots and potted substrates were collected as the mycorrhizal fungal inoculums and stored at 4°C after natural air-drying. Before use, the spore density was 15 spores/g. The inoculation of D. spurca was carried out at the time of transplanting. A total of 120 g of mycorrhizal fungal inoculums was applied to the designed pot as the inoculation treatment. The equal amount of autoclaved mycorrhizal inoculums was applied to the uninoculated pot as the uninoculation treatment, followed by 2 mL of filtered (25 μm) solution with equal amount of mycorrhizal inoculums added to maintain the consistency of the microbiota except for the target strain.

Seven days after the inoculation, P treatments were applied. P concentrations in the potted substrate were achieved by controlling the KH2PO4 level in Hoagland nutrient solutions (pH 7.0), where 1 μmol/L and 100 μmol/L KH2PO4 was defined as the low P and moderate P level (Li et al., 2010). To reduce the difference in K levels of nutrient solutions among treatments, additional KNO3 was added to the P-deficient treatment to ensure the consistent K level. The nutrient solution was used at an intensity of 150 mL per pot at the three-day intervals.

All treated seedlings were placed in a greenhouse from May 4, 2020 to August 4, 2020, where environmental conditions were described in detail by Zou et al. (2021)



Experimental design

This experiment consisted of two factors: one was inoculation with (+A) and without (-A) D. spurca and the other was P treatments with 1 μmol/L (P1) and 100 μmol/L (P100) P. Each treatment was replicated eight times in 32 pots, with one walnut seedling planted in each pot in a randomized arrangement.



Determinations of variables

After three months of treatments, the plants were harvested. Plant height, stem diameter, and total biomass were measured directly before harvesting. At the same time, a portable Li-6400 photosynthetic apparatus (Li-Cor Inc., Lincoln, USA) was used to determine leaf gas exchange starting at 9:00 am on a sunny day before harvest. The soil attached to the roots was gently shaken off for hyphal length analysis, based on the method outlined by Bethlenfalvay and Ames (1987). A portion of root segments were cut, and root mycorrhizal staining was performed using trypan blue method described by Phillips and Hayman (1970). After microscopic observation, the root mycorrhizal colonization rate (%) was estimated as the percentage of the length of root segments colonized by AMF to the total length of root segments examined.

Eight plants from each treatment were divided equally into two parts, one of which was immediately frozen in liquid nitrogen and then stored at -80 °C for analysis of gene expressions. The other part was killed at 105 °C for 3 min after chlorophyll determination, then dried at 75 °C to constant weight, ground to powder, and passed through a 2 mm sieve for P concentration determination. The ICP Spectrometer (IRIS Advantage, Thermo, Waltham, USA) was used to analyze leaf P concentration. The concentration of glucose, fructose and sucrose in leaves was determined according to the colorimetric method described in detail by Wu et al. (2015b). The concentration of chlorophyll components was extracted with 80% acetone and determined using the method described by He et al. (2022).

The sequences of PAP genes (PAP10 and PAP12) and PT genes (PT3;1 and PT3;3) in Arabidopsis were obtained from the NCBI database (http://www.ncbi.nlm.nih.gov) and then compared with genome-wide of walnut (http://aegilops.wheat.ucdavis.edu/Walnut/data.php). The primer sequences (Supplementary Table S1) of JrPAP10, JrPAP12, JrPT3;1, and JrPT3;3 genes were designed using Primer5 premier 5.0 software and synthesized by Shanghai Bioengineering Co., Ltd. (Shanghai, China). Total RNA of leaf samples was extracted using an EASY spin Plus plant RNA kit (Aidlab). The reverse transcription of RNA was performed using the PrimeScript™ RT reagent kit with gDNA eraser kit (Takara). The 18S rRNA of walnut was used as the reference gene for qRT-PCR amplification. qRT-PCR was performed using the fluorescent dye method (2×AceQ® qPCR SYBR® Green Master Mix) with three biological replicates per treatment. The 2-ΔΔCt method (Livak and Schmittgen, 2001) was used to calculate the relative gene expression, in which the relative expression was normalized by the treatment with non-inoculation of D. spurca at P100 levels.



Statistical analysis

The data obtained from this experiment were presented using the means ± standard deviation. A two-factor (P treatments and AMF inoculations) analysis of variance was used for statistical analysis, with arcsine transformation preprocessed for percentages. Significant differences were compared at the 0.05 level using the Duncan’s new multiple range test. All statistical analyses were performed under SAS software.




Results


Changes in root AMF colonization and soil hyphal length

No mycorrhizal colonization was observed in roots of walnut seedlings inoculated without D. spurca, while mycorrhizal structures were visible in roots of walnut seedlings inoculated with D. spurca (Figure 1A), where the root mycorrhizal colonization rate ranged from 45.6% to 53.2% (Figure 1B) and soil hyphal length varied from 18.7 to 39.9 cm/g soil (Figure 1C), respectively. The P1 treatment significantly increased the root AMF colonization rate and soil hyphal length by 16.7% and 113.4%, respectively, compared with P100 treatment. P treatments and AMF inoculations significantly interacted with each other on soil hyphal length (Table 1).




Figure 1 | Root colonization (A) of Diversispora spurca and changes in root mycorrhizal colonization rate (B) and soil hyphal length (C) of walnut seedlings inoculated with D. spurca grown in 1 and 100 μmol/L phosphorus levels. Data (means ± SD, n = 4) followed by different letters above the bars indicate significant (P < 0.05) differences. P1+A, the walnut seedlings inoculated with D. spurca at 1 μmol/L phosphorus levels; P1-A, the walnut seedlings inoculated without D. spurca at 1 μmol/L phosphorus levels; P100+A, the walnut seedlings inoculated with D. spurca at 100 μmol/L phosphorus levels; P100-A, the walnut seedlings inoculated without D. spurca at 100 μmol/L phosphorus levels.




Table 1 | Significance in interaction between arbuscular mycorrhizal fungi (AMF) treatments and phosphorus (P) treatments.





Plant growth responses

Walnut plants clearly responded to the P treatment as well as the D. spurca inoculation (Figure 2A). Both P treatments and AMF inoculations significantly altered plant growth variables, including plant height, stem diameter, and total biomass (Figures 2B–D). The P100 treatment significantly increased plant height, stem diameter, and total biomass by 6.0%, 14.1% and 32.9% in uninoculated plants and by 11.4%, 11.0% and 11.7% in inoculated plants, respectively, compared with the P1 treatment. On the other hand, inoculation with D. spurca also significantly increased plant height, stem diameter, and total biomass by 12.9%, 14.2%, and 51.5% under P1 conditions and by 18.7%, 11.2%, and 27.3% under P100 conditions, respectively, compared with the uninoculation control. There was not any significant interaction between AMF inoculation and P treatment on these growth variables (Table 1).




Figure 2 | Changes in plant growth performance (A), plant height (B), stem diameter (C), and total biomass production (D) of walnut seedlings inoculated with Diversispora spurca grown in 1 and 100 μmol/L phosphorus levels. Data (means ± SD, n = 4) followed by different letters above the bars indicate significant (P < 0.05) differences. The abbreviations were shown in Figure 1.





Responses of leaf chlorophyll component concentrations

P100 treatment significantly promoted concentrations of chlorophyll a in leaves of uninoculated plants by 39.8% as well as concentrations of chlorophyll a and total chlorophyll in leaves of inoculated plants by 47.4% and 39.7%, respectively, compared to P1 treatment (Figure 3). On the other hand, although walnut seedlings inoculated with D. spurca maintained relatively higher concentrations of chlorophyll a, chlorophyll b, carotenoid, and total chlorophyll, the difference was not significant, independent of substrate P levels. No significant interaction appeared on leaf chlorophyll component concentrations (Table 1).




Figure 3 | Changes in leaf chlorophyll component concentrations of walnut seedlings inoculated with Diversispora spurca grown in 1 and 100 μmol/L phosphorus levels. Data (means ± SD, n = 4) followed by different letters above the bars indicate significant (P < 0.05) differences. The abbreviations were shown in Figure 1.





Responses of leaf gas exchange

The application of P100 significantly increased leaf photosynthetic rate, transpiration rate and stomatal conductance by 14.0%, 18.2%, and 15.4% in inoculated plants and 34.6%, 26.3%, and 16.3% in uninoculated plants, respectively, compared with P1 conditions (Figures 4A–C). Similarly, D. spurca-inoculated plants showed significantly higher leaf photosynthetic rate, transpiration rate, and stomatal conductance, with increases of 23.4%, 35.1%, and 25.0% under P1 conditions, and 4.5%, 26.4%, and 24.0% under P100 conditions, respectively. No significant interaction appeared on leaf gas exchange variables (Table 1).




Figure 4 | Changes in leaf photosynthesis rate (A), transpiration rate (B), and stomatal conductance (C) of walnut seedlings inoculated with Diversispora spurca grown in 1 and 100 μmol/L phosphorus levels. Data (means ± SD, n = 4) followed by different letters above the bars indicate significant (P < 0.05) differences. The abbreviations were shown in Figure 1.





Responses of leaf sugars

P100 treatment dramatically reduced leaf glucose concentration of uninoculated plants, while distinctly increased leaf glucose concentration of inoculated plants by 19.7%, along with the reduction of leaf fructose and sucrose by 38.5% and 29.4%, respectively, compared with P1 treatment (Figure 5). On the other hand, mycorrhizal plants recorded 33.6% significantly higher leaf fructose concentration under P1 conditions and 30.0% significantly higher leaf glucose concentration under P100 conditions, respectively. In addition, AMF inoculation and P treatment significantly interacted to affect leaf fructose and glucose concentrations (Table 1).




Figure 5 | Changes in leaf fructose, glucose, and sucrose concentrations of walnut seedlings inoculated with Diversispora spurca grown in 1 and 100 μmol/L phosphorus levels. Data (means ± SD, n = 4) followed by different letters above the bars indicate significant (P < 0.05) differences. The abbreviations were shown in Figure 1.





Responses of leaf P concentration

P100 treatment dramatically increased leaf P concentration by 22.1% in uninoculated plants and 17.1% in inoculated plants, respectively, compared with P1 treatment (Figure 6). In addition, D. spurca inoculation significantly increased leaf P concentration by 26.2% and 21.0% under P1 and P100 conditions, respectively. No significant interaction was found on leaf P concentration (Table 1)




Figure 6 | Changes in leaf phosphorus (P) concentrations of walnut seedlings inoculated with Diversispora spurca grown in 1 and 100 μmol/L P levels. Data (means ± SD, n = 4) followed by different letters above the bars indicate significant (P < 0.05) differences. The abbreviations were shown in Figure 1.





Responses of leaf PTs and PAPs expressions

P100 treatment dramatically up-regulated JrPAP10, JrPAP12, and JrPT3;2 expressions in mycorrhizal plants by 23.48-, 1.29-, and 3.79-fold and JrPT3;1 expression in non-mycorrhizal plants by 4.19-fold, along with a 0.77-fold down-regulated expression of JrPAP12 in non-mycorrhizal plants, compared with P1 treatment (Figure 7). Under P1 conditions, D. spurca inoculation did not alter expressions of JrPAP10, JrPAP12, JrPT3;1, and JrPT3;2. However, under P100 conditions, the fungal inoculation up-regulated JrPAP10, JrPAP12, and JrPT3;2 by 12.76-, 10.19-, and 6.59-fold, respectively, along with a 0.80-fold down-regulation of JrPT3;1 expression, compared with non-inoculation control. AMF inoculations and P treatments significantly interacted with each other to affect leaf JrPAP10, JrPAP12, JrPT3;1, and JrPT3;2 expression (Table 1).




Figure 7 | Changes in expressions of purple acid phosphatase (PAP) and phosphate transporter (PT) in leaves of walnut seedlings inoculated with Diversispora spurca grown in 1 and 100 μmol/L phosphorus levels. Data (means ± SD, n = 3) followed by different letters above the bars indicate significant (P < 0.05) differences. The abbreviations were shown in Figure 1.






Discussion

The results of this study showed that D. spurca was able to establish mycorrhizal symbiosis with the roots of walnut seedlings. Low P (P1) treatment dramatically stimulated root AMF colonization rate and soil hyphal length, compared with moderate P (P100) treatment. This is consistent with the results of Wu et al. (2015b) inoculating Funneliformis mosseae on trifoliate orange at 0.5 and 50 μmol/L P levels, but contrary to the results of Shao et al. (2021) inoculating Claroideoglomus etunicatum on tea plants at 0.5 and 50 μmol/L P levels. Usually, AMF colonization of roots is negatively correlated with substrate P levels, and thus low P levels in substrates stimulate hyphal growth and mycorrhizal formation (Wu et al., 2015a). Moreover, in the condition of substrate P deficiency, plant growth is more dependent on the mycorrhizal pathway to obtain P (Smith and Smith, 2012). In the present study, low P treatment significantly reduced plant height, stem diameter, and biomass production of walnut seedlings, but inoculation with D. spurca alleviated the inhibitory effects of low P stress on plant growth to varying degrees, and the promoting effect of mycorrhizae on total biomass was higher under P1 conditions than under P100 conditions, indicating a more prominent role of mycorrhizae under low P conditions. In addition to the growth improvement of walnut seedlings by D. spurca under P stress, similar results occurred under soil drought conditions (Ma et al., 2022), showing the important role of the D. spurca strain on plant growth of walnut seedlings.

In this study, inoculation with D. spurca did not significantly alter concentrations of chlorophyll a, chlorophyll b, carotenoid, and total chlorophyll, independent of substrate P levels. However, in maize, inoculation with Glomus mosseae significantly increased chlorophyll levels at 0.05 and 1 mmol/L P levels (Feng et al., 2002), which was associated with the promotion of host Mg and Fe acquisition by AMF (Zhang et al., 2018). This showed that the improvement of chlorophyll component concentrations by AMF is variable and may be dependent on AMF, host plants, and environmental conditions. Mycorrhiza-triggered changes in chlorophyll compositions were not significant in walnut seedlings, which in turn caused leaf glucose, fructose, and sucrose contents to be barely affected at low and moderate P levels, although mycorrhizal walnut plants showed higher fructose concentrations under P1 conditions as well as glucose concentrations at P100. AMF-induced sugar changes of walnut seedlings were associated with mycorrhizal roots forming a strong carbon pool and greater mycorrhizal roots consumed a large amount of sugar (Wu et al., 2015b; He et al., 2022). More experiments are required to verify the reason. However, D. spurca inoculation significantly elevated leaf photosynthetic rate, stomatal conductance, and transpiration rate, although low P treatment inhibited leaf gas exchange. Thus, under low P stress, AMF may accelerate leaf gas exchange in host plants by reducing stomatal resistance as well as increasing transpiration fluxes (Zhu et al., 2011). Another explanation is that AMF alters the levels of endogenous hormones, especially abscisic acid, and thus regulates leaf gas exchange (He et al., 2019).

The present study showed that D. spurca inoculation significantly increased leaf P levels of walnut seedlings, and the increase was higher at P1 levels than at P100 levels, showing the prominent effect of D. spurca on host P uptake at low P levels. This is because plant roots at P100 levels can take up sufficient P and therefore have relatively low dependence on arbuscular mycorrhizae, whereas at P1 levels, plant roots do not take up sufficient P and need to take up additional P to meet plant P demand with the help of AMF through its extraradical hyphal extension to areas inaccessible to the root (Song et al., 2001).

PAP is the largest class of acid phosphatases, secreting acid phosphatase to the cell wall or to the root surface and environment, mainly involved in the hydrolysis of multiple Pi esters in the rhizosphere or extra-plasmic space, thus facilitating plant P acquisition (Schenk et al., 2013; Wang et al., 2014). The present study showed that in D. spurca-inoculated walnut seedlings, P1 treatment significantly suppressed the expression of both JrPAP10 and JrPAP12, compared with P100 treatment, whereas in uninoculated plants, JrPAP12 expression was up-regulated. This suggested that mycorrhizal plants are distinct from non-mycorrhizal plants in terms of PAPs expression response in the face of P stress. This is due to the fact that mycorrhizal plants exhibited higher mycorrhizal colonization rate of roots and soil hyphal length under low P versus moderate P conditions, and they can better help the host to obtain P through reducing arbuscule degradation (Li et al., 2019), resulting in a reduced dependence on PAPs. D. spurca did not alter JrPAP10 and JrPAP12 expression under low P conditions. However, at P100 levels, D. spurca significantly up-regulated JrPAP10 and JrPAP12 expression. Combined with no significant changes in JrPT expressions by D. spurca at low P levels, this implies that at low P levels, mycorrhizae promote plant P acquisition mainly by increasing root mycorrhizal colonization rate and soil hyphal length, which in turn directly exploits the mycorrhizal pathway to promote host P acquisition (Smith and Smith, 2011; Smith et al., 2015). In Arabidopsis, it has been demonstrated that AtPAP10 is a secreted acid phosphatase and is an essential component of the adaptive response of plants to Pi limitation, but AtPAP12 is an intracellular acid phosphatase (Wang et al., 2014). Therefore, at P100 levels, D. spurca might promote the expression of intracellular acid phosphatase (JrPAP12) and secret acid phosphatase genes (JrPAP10). In addition, AtPAP10 on the root surface is controlled by ethylene only (Zhang et al., 2014), so whether mycorrhizal up-regulation of JrPAP10 is related to mycorrhizal triggering of ethylene synthesis remains to be further investigated.

PTs are an important membrane protein found in the mitochondrial, plasma and plastid membranes of plants, controlling the uptake and translocation of Pi in plants (Nakamori et al., 2002). AMF usually induces the expression of host high-affinity PT genes to enhance plant uptake of P (Luo et al., 2019). The results of this study showed that low P treatment inhibited the expression of JrPT3;1 in uninoculated plants as well as the expression of JrPT3;2 in inoculated plants, suggesting that JrPT3;1 and JrPT3;2 are not genes up-regulated for expression at low P levels. Huang et al. (2022) also found that low P repressed the expression of PT1;1 in leaves of Camellia oleifera seedlings. However, walnut plants colonized by D. spurca did not show significant changes in JrPT3;1 and JrPT3;2 in leaves at low P levels, while at moderate P levels, JrPT3;1 was repressed and JrPT3;2 was up-regulated. This suggests that AMF only up-regulated the expression of JrPT3;2 at appropriate P levels. In addition, mycorrhizal regulation of host PTs expression may be closely related to host root-hair status, where substrate low P levels increase root-hair density (Wang et al., 2006; Zhang et al., 2019; Shao et al., 2021), thereby promoting host P acquisition by both root-hairs and mycorrhizal pathways. Shao et al. (2021) also found that Claroideoglomus etunicatum up-regulated the expression of CsPT1 but suppressed the expression of CsPT4 in leaves of tea plants under low and appropriate P conditions. Cao et al. (2022) also found that PTs expressions were dependent on the AMF species and plant tissues. It concludes that AMF-up-regulated PT expressions depend on AMF species, plant tissues, substrate P levels, and PT genes. On the other hand, at moderate P levels, mycorrhizal enhancement of plant P acquisition is related to the up-regulation of host PAPs and PTs expression. More work needs to be done around the expression of more PTs genes in leaves and roots under mycorrhization conditions. Mycorrhizae can specifically induce the expression of certain high and low affinity PT genes (Rausch et al., 2001). In the present study, JrPT3;2 may be a candidate PT gene specifically induced by AMF at moderate P levels, but functions of JrPT3;2 in arbuscule-containing cortical cells of roots remains to be investigated.



Conclusion

This study showed that low P treatment significantly inhibited plant growth, leaf gas exchange, chlorophyll component concentrations, and P concentration of walnut plants, but D. spurca significantly promoted plant growth and leaf gas exchange as well as P acquisition at low P levels. Although AMF did not induce the expression of JrPAP10, JrPAP12, JrPT3;1, and JrPT3;2 at low P levels, the promotion of P acquisition by AMF at low P levels may be related to the increase of root AMF colonization and soil hyphal length. However, mycorrhizal promotion of host P acquisition at moderate P levels was associated with AMF-increased expression of JrPT3;2, JrPAP10, and JrPAP12. This suggests that AMF has different strategies to promote host P acquisition at different P levels. More studies need to be carried out on expressions of whole family members of PTs and PAPs in leaves and roots of walnut seedlings under mycorrhization conditions.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author contributions

Y-NZ, Y-JX, and Q-SW designed the experiment. G-MH and R-CL prepared the materials for the experiment. G-MH and R-CL analyzed the data. Y-NZ and R-CL wrote the manuscript. AS, KK, AH, EFA, and Q-SW revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Hubei Province ‘14th Five-Year’ Major Science and Technology Aid Tibet project (SCXX-XZCG-22016) and the Hubei Forestry Science and Technology Support Key Project ([2022]LYKJ10). The authors would like to extend their sincere appreciation to the Researchers Supporting Project Number (RSP2023R356), King Saud University, Riyadh, Saudi Arabia.



Acknowledgments

The authors would like to extend their sincere appreciation to the Researchers Supporting Project Number (RSP2023R356), King Saud University, Riyadh, Saudi Arabia.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1140467/full#supplementary-material



References

 Adeyemi, N. O., Atayese, M. O., Sakariyawo, O. S., Azeez, J. O., Olubode, A. A., Ridwan, M., et al. (2021). Influence of different arbuscular mycorrhizal fungi isolates in enhancing growth, phosphorus uptake and grain yield of soybean in a phosphorus deficient soil under field conditions. Commun. Soil Sci. Plant Analy. 52, 1171–1183. doi: 10.1080/00103624.2021.1879117

 Behrooz, A., Vahdati, K., Rejali, F., Lotfi, M., Sarikhani, S., and Leslie, C. (2019). Arbuscular mycorrhiza and plant growth-promoting bacteria alleviate drought stress in walnut. HortScience 54, 1087–1092. doi: 10.21273/HORTSCI13961-19

 Bethlenfalvay, G. J., and Ames, R. N. (1987). Comparison of two methods for quantifying extraradical mycelium of vesicular-arbuscular mycorrhizal fungi. Soil Sci. Soc Am. J. 51, 834–837. doi: 10.2136/sssaj1987.03615995005100030049x

 Cao, M. A., Liu, R. C., Xiao, Z. Y., Hashem, A., Abd Allah, E. F., Alsayed, M. F., et al. (2022). Symbiotic fungi alter the acquisition of phosphorus in Camellia oleifera through regulating root architecture, plant phosphate transporter gene expressions and soil phosphatase activities. J. Fungi 8, 800. doi: 10.3390/jof8080800

 Etesami, H., Jeong, B. R., and Glick, B. R. (2021). Contribution of arbuscular mycorrhizal fungi, phosphate–solubilizing bacteria, and silicon to p uptake by plant. Front. Plant Sci. 12, 699618. doi: 10.3389/fpls.2021.699618

 Feng, G., Zhang, F., Li, X., Tian, C., Tang, C., and Rengel, Z. (2002). Improved tolerance of maize plants to salt stress by arbuscular mycorrhiza is related to higher accumulation of soluble sugars in roots. Mycorrhiza 12, 185–190. doi: 10.1007/s00572-002-0170-0

 He, J. D., Li, J. L., and Wu, Q. S. (2019). Effects of Rhizoglomus intraradices on plant growth and root endogenous hormones of trifoliate orange under salt stress. J. Anim. Plant Sci. 29, 245–250.

 He, W. X., Wu, Q. S., Hashem, A., Abd Allah, E. F., Muthuramalingam, P., Al-Arjani, A.-B. F., et al. (2022). Effects of symbiotic fungi on sugars and soil fertility and structure-mediated changes in plant growth of Vicia villosa. Agriculture 12, 1523. doi: 10.3390/agriculture12101523

 Huang, Y. X., Lin, Y. L., Zhang, L. P., Wu, F., Yang, Y., and Tan, M. X. (2022). Effects of AM fungi and inorganic phosphorus on phosphorus uptake and growth soil phosphorus fraction of Camellia oleifera seedlings. For. Res. 35, 33–41. doi: 10.13275/j.cnki.lykxyj.2022.005.004

 Huang, G. M., Zou, Y. N., Wu, Q. S., Xu, Y. J., and Kuča, K. (2020). Mycorrhizal roles in plant growth, gas exchange, root morphology, and nutrient uptake of walnuts. Plant Soil Environ. 66, 295–302. doi: 10.17221/240/2020-PSE

 Li, Y. F., Jin, S. H., Ye, Z. Q., Huang, J. Q., and Jiang, P. K. (2010). Root morphology and physiological characteristics in carya cathayensis seedlings with low phosphorus stress. J. Zhejiang A.&F. Univ, 27, 239–245.

 Li, X. R., Sun, J., Albinsky, D., Zarrabian, D., Hull, R., Lee, T., et al. (2022). Nutrient regulation of lipochitooligosaccharide recognition in plants via NSP1 and NSP2. Nat. Commun. 13, 6421. doi: 10.1038/s41467-022-33908-3

 Li, C. C., Zhou, J., Wang, X. R., and Liao, H. (2019). A purple acid phosphatase, GmPAP33, participates in arbuscule degeneration during arbuscular mycorrhizal symbiosis in soybean. Plant Cell Environ. 42, 2015–2027. doi: 10.1111/pce.13530

 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2-ΔΔCt. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

 Luo, Y. Y., Hao, X. J., and Zhang, K. Y. (2019). Effect of inoculation of AM fungi on different phosphorus morphology of discarded soil in coal mining area. Southwest China J. Agric. Sci. 32, 381–388. doi: 10.16213/j.cnki.scjas.2019.2.026

 Ma, T., and Ning, D. L. (2021). Analysis of international competitiveness of China walnut industry. For. Sci. Technol. 64 (1), 3–7. doi: 10.13456/j.cnki.lykt.2019.12.26.0002

 Ma, W. Y., Qin, Q. Y., Zou, Y. N., Kuča, K., Giri, B., Wu, Q. S., et al. (2022). Arbuscular mycorrhiza induces low oxidative burst in drought-stressed walnut through activating antioxidant defense systems and heat shock transcription factor expression. Front. Plant Sci. 13, 1089420. doi: 10.3389/fpls.2022.1089420

 Ma, W. Y., Wu, Q. S., Xu, Y. J., and Kuča, K. (2021). Exploring mycorrhizal fungi in walnut with a focus on physiological roles. Not. Bot. Horti Agrobo. 49, 12363. doi: 10.15835/nbha49212363

 Malhotra, H., Vandana, Sharma, S., and Pandey, R. (2018). “Phosphorus nutrition: Plant growth in response to deficiency and excess,” in Plant nutrients and abiotic stress tolerance. Eds.  M. Hasanuzzaman, M. Fujita, H. Oku, K. Nahar, and B. Hawrylak-Nowak (Singapore: Springer), 171–190. doi: 10.1007/978-981-10-9044-8_7

 Mao, J. H., Li, R. B., Jing, Y. B., Ning, D. L., Li, Y. P., and Chen, H. Y. (2022). Arbuscular mycorrhizal fungi associated with walnut trees and their effect on seedling growth. J. For. Environ. 42, 71–80. doi: 10.13324/j.cnki.jfcf.2022.01.009

 Nakamori, K., Takabatake, R., Umehara, Y., Kouchi, H., Izui, K., and Hata, S. (2002). Cloning, functional expression, and mutational analysis of a cDNA for Lotus japonicus mitochondrial phosphate transporter. Plant Cell Physiol. 43, 1250–1253. doi: 10.1093/pcp/pcf141

 Phillips, J. M., and Hayman, D. S. (1970). Improved procedures for clearing roots and staining parasitic and vesicular-arbuscular mycorrhizal fungi for rapid assessment of infection. Trans. Br. Mycol. Soc 55, 158–161. doi: 10.1016/S0007-1536(70)80110-3

 Rausch, C., Daram, P., Brunner, S., Jansa, J., Laloi, M., Leggewie, G., et al. (2001). A phosphate transporter expressed in arbuscule-containing cells in potato. Nature 414, 462–465. doi: 10.1038/35106601

 Sandhu, J., and Rouached, H. (2022). All roads lead to PHO1. Nat. Plants 8, 986–987. doi: 10.1038/s41477-022-01242-7

 Schenk, G., Mitić, N., Hanson, G. R., and Comba, P. (2013). Purple acid phosphatase: a journey into the function and mechanism of a colorful enzyme. Coordin. Chem. Rev. 257, 473–482. doi: 10.1016/j.ccr.2012.03.020

 Serr, E. F. (1960). Walnut orchards on volcanic soils deficient in phosphorus. Calif. Agric. 14, 6–7.

 Shao, Y. D., Hu, X. C., Wu, Q. S., Yang, T. Y., Srivastava, A. K., Zhang, D. J., et al. (2021). Mycorrhizas promote p acquisition of tea plants through changes in root morphology and p transporter gene expression. South Afr. J. Bot. 137, 455–462. doi: 10.1016/j.sajb.2020.11.028

 Smith, S. E., Anderson, I. C., and Smith, F. A. (2015). Mycorrhizal associations and phosphorus acquisition: from cells to ecosystems. Annu. Plant Rev. 48, 409–440. doi: 10.1002/9781118958841.ch14

 Smith, S. E., and Smith, F. A. (2011). Roles of arbuscular mycorrhizas in plant nutrition and growth: New paradigms from cellular to ecosystem scales. Annu. Rev. Plant Biol. 62, 227–250. doi: 10.1146/annurev-arplant-042110-103846

 Smith, S. E., and Smith, F. A. (2012). Fresh perspectives on the roles of arbuscular mycorrhizal fungi in plant nutrition and growth. Mycologia 104, 1–13. doi: 10.3852/11-229

 Song, Y. C., Li, X. L., and Feng, G. (2001). Effect of VAM fungi on phosphatase activity in maize rhizosphere. Chin. J. Appl. Ecol. 12, 593–596.

 Wang, Y., Chen, Y. F., and Wu, W. H. (2021). Potassium and phosphorus transport and signaling in plants. J. Integr. Plant Biol. 63, 34–52. doi: 10.1111/jipb.13053

 Wang, L., Lu, S., Zhang, Y., Li, Z., Du, X., and Liu, D. (2014). Comparative genetic analysis of arabidopsis purple acid phosphatases AtPAP10, AtPAP12, and AtPAP26 provides new insights into their roles in plant adaptation to phosphate deprivation. J. Integr. Plant Biol. 56, 299–314. doi: 10.1111/jipb.12184

 Wang, Q. M., Peng, W. X., Lu, B. J., and Pei, D. (2006). Histological study of in vitro adventitious roots of Juglans regia. Acta Bot. Boreal.-Occident. Sin. 26, 719–724.

 Wu, Q. S., Li, Y., Zou, Y. N., and He, X. H. (2015a). Arbuscular mycorrhiza mediates glomalin-related soil protein production and soil enzyme activities in the rhizosphere of trifoliate orange grown under different p levels. Mycorrhiza 25, 121–130. doi: 10.1007/s00572-014-0594-3

 Wu, Q. S., Srivastava, A. K., and Li, Y. (2015b). Effect of mycorrhizal symbiosis on growth behavior and carbohdyrate metabolism of trifoliate orange under different substrate p levels. J. Plant Growth Regul. 34, 495–508. doi: 10.1007/s00344-015-9485-x

 Zhang, C. P. (2014). “Influence of nitrogen or phosphorous on water metabolism of juglans regia seedlings,” in Dissertation for the doctoral degree (Chinese Academy of Forestry, Beijing, China).

 Zhang, T., Hu, Y., Zhang, K., Tian, C., and Guo, J. (2018). Arbuscular mycorrhizal fungi improve plant growth of ricinus communis by altering photosynthetic properties and increasing pigments under drought and salt stress. Indust. Crops Prod. 117, 13–19. doi: 10.1016/j.indcrop.2018.02.087

 Zhang, Y. J., Sun, F., Fettke, J., Schottler, M. A., Ramsden, L., Fernie, A. R., et al. (2014). Heterologous expression of AtPAP2 in transgenic potato influences carbon metabolism and tuber development. FEBS Lett. 588, 3726–3731. doi: 10.1016/j.febslet.2014.08.019

 Zhang, F., Wang, P., Zou, Y. N., Wu, Q. S., and Kuča, K. (2019). Effects of mycorrhizal fungi on root-hair growth and hormone levels of taproot and lateral roots in trifoliate orange under drought stress. Arch. Agron. Soil Sci. 65, 1316–1330. doi: 10.1080/03650340.2018.1563780

 Zhu, X. C., Song, F. B., Liu, S. Q., and Liu, T. D. (2011). Effects of arbuscular mycorrhizal fungus on photosynthesis and water status of maize under high temperature stress. Plant Soil 346, 189–199. doi: 10.1007/s11104-011-0809-8

 Zou, Y. N., Zhang, F., Srivastava, A. K., Wu, Q. S., and Kuča, K. (2021). Arbuscular mycorrhizal fungi regulate polyamine homeostasis in roots of trifoliate orange for improved adaptation to soil moisture deficit stress. Front. Plant Sci. 11, 600792. doi: 10.3389/fpls.2020.600792



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Zou, Xu, Liu, Huang, Kuča, Srivastava, Hashem, Abd_Allah and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 03 March 2023

doi: 10.3389/fpls.2023.1141506

[image: image2]


Deciphering the antimicrobial activity of multifaceted rhizospheric biocontrol agents of solanaceous crops viz., Trichoderma harzianum MC2, and Trichoderma harzianum NBG


Mehjebin Rahman 1*, Sapna Mayuri Borah 1, Pradip Kr. Borah 1, Popy Bora 2, Bidyut Kumar Sarmah 3, Milan Kumar Lal 4, Rahul Kumar Tiwari 4* and Ravinder Kumar 4*


1 Department of Plant Pathology, Assam Agricultural University, Jorhat, Assam, India, 2 Department of Plant Pathology, Regional Agricultural Research Station, Jorhat, Assam, India, 3 Department of Agricultural Biotechnology, Assam Agricultural University, Jorhat, India, 4 Department of Plant Protection; Department of Crop Physiology, Biochemistry & Postharvest Technology, ICAR-Central Potato Research Institute, Shimla, India




Edited by: 

Pramod Prasad, ICAR-Indian Institute of Wheat and Barley Research, India

Reviewed by: 

Elsherbiny A. Elsherbiny, Mansoura University, Egypt

Ashish Singh, Indian Agricultural Research Institute (ICAR), India

Jagmohan Singh, Guru Angad Dev Veterinary and Animal Sciences University, India

*Correspondence: 

Mehjebin Rahman
 mehjebinr@gmail.com

Rahul Kumar Tiwari
 rahultiwari226@gmail.com

Ravinder Kumar
 chauhanravinder97@gmail.com

Specialty section: 
 This article was submitted to Plant Pathogen Interactions, a section of the journal Frontiers in Plant Science


Received: 10 January 2023

Accepted: 27 January 2023

Published: 03 March 2023

Citation:
Rahman M, Borah SM, Borah PK, Bora P, Sarmah BK, Lal MK, Tiwari RK and Kumar R (2023) Deciphering the antimicrobial activity of multifaceted rhizospheric biocontrol agents of solanaceous crops viz., Trichoderma harzianum MC2, and Trichoderma harzianum NBG. Front. Plant Sci. 14:1141506. doi: 10.3389/fpls.2023.1141506



The Solanaceae family is generally known to be the third most economically important plant taxon, but also harbors a host of plant pathogens. Diseases like wilt and fruit rot of solanaceous crops cause huge yield losses in the field as well as in storage. In the present study, eight isolates of Trichoderma spp. were obtained from rhizospheric micro-flora of three solanaceous crops: tomato, brinjal, and chili plants, and were subsequently screened for pre-eminent biocontrol activity against three fungal (Fusarium oxysporum f. sp. lycopersicum, Colletotrichum gloeosporioides, and Rhizoctonia solani) and one bacterial (Ralstonia solanacearum) pathogen. Morphological, ITS, and tef1α marker-based molecular identification revealed eight isolates were different strains of Trichoderma. Seven isolates were distinguished as T. harzianum while one was identified as T. asperellum. In vitro antagonistic and biochemical assays indicated significant biocontrol activity governed by all eight isolates. Two fungal isolates, T. harzianum MC2 and T. harzianum NBG were further evaluated to decipher their best biological control activity. Preliminary insights into the secondary metabolic profile of both isolates were retrieved by liquid chromatography-mass spectrometry (LC-MS). Further, a field experiment was conducted with the isolates T. harzianum MC2 and T. harzianum NBG which successfully resulted in suppression of bacterial wilt disease in tomato. Which possibly confer biocontrol properties to the identified isolates. The efficacy of these two strains in suppressing bacterial wilt and promoting plant growth in the tomato crop was also tested in the field. The disease incidence was significantly reduced by 47.50% and yield incremented by 54.49% in plants treated in combination with both the bioagents. The results of scanning electron microscopy were also in consensus with the in planta results. The results altogether prove that T. harzianum MC2 and T. harzianum NBG are promising microbes for their prospective use in agricultural biopesticide formulations.
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1 Introduction

Agriculture in the 21st century is encountering multifaceted challenges in two major sectors viz., producing more food with a small labor rural force, and adapting sustainable production techniques to acclimatize to climate change (Agrimonti et al., 2021). Furthermore, the ever-increasing world population also necessitates enhanced food production. To meet the food security demands of a nation, the augmented requirements have demanded the development of innovative research and production technologies (Altaf et al., 2022; Lal et al., 2022a; Lal et al., 2022b; Su et al., 2023). One of the prime causes that barricade food grain production is biotic stress in plants. Most prevalent biotic stresses including bacterial, fungal, viral, nematode, and insect attacks in crops have attracted massive chemical-based pesticide consumption to avoid losses caused by them (Kumar et al., 2021; Mangal et al., 2022). Inadequate pesticide application harms the environment and has a negative impact on both beneficial and non-target soil microbiota (Bhardwaj et al., 2019). The continuous and rigorous use of chemicals also exerts high selection pressure on pathogens, resulting in mutations and the development of pesticide-resistant strains (Kumar et al., 2008a; Kumar et al., 2008b). In such a case, it is critical to employ alternative biological control strategies that have a lower ecological impact while maintaining yield. Such mechanisms are carried out by several beneficial and symbiotic associations between the plant and the microbes (Bonfante and Genre, 2010; Oldroyd, 2013; Kumar et al., 2014). One such class of fungal organisms that are widely considered for their application as biocontrol agents belong to the genus Trichoderma (Samuels, 1996; Sood et al., 2020).

Trichoderma spp. are predominant, opportunistic saprophytes, and ubiquitous constituents of the soil myco-biota found across all climatic zones. They are active and non-virulent components identified as plant symbionts (Harman et al., 2004). They are robust endophytes and are capable of colonizing roots and modulating the plant-soil-environment interactions either directly or indirectly (Martínez-Medina et al., 2013; Ghorbanpour et al., 2018; Tyśkiewicz et al., 2022). Additionally, they are well-known mycoparasites of numerous plant pathogens, thus enhancing plant defense and rendering resistance against the same (Hermosa et al., 2013). Additionally, Trichoderma spp. impart abiotic stress tolerance and promotes plant root growth by enhancing nutrient uptake and bioremediation of toxic heavy metals to avoid environmental pollution (Harman et al., 2008). Trichoderma are also known to release secondary metabolites and enzymes with industrial application (Reino et al., 2008; Blaszczyk et al., 2014). Although this fungus has not yet produced any ‘wonder drug’ such as penicillin, these key factors together have driven plant pathologists and researchers worldwide towards exploiting Trichoderma as a commercial and state of art constituent of biopesticides. According to market figures, 60 percent of the successful and registered bio-fungicide production in India includes Trichoderma as an active bioagent (Kumar and Khurana, 2021).

Trichoderma are filamentous ascomycetes fungi that provide plants with several modes of antagonism to deter phyto-pathogenic growth (Kishan et al., 2017). A prominent mechanism of antagonism is the release of compounds like polysaccharide-degrading enzymes that induce systemic acquired resistance (SAR) and induced systematic resistance (ISR) in plants (Pal and Gardener, 2006; Stirling, 2018). Coiling of pathogenic hyphae by the fast-growing hyphae of Trichoderma promotes mycoparasitism (Inbar et al., 1996; Almeida et al., 2007). Several enzymes secreted by Trichoderma assist mycoparasitism such as chitinase and protease (Geremia et al., 1993; Carsolio et al., 1999). Additionally, Trichoderma also release antibiotics like trichodermin, suzukacillin, and alamethicin, which stimulate physiological and morphological changes leading to successful penetration of hyphae (Dennis and Webster, 1971a; Ghisalberti and Sivasithamparam, 1991; Krause et al., 2006; Dotson et al., 2018). An active form of antagonism is exhibited by competition in the rhizosphere for food and space (Nakkeeran et al., 2018). For instance, Trichoderma initiate siderophore release that limits the availability of iron to pathogens by chelating Fe2+ ions forming siderophore-Fe complex recognized primarily by the membrane-bound protein receptors of biocontrol agents alone (Anke et al., 1991; Pandey et al., 2010; Vinale et al., 2013). Specific metabolic pathways like phytoalexin biosynthesis and phenylpropanoid metabolism accelerate a hypersensitive response in Trichoderma (Contreras-Cornejo et al., 2014; Tripathi et al., 2021). With the advent of molecular biology techniques, new strains of Trichoderma have been identified based on ribosomal DNA Internal Transcribed Spacer (ITS) region (ITS1—5.8S rDNA—ITS2), and fragments of genes encoding for the translation elongation factor 1-alpha (tef-1α), endochitinase (chi18-5), RNA polymerase II subunit (rpb2), and calmodulin (cal1) (Gupta et al., 2014).

The current work includes the successful isolation of rhizospheric Trichoderma strains from various North-eastern regions of Assam, India. The comprehensive workflow includes morphological, molecular, and biochemical characterization; analysis of the in vitro inhibitory effect of the strains against major bacterial and fungal pathogens of solanaceous crops; and in planta experiments and evaluation of the plant growth-promoting characteristics. To further corroborate antimicrobial activity, liquid chromatography-mass spectroscopy (LC137 MS) was pipelined accordingly. For in-depth studies of successful in silico experiments, scanning electron microscopy was carried out to visualize Trichoderma colonization in healthy roots. The experimental and in silico findings in the present work provide a holistic approach to assess Trichoderma isolates as potential bio-control agents for the future development of pesticide bio-formulations.



2 Materials and methods


2.1 Isolation and selection of rhizospheric biocontrol fungus

Soil samples with minimal use of pesticides were used in this study. Samples were collected from several vegetable sites in Assam across eight target districts, namely, Sibsagar, Jorhat, Tinsukia, Darrang, Sonitpur, Kamrup, Nalbari, and Barpeta. Rhizospheric soil (10g), individually sampled from disease-free crops of tomato, brinjal, and chili, was collected from all the locations at depths of 5 to 15cm followed by the removal of debris. Microbes were isolated by the standard serial dilution plate technique of Johnson and Curl, from 1g of tightly adhering rhizospheric soil (Johnson and Curl, 1972). Isolated rhizospheric fungi were purified and preserved in PDA slants at 4°C by subculturing at an interval of 1 month. All fungal isolates were screened to assess antagonistic properties against three fungal pathogens F. oxysporium f.sp. lycopersicum (NAIMCC-F-02784), Colletotrichum gloeosporioides (accession OM202512), and Rhizoctonia solani JB1, and one bacterial pathogen R. solanacearum NP3. These pathogens were morphologically identified based on standard references, and the pathogenicity assay was also performed on host plants (Leslie and Summerell, 2006; Fiers et al., 2012). In vitro tests to estimate the inhibitory effect was conducted using PDA as basal media for fungal pathogens using dual culture assay. The mycelial bits (5 mm diameter) of bioagent and pathogens were excised from respective pure cultures and kept on individual plates to observe the inhibition percentage. Additionally, triphenyl tetrazolium chloride (TTC) medium was utilized for R. solanacearum for inhibitory assay technique (Aspiras and Cruz, 1985). A three-day-old culture of R. solanacearum suspension maintained with a concentration of 2 × 108 CFU/ml was seeded on TTC media and subsequently incubated with mycelial bits of bioagents. The resultant percentage of growth inhibition was calculated (Erdogan and Benlioglu, 2010). The experiment was conducted in two replicates.



2.2 Characterization and identification of potent rhizospheric fungi

Promising fungal microbes showing predominant activity against the targeted pathogens of solanaceous crops retrieved from the above analysis were subjected to morph-cultural characterization. All the isolates were grown on PDA media and incubated in darkness for 3 days at 28 ± 2C. The morphology of conidiophores, shape and size of phialides, and conidial characteristics were studied using a Leica light compound microscope at 10X and 40X magnification. The cultural characteristics, such as growth, colony color, texture, pigmentation, ring formation, and margin orientation were also documented. Microbial DNA was isolated by CTAB-phenol–chloroform-isoamyl alcohol method which was further used as the template DNA for Polymerase Chain Reaction (PCR). Approximately 650bp of the Trichoderma ITS region was amplified using universal primers ITS1 (5′-GGAAGTAAAAGTCGTAACAAGG-3′) and ITS4 (5′ TCCTCCGCTTATTGATATGC 3′) (White et al., 1990). Amplifications were carried out in a PCR thermal cycler (Thermo Fisher Scientific) using an initial denaturation at 94°C for 1 min followed by 30 cycles of denaturation for 35 sec at 94°C, annealing for 1 min at 57°C and extension for 1 min at 72°C. This was concluded with a final extension for 10 min at 72°C. A similar attempt was made to amplify the tef1α gene using the forward primer EF1 (5´- ATGGGTAAGGAGGACAAGAC3) and reverse primer (GCCATCCTTGGAGATACCAGC) (Samuels et al., 2002) with an initial denaturation at 95°C for 3 min followed by 30 cycles of denaturation for 1 min at 95°C, annealing for 1 min at 60°C, extension for 1 min at 72°C and final extension for 10 min at 72°C. The PCR products were confirmed on 1% agarose gel and purified using a DNA Gel Extraction Kit (Qiagen) prior to DNA sequencing (Eurofins Genomics India Pvt. Ltd., Bengaluru, Karnataka). The sequences were identified from GenBank database (Benson et al., 2012) of National Centre for Biotechnology Information (NCBI) (Wheeler et al., 2007) using a basic local alignment search tool (Johnson et al., 2008).



2.3 Study of antimicrobial properties of the potent rhizospheric fungi


2.3.1 Antibiosis test for the production of volatile inhibitory compounds

Fungal strains were selected on the basis of their higher inhibition percentages against all four pathogens for further studies. The effect of volatile metabolites against the target pathogens was assessed according to the method of Dennis and Webster (Dennis and Webster, 1971b). Petri plates containing PDA medium were centrally inoculated with a 5 mm diameter disc from actively growing mycelia of antagonistic isolates. Another plate of the same diameter was inoculated with actively growing mycelia discs of test pathogens (both bacteria and fungus) and inverted over the first plate containing the antagonist disc. The junction of both the Petri dishes was tightly sealed and incubated at room temperature in such a way that the antagonists lay under the lower disc. Sealed dishes with the pathogen inoculated in one plate and no antagonist inoculated in the other plate of the pair were used as a control. The experiment was performed in triplicate replication. The percent inhibition was calculated by the formula given below:

	

Where D1 stands for the fungus colony diameter growing in PDA (control), and D2 denotes fungus colony diameter growing in dual culture. For bacterial pathogens, colony-forming units were calculated and compared with the control.



2.3.2 Antibiosis test

Isolates (T. harzianum MC2 and T. harzianum NBG) were inoculated in PDB in 100ml Erlenmayer flasks and incubated for 15 days at 25°C under agitation at 100 rpm on an orbital incubator. The culture broth was filtered through sterile filter paper to remove the mycelial mats and consecutively sterilized by passing through a 0.22μm pore biological membrane filter. The filtrate was blended with molten PDA medium to obtain 10, 25, and 50% (v/v) concentrations. A mycelial disc of 5mm diameter of each pathogen was put in the center of the Petri plates containing the blend and incubated at 25°C for 4-5 days. The plates without filtrate served as a control. The colony diameter was measured, and the percentage inhibition of the radial growth was calculated. Each assay was performed in triplicate.



2.3.3 Qualitative assay of enzymes secreted by the rhizospheric microbes

An enzyme assay of the selected isolates (T. harzianum MC2 and T. harzianum NBG) was performed by plate assay on the corresponding solid media for the presence of extracellular enzymes. The bioagents were confirmed for the enzyme activity with the formation of clear zones, change of color, and intensity around the fungal colonies. Independent experiments with three replicates for each isolate were performed for the production of cellulase, amylase, and protease enzymes.


2.3.3.1 Cellulase assay

Cellulase assay was done in triplicates for the antagonistic microbes (T. harzianum MC2 and T. harzianum NBG) by the method given by Hankin and Anagnostakis (Hankin and Anagnostakis, 1975). Mycelial discs of 5mm diameter of the 5-day-old cultures were transferred and incubated on the Czapek-Mineral Salt Agar Medium at 26 ± 2°C in darkness for 3 to 5 days. Upon achieving the required growth, the plates were then flooded with aqueous Congo red (2% w/v) solution for 15 min. The agar surface was then washed with distilled water and the plates were flooded with NaCl (1 M) for 1.5 min. Production of cellulase was confirmed by the formation of a yellow-opaque area around the colonies. The diameters of the colony and the clear zone were measured.



2.3.3.2 Amylase assay

Sterilized medium of Starch Agar Medium (Hankin and Anagnostakis, 1975) was aseptically transferred to 90mm Petri dishes and inoculated with a 5mm agar disc cut from the 5-day-old fungal culture of each isolate separately and incubated at 26 ± 2°C in darkness for 3 to 5 days. Next, the plates were flooded with 1% iodine in 2% potassium iodide. The clear zone formed surrounding the colony was considered positive for amylase activity.



2.3.3.4 Proteolytic assay

Proteolytic plate assay for the antagonistic microbes (T. harzianum MC2 and T. harzianum NBG) were done on Skimmed Agar media (Berg et al., 2005). The inoculation was done in a similar way to cellulose and amylase assays and incubated at 26 ± 2°C in darkness for 3 to 5 days. A clear halo formed around the colony showing positive proteolytic activity.




2.3.4 Characterization of antimicrobial compound profile through LCMS

Liquid chromatography and mass spectroscopy were performed to analyze the secondary metabolite profile of the two best fungal bioagents in terms of qualitative assessment and inhibitory activity, T. harzianum MC2 and T. harzianum NBG. Sample preparation was done using a solvent extraction method. Fungi were individually inoculated in 250ml Erlenmeyer flasks containing 100ml of the medium and incubated at 28°C for one week with periodical shaking at 150rpm. After seven days of inoculation, the culture media were filtered in a solvent containing methanol: chloroform in the ratio of 1:2 and kept at 28 ± 1°C overnight. The lower aqueous layer was discarded, and the upper solvent layer was retained and concentrated in a rotary evaporator (IKA®, Staufen, Germany) to retrieve the crude compound. The dried powders were further dissolved in 2ml of HPLC-grade methanol and filtered through a 0.22µm syringe filter. LC-MS was done using Waters Alliance e2695/HPLC-TQD Mass spectrometer. 2µl injection volume was used and the compounds were separated on ACCUCORE C18 (150X4.6, 2.6µm, ACQ-TQD-QBB1152). Elution was done using 5% acetonitrile (solvent B), and 95% ammonium acetate (5 mM), mixed by Waters Alliance 2695 HPLC Pump. The flow rate was maintained at 0.6 ml/min. The total analysis time was 40 minutes. The column thermostat was maintained at 35°C while the autosampler equipment was operated at 20 °C. The eluted compounds were ionized using electrospray ionization (ESI) in the positive mode and detected using the MS detector coupled to the HPLC system. Data were scanned in the mass range of 200–2000m/z. The evaluation of the MS profile was performed using molecules downloaded from PubChem and analyzed via Mestrenova (MNOVA) software version 14.3.0 (Willcott, 2009).




2.4 In planta experiment

Assessment of plant growth promotion and disease suppression by two T. harzianum MC2 and T. harzianum NBG was done in Tomato variety Pusa ruby at Orchard located in Assam Agricultural University, Jorhat. Disease suppression was observed in artificially inoculated bacterial wilt caused by the pathogen R. solanacearum. Pathogen suspension was prepared in TTC broth and placed in a shaking incubator for 1 week at 25 ± 2°C, maintaining 108 CFU ml−1. Pure cultures of T. harzianum MC2 and T. harzianum NBG were refreshed on PDA media for 4 days at 25°C. The inoculum was prepared in potato dextrose broth and placed in a shaking incubator for 1 week at 25 ± 2°C (Mwangi et al., 2011). Rhizospheric soil was dug up to 5 cm, and 5 ml of conidial suspension of 107 ml−1 of Trichoderma was poured into the holes dug. Eight treatments (T1-T8) with three replications were performed, T1 was categorized as untreated control (healthy), while T2 treatment was inoculated with both T. harzianum MC2 and T. harzianum NBG. Additionally, T3 and T4 treatments were inoculated separately by T. harzianum MC2 and T. harzianum NBG. T5 was inoculated with only pathogen R. solanacearum, while T6 and T7 were treated with R. solanacearum along with T. harzianum MC2 and T. harzianum NBG, respectively. Treatment T8 was inoculated with R. solanacearum and both the bioagents T. harzianum MC2 and T. harzianum NBG. Both the pathogen and bioagents were applied after 10 days of transplanting in 3-week-old seedlings. Disease incidences and agronomic characteristics like root and shoot length, number of leaves, number of fruits per plant, and yield were evaluated. The formula used for disease incidence was:

	


2.4.1 Root colonization studies by electron microscopy

Seven-day-old tomato seedlings were used for scanning electron microscopy studies. The seedlings were initially treated with Ralstonia solanacearum for 15 mins followed by treatment with T. harzianum MC2 and T. harzianum NBG. Again, another set of seedlings was maintained as a control by being treated only with Ralstonia solanacearum. They were planted in sterilized soil and kept in sterile conditions. After seven days, seedlings from both treatment and control were randomly selected and subjected to electron microscopy studies. Tomato seedling roots were fixed in 2% glutaraldehyde (made up in a 0.1 M cacodylate buffer) in the refrigerator (8°C) for 1.5 hr. Samples were washed twice in the same buffer for 10 min, postfixed in 1% OsO4 for 4 hrs, and dehydrated as follows: 30%, 50%, 70%, 85%, and 95% ethanol for 15 min; 100% ethanol, twice for 15 min each. The Critical Point Drying (CPD) method, platinum coating, and an Amray 1600 scanning electron microscope operating at 20 kv were used for the scanning electron microscopy.




2.5 Statistical analysis

The experiment was designed in a randomized block design (RBD) comparing the treatments using critical difference (CD) at a 5% level of significance. A total of 8 treatments were maintained in 3 replications. The data were subjected to analysis of variance (ANOVA) using an online statistical analysis package (OPSTAT, Computer Section, CCS Haryana Agricultural University, Hisar 125004, Haryana, India).




3 Results


3.1 Isolation and screening of rhizospheric microbes

A total of five hundred and eighty (580) rhizospheric microbes were isolated from the one hundred and forty-five (145) rhizosphere soil samples of three solanaceous crops: tomato, brinjal, and chilli. Details regarding the agro-climatic zone, latitudes, and longitudes of soil samples are mentioned in Supplementary Table S1. Among the 580 rhizospheric microbes screened for antagonistic activity, 25 of the isolates demonstrated moderate to strong inhibition antagonistic effects against bacterial pathogen R. solanacearum, and three fungal pathogens, R. solani, F. oxysporum f.sp. lycopersicum and C. gloeosporioides, listed in Supplementary Table S2. The table depicts that out of the 25 active isolates, eight isolates, viz., JC1, JC3, MCG, MC2, NBG, NBY, NC1, and NC2, showed more than 80% activity against all three fungal pathogens, and greater than 35% antagonistic activity against bacterial pathogens. These isolates were further selected for morpho-molecular identification and detailed secondary screening comprehending antagonistic, biochemical, metabolomics, and in planta studies.



3.2 Identification of the potent rhizospheric microbes

Under a microscope, the vegetative hyphae were hyaline and septate with a smooth wall. Conidiophores were highly branched and primary branches were usually formed at nearly 90° to the main axis and lateral branches were more or less uniformly spaced. The phialides were flask-shaped, formed at the tips of the branches in verticillate whorls. Conidia were one-celled, globose in shape, and green-colored with a smooth surface. All eight microbes produced chlamydospores after 5-7 days. Chlamydospores were unicellular, globose in shape formed at the tip of the hypha or within the hyphae. Based on the morphological characteristics of the isolates, all eight promising rhizospheric microbes were tentatively identified as Trichoderma (Rifai, 1969). No major differentiating variations in the morphological characters had been observed among the eight rhizospheric isolates as depicted in Table 1A and Figure 1.


Table 1 | Morpho-cultural characterization of the eight bioagents.






Figure 1 | Morphological characteristics of rhizospheric fungal colonies on PDA media after sporulation with a detailed study of conidiophore, conidia, and phialides under 40X light microscope. (A) MC2 (B) NBG (C) NBY (D) MCG (E) JC1 (F) JC3 (G) NC1 (H) NC2.



The cultural characterization of the eight Trichoderma spp. was done on Potato Dextrose Agar media (PDA). The rate of mycelial growth of the isolates MC2 (Figure 1A) and NBG (Figure 1B) was highest compared to the other isolates. Dense mycelia and high sporulation were observed in the isolates MC2, NBG, and NC1. A moderate amount of sporulation was seen in MCG (Figure 1D), NC1 (Figure 1G), and NC2 (Figure 1H). A slower and low amount of sporulation was observed in the isolates JC1 (Figure 1E) and JC3 (Figure 1F). In terms of culture color, a dark green culture mat was observed in isolate MC2 while bright medium green mats were observed in isolates NC1, NC2, NBG, and MCG. Olive green culture mat with concentric rings was observed in NC1. White mycelial mat with green sporulation zones was observed in JC1 and JC3. Detailed cultural characterization is included in Table 1B.

Morpho-cultural characterization was followed by molecular DNA sequencing. The ITS and tef1α regions were successfully amplified by PCR. PCR amplification of ITS region and tef1α produced the expected size of PCR product showing bands at around 650bp and 1150bp, respectively. Band patterns on agarose gel electrophoresis of ITS and tef1α PCR products of all the eight isolates are shown in Figures 2A, B. Sequence identification based on BLASTn (Nucleotide BLAST) and phylogenetic analysis are summarized in Figure 3, 4 which confirms the strains as Trichoderma spp. The accession IDs of the eight strains were retrieved from NCBI GenBank. All eight sequences are identified as Trichoderma spp. (Table 2). Specimens of Hypocrea. lentiformis, H. lixii, and H. harzianum show no morphologically distinguishing characters from each other and therefore represent one species. H. lixii is the oldest name and hence is considered the correct name for these species (Chaverri and Samuels, 2002; Dodd et al., 2002).




Figure 2 | DNA gel electrophoresis profile generated by (A) ITS and (B) tef1α primers with rhizospheric fungal isolates with 100bp marker, MM, Molecular Marker; Control, Positive control; bp, base pairs.






Figure 3 | Phylogenetic tree of representative isolates of Trichoderma spp. inferred by Maximum Parsimony analysis of ITS1, 5.8s and ITS2 sequences in MEGA X11. The bootstrap support from 500 replications is indicated on the branches.






Figure 4 | Phylogenetic tree of representative isolates of Trichoderma spp. inferred by Maximum Parsimony analysis of Tef-1-α sequences in MEGA 4.0. The bootstrap support from 500 replications is indicated on the branches.




Table 2 | Molecular identification of ITS and tef 1 α based molecular markers.





3.3 Antimicrobial activity of the potent rhizospheric microbes


3.3.1 Inhibition of radial growth of phytopathogens

All eight fungal isolates in general impede ≥80% microbial growth of all the targeted fungal pathogens. Table 3 and Figure 5 show a comparative account of the percent inhibition of eight selected antagonistic microbes against the full growth control plate of the four test pathogens, in absence of any bioagent. Notably, isolates MC2 and NBG apparently surpass the other six isolates in terms of their antagonistic potential against the fungal and bacterial test pathogens.


Table 3 | Antagonistic activity of the eight fungal isolates against pathogens causing diseases in solanaceous crops.






Figure 5 | Antagonistic effects of rhizospheric isolates against four plant pathogens, (A) Fusarium oxysporum f sp. lycopersicum, (B) Colletotrichum gleoesporioides, (C) Rhizoctonia solani, (D) Ralstonia solanacearum on solid PDA media after 6 days.



Data recorded for inhibition against F. oxysporum f. sp. lycopersicum reveals maximum inhibition at 92.50% exhibited by the isolate MC2, followed by the isolates NBG and JC1, showing 88.80% inhibitory activity equivalently (Table 3; Figure 5A). Notably other isolates MCG, JC3, NC1, NC2, and NBY also inhibit Fusarium activity within a range of 80% – 83%, as shown in Supplementary Figure S1 in Appendix. Three isolates, NBG, MCG, and MC2 depicted the highest inhibition against C. gloeosporioides, shown in Figure 5B. Table 3 shows that the highest mycelial inhibition rate of 94.44% was recorded in the isolate NBG when confronted with the pathogen, followed by 93.30% and 91.44% shown by MCG and MC2, respectively. The remaining isolates displayed inhibition rates above 85%. The antagonistic ability of eight isolates against C. gloeosporioides is summarized in Supplementary Figure S2. The antagonism potential of the eight strains was also evaluated against R. solani in Figure 5C and Table 3, which represents maximum and complete inhibition by isolates NBG and the isolate MC2 with 100% inhibition rate. Antagonism intensity measured as the inhibition percentage for NC1 and JC1 is calculated as 98.66% and 97.00%, respectively, while the rest of the strains show better rates between 88% – 94%. Supplementary Figure S3 gives a representation of all eight isolates against R. solani.

The maximum suppression measured in terms of the highest zone of inhibition of the pathogen R. solanacearum was recorded in the isolate MC2 (51.00%) followed by the isolate NBG (46.29%). The rest of the isolates also exhibited zone of inhibition over 30 percent against the growth of the pathogen (Figure 5D, Table 3).



3.3.2 Effect of volatile compounds on target pathogens

To further justify the antagonistic ability of the eight microbes, the antifungal and antibacterial effects of volatile compounds produced by the eight promising rhizospheric microbes were investigated in vitro. The results of the inhibition of the pathogen growth by the isolates are summarized in Table 4 and Figure 6. The highest percent inhibition was recorded in the isolate MC2 (77.11%) followed by NBG (75.55%) and JC1 (66.66) against the radial mycelial growth of F. oxysporum f. sp. lycopersicum, which were significantly superior to percent inhibition exhibited by the other isolates, clearly shown in Table 4 and graphically represented by Figure 6A. Figure 6B shows a limited growth of C. gloeosporioides attributed to the presence of volatile compounds in the isolates. Maximum inhibition of 73.33% was observed in the isolate NBG, followed by 72.22% in the isolate MC2, shown in Table 4. Pictorial representations of all the eight isolates inhibiting the two test pathogens are compiled in Supplementary Figures S5 and S6 for F. oxysporum f. sp. lycopersicum and C. gloeosporioides respectively. No significant inhibition was observed in any of the isolates against R. solani.


Table 4 | Effect of volatile compound production of promising rhizospheric microbes on fungal pathogens.






Figure 6 | Dual culture assay for bioactivity of volatile organic compounds of the rhizospheric isolates on plant pathogens: (A) Fusarium oxysporum f.sp. lycopersicum, (B) Colletotrichum gleoesporioides. The bioagent culture was on the bottom and the test pathogen culture was on the lid facing downwards. Both the bioagent and pathogen were grown on PDA and exposed to each other for 7 days.





3.3.3 Effect of non-volatile compounds on target pathogens

A study was conducted to investigate the non-volatile compounds production potential by the eight promising rhizospheric microbes; the three highest inhibitions against each of the pathogens are shown in Figure 7. The data reveals that the strains secreted non-volatile metabolites in all three concentrations into the liquid medium and the filtrates inhibited the growth of pathogens. Evaluation of produced non-volatile components showed noticeable performance on inhibiting the mycelial growth of pathogens at 50% concentration of the filtrates. The percent inhibition of all the pathogens was calculated and compared to the pathogen on obtaining its full growth in the control plate (Table 5). Against R. solanacearum, the highest inhibition zone was produced by the isolate MC2 (51.00%). Isolate NBG showed the highest inhibition against all three fungal pathogens with 95.55%, 97.00%, and 96.33% inhibition recorded against F. oxysporum f. sp. lycopersicum, C. gloeosporioides, and R. solani, respectively. On average, all the isolates showed acceptable inhibition, compiled in Supplementary Figures S4, S7–S9.




Figure 7 | Effects of cultural filtrates of rhizospheric isolates on the growth of four plant pathogens: Fusarium oxysporum f sp. lycopersicum, Colletotrichum gleoesporioides, Rhizoctonia solani. The highest inhibition of the pathogens was observed at 50% concentration of culture filtrate with PDA media for fungal pathogens.




Table 5 | Effect of non-volatile compound production of promising rhizospheric microbes on pathogens.





3.3.4 Qualitative assay of extracellular enzymes

The eight promising rhizospheric microbes were tested for their ability to secrete extracellular enzymes against pathogens causing diseases in solanaceous crops. All eight fungal strains expressed relevant cellulolytic (Figure 8A) and amylase activity (Figure 8B) which was evident from the distinct yellow halo zone surrounding their colony growth portion (Table 6). The greater the zone the more the enzymes are secreted. However, proteolytic activity was expressed by four out of the eight promising rhizospheric microbes with a distinct opaque zone surrounding their colony (Figure 8C).




Figure 8 | Zonations of fungal microbial colonies in qualitative plate assay showing the release of cellulase, amylase, and protease enzyme by rhizospheric isolates. (A) Cellulase (B) Amylase (C) Protease.




Table 6 | Activity of the eight promising bioagents to secrete extracellular enzymes.





3.3.5 Analysis of antimicrobial compounds through LCMS

Antagonism of the isolates necessitated the exploration of possible antimicrobial compounds released by the isolates. Such a metabolomics study is relevant to clearly understand the antimicrobial behavior of the isolates. Based on the secondary screening to evaluate potential antimicrobial activities, two of the isolates, T. harzianum MC2 and T. harzianum NBG were further considered for identification of bioactive compounds via LCMS that may contribute towards developing the isolates as effective bioagents.

Figures 9A, 9B represent the total ion chromatogram (TIC) for metabolites from cell-free supernatants of T. harzianum MC2 and T. harzianum NBG, respectively. It is clearly indicative of the presence of various active metabolites in methanol: chloroform crude extract of T. harzianum MC2 and T. harzianum NBG, respectively. Tables 7A, B enlisted 15 and 17 compounds from the extract of T. harzianum MC2 and T. harzianum NBG, respectively, indicated by their chromatographic and spectral characteristics identified by Mestrenova (MNOVA). Individual mass spectra of all the compounds are compiled in Supplementary Figures S10, S11.




Figure 9 | Total ion chromatogram of LC-MS-ESI of cell free filtrates of Trichoderma isolates which outstood the in vitro antagonistic assays. (A) NBG (B) MC2.




Table 7 | List of antimicrobial compounds retrieved from LCMS analysis of T. harzianum MC2 and T. harzianum NBG.





Both the isolates released a set of compounds that can be broadly distinguished as diterpenes, sesquiterpene, butenolide, polyketide, alkaloid, ketones, and several other classes of molecules. A marked diversity of the secondary metabolites can be observed in both the bioagents which may correspond to their widely shown antagonisms. Tables 7A, B represent the compounds along with their chemical formulae, retention time, match score, similarity indices, and the known functions of the compounds. Non-volatile antifungal substances such as gliotoxin, cremenolide, viridin are reported from the LCMS extract of NBG. Trichodin A, viridiol, and 5-hydroxyvertinolide are some compounds that are retrieved from the extract of MC2. Figures 10A, 10B illustrate the LCMS spectra of molecules with the highest abundance in the extracts of the two Trichoderma isolates.




Figure 10 | Mass spectra and chemical structure of four abundantly found antimicrobial compounds in (A) Trichoderma harzianum NBG - i) Isoechinulin A, ii) Ergosterol, iii) Coprogen D, and iv) Pyridoxatin. (B) Trichoderma harzianum NBG - i) Gliotoxin, ii) Harzianic acid, iii) Cremenolide D, and iv) Flaviolin.





3.3.6 Biocontrol assessment of T. harzianum MC2 and T. harzianum NBG in controlling bacterial wilt in field experiments

Post in vitro biochemical and metabolomics analysis, the two most potential isolates T. harzianum MC2 and T. harzianum NBG retrieved from the rhizosphere soil of brinjal and chilli were assessed as biocontrol agents to control R. solanacearum in tomato plants. Tomato variety Pusa Ruby was used in the field experiment. The field evaluations were performed in Orchard, Assam Agricultural University, Jorhat. The first field experiment was done in the first week of December 2021 and the second field experiment was done in the third week of November 2022. The factorial design followed was Randomized Block Design with 8 treatments and 3 replications. Thirty beds of dimensions 2.4m x 2.0m were prepared maintaining the spacing of 0.6m row to row. In each bed, 16 seedlings were transplanted. In both years, the final harvest was done in the fourth week of the fourth month and subsequently, final data was taken along with it. The results are summarized in Table 8 and Figures 11A–D. The results achieved were similar to laboratory assays.


Table 8 | Disease incidence and growth parameters of eight treatments at harvest.






Figure 11 | Biocontrol of bacterial wilt of tomato under field conditions using Trichoderma harzianum MC2 and Trichoderma harzianum NBG. (A) (T1) = Untreated control (C) (T5) = plants inoculated with Ralstonia solanacearum (B) (T2) = plants treated with both bioagents Trichoderma harzianum MC2 + Trichoderma harzianum NBG (D) (T8) = plants treated with Trichoderma harzianum MC2 + Trichoderma harzianum NBG and challenged with Ralstonia solanacearum.



In a set of eight treatments shown in Table 8, no disease incidences were recorded in untreated plots (under treatment T1, Figure 11A), under the individual applications of T. harzianum NBG (treatment T3) and T. harzianum MC2 (treatment T4) as well as combined treatment T2 which includes both T. harzianum MC2 and T. harzianum NBG (Figure 11B). Furthermore, the biocontrol efficacy of the two bioagents was assessed when inoculated alongside R. solanacearum (Table 8). There was a 100% incidence of wilt upon introduction of R. solanacearum (treatment T5, Figure 11C) which was lowered to 61-77% when inoculated with NBG (T6) and MC2 (T7) isolates. A significantly reduced wilt incidence of 52.50% was recorded in the plot treated with both T. harzianum MC2 and T. harzianum NBG (T8, Figure 11D) compared to other treatments. These results are clearly in agreement with the biocontrol potential of the two isolates for efficiently controlling bacterial wilt. In the combination treatment T8 (T. harzianum MC2 and T. harzianum NBG), a noticeable rise in the growth parameters and yield was observed as compared to inoculated control plot T5 (bacterial wilt infected). An increment of 54.49% in yield and a reduction of 47.50% in disease incidence was observed in the treatment T8 in comparison with the control. Shoot length, number of branches and fruits per plant, yield, and dry weight of root and shoot were also measured. On average, application of treatment T8 showed maximum overall increase in shoot length (mean = 74.66cm), number of branches (34.66cm), fruits (mean = 40.33/plant), dry shoot and root weights measuring 37.66g and 16.66g, respectively, at the time of final harvest. These results suggest that both isolates have the potential to increase tomato plant growth.



3.3.7 Scanning electron microscopic observations

Seedlings treated with both R. solanacearum and Trichoderma were observed to be healthy when compared to wilted seedlings only treated with R. solanacearum. Primary root sections of the healthy tomato seedlings when examined by SEM revealed that mycelia of the isolates T. harzianum MC2 and T. harzianum NBG consistently colonized on the surface of roots (Figure 12). However, primary root sections of the untreated wilted plants revealed a damaged epidermal root surface.




Figure 12 | Scanning electron microscopy of primary roots of tomato seedling. (A). Control: Ralstonia solanacearum inoculated- damaged roots. (B–E). Trichoderma harzianum MC2 + Trichoderma harzianum NBG inoculated colonization of Trichoderma spp. in the root surface.







4 Discussion

Dual culture antagonism assays reveal a significant reduction (p<0.05) in the mycelial growth of three fungal pathogens. This was likely due to the competition for available nutrients and space in the growing media (Anke, 1995; Chamedjeu et al., 2019). Three well-known mechanisms are associated with Trichoderma in regulating fungal pathogen growth: competition for nutrients, antibiosis, and myco-parasitism (Harman, 2006). Subtle differences are also observed in mycelial inhibition. This may be attributed to the mycelial diversity prevalent in Trichoderma stains (Anupama et al., 2015). In the present study, significant inhibition by Trichoderma was also ascertained in dual culture with R. solanacearum, supporting the use of the isolates in the management of bacterial wilt diseases. Such antagonism by both the fungal and bacterial pathogens may be attributed to the synthesis of certain molecules that inhibit the pathogen growth, as evident from the inhibition zone around its growth in vitro (Chamedjeu et al., 2019).

Additionally, in vitro assays were conducted to study the volatile and non-volatile antimicrobial compounds secreted by the bioagents against the pathogens. The isolates studied in the present work were evidently found to inhibit the mycelial growth of fungal pathogens within the range of 50-100%. The isolates studied in the present work were clearly able to inhibit 95-100% growth of the fungal pathogens. Such an antibiosis activity is possibly contributed by antifungal compounds released by the isolates which are evaluated subsequently in the present study. Active involvement of volatile and non-volatile organic compounds to inhibit fungal growth is previously reported (Morath et al., 2012). The emission of valuable volatile metabolites by Trichoderma species with antimicrobial properties inducing a defense response in plants is a notable discovery of recent times (Anupama et al., 2015; Wonglom et al., 2020). Most of the compounds identified belong to alcohols, acids, esters, ketones, and sesquiterpenes (Reino et al., 2008). Besides antagonism, the eight isolates stand positive for cellulase, amylase, and protease production test. The skeleton of pathogenic fungi cell walls contains chitin and enzymes, the enzyme capable of hydrolyzing these components must be released by a successful antagonist. A clear zone surrounding the microbial colonies is seen in the extracellular enzyme production. The qualitative assessment thus shows the ability to hydrolyze these enzymes, signifying their contribution as potent biocontrol agents. It is known that Trichoderma directly attacks the plant pathogen by excreting lytic enzymes by partial degradation of the pathogen cell wall (Haran et al., 1996).

The effect of two isolates, T. harzianum MC2 and T. harzianum NBG that stood out in the inhibition of mycelial growth of plant pathogens and biochemical assays were subsequently considered for biochemical evaluation of the antibiosis mechanism. It is a clear revelation from the LCMS analysis that the two best-performing isolates NBG and MC2 release a set of secondary metabolites previously recognized with anti-microbial activity. Apart from a few similar compounds, both isolates secrete different sets of metabolic compounds. As a result, despite belonging to the same taxon, the fungi may have different antibiosis mechanisms. A few compounds were predicted, while a few peaks from the LCMS analysis remained unidentified to previously reported metabolites, which may be indicative of novel compounds that aid in the antibiosis activity of the isolates and are subject to further investigation. Trichodin A, viridiol, 5-hydroxyvertinolide, pyridoxatin, alternariol monomethyl ether, and isoechinulin are released by T. harzianum NBG, which possess antifungal and antibacterial properties against different phytopathogens. Additionally, gliotoxin, harzianic acid, cremenolide, and cyclopenol are metabolites released by T. harzianum MC2 which are suspected to be antifungal in nature. The metabolomics analysis is evident and suffices for the biocontrol activity of the two agents.

Preliminary investigations on the diversity of the Trichoderma isolates performed by phylogenetic analysis provide significant taxonomic knowledge of the isolates. Among the eight isolates, most of them align distinctly with several other regions of India, based on the ITS phylogenetic marker. The isolate JC1 closely aligns with a T. asperellum (MW487267) isolated from groundnut rhizosphere. Similarly, the isolate NBY matches an endophytic T. lixii strain (KY425729) retrieved from the leaves of black rice. T. harzianum Thar12 (KU317844) isolated from soil from a vegetable field is phylogenetically similar to the isolates MC2 and JC1. Another isolate, T. harzianum KM14 (MK517774), which is reportedly derived from rhizospheric soil of ginger, is similar to the isolate NBG used in the current study. Because of the eminent genomic similarity, it may be inferred that the biocontrol activities established from the eight isolates may also harbor antibiosis activities if exploited against the aforementioned crops. However, NC1, NC2, and MCG are isolates that do not match any specific region of the Indian subcontinent. Such biodiversity may account for diverse applications in the field as biocontrol agents. Limited interspecific and intraspecific distances with no overlap help to separate the Trichoderma spp. in the current study. The isolates belong to the same species of genus Trichoderma, but show diverging evolutionary relationships in the phylogenetic tree, which can be further subjected to sequence polymorphism studies. It was found that the dataset obtained from the amplification of the tef1α region did not have a good number of similar matches with the isolates retrieved from NCBI. Furthermore, the analysis based on the maximum similarity percentage of the tef1α region of our isolates is exclusive of strains originating in the northeastern region, or any other part, of India.

We demonstrated the efficacy of the two strongest antagonistic bioagents (T. harzianum MC2 and T. harzianum NBG) in replicated field trials conducted during the 2021-2022 crop season of Rabi. The field data presented in the current study clearly establishes the potential of our formulation to work against bacterial wilt caused by R. solanacearum in solanaceous crops, which is a major disease of the Solanaceae family worldwide (Ahmed et al., 2022). Along with its efficacy in controlling wilt, the bioformulations in different forms of ingredients are also successful in promoting robust plant growth. The improved mechanism of biocontrol and growth enhancement may be attributed to the production of secondary metabolites and extracellular enzymes as seen in biochemical studies performed in this research work. Future research should investigate the potential impact of constitutive genes prominently implicated in mycoparasitism to the in planta efficacy.



5 Conclusion

Upon meticulous examination inclusive of in vitro, in silico, and in planta experiments, the conclusion of this study contributes to future research in the field of plant pathology as well as the emergence of potential biopesticide agents. In this regard, the use of the eight bioagents, in particular T. harzianum MC2 and T. harzianum NBG, for assessment within a disease management framework as eco-friendly and environment-friendly substitutes to pesticides is recommended. In addition, such a study integrated with a systems biology approach could further help to predict and characterize the microbiomes that will help to identify the underlying mechanisms for curbing pathogenic systems.
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Chrysanthemum White Rust (CWR) caused by Puccinia horiana Henn. is a major disease in the production process of chrysanthemum, which is widely spread all over the world and can be called “cancer” of chrysanthemum. To clarify the disease resistance function of disease resistance genes can provide a theoretical basis for the utilization and genetic improvement of chrysanthemum resistant varieties. In this study, the resistant cultivar ‘China Red’ was used as the experimental material. We constructed the silencing vector pTRV2-CmWRKY15-1 and obtained the silenced line named TRV-CmWRKY15-1. The results of enzyme activity after inoculation with pathogenic fungi showed that the activities of antioxidant enzymes SOD, POD, CAT and defense-related enzymes PAL and CHI in leaves were stimulated under the stress of P. horiana. In the WT, the activities of SOD, POD and CAT at the peak value were 1.99 times, 2.84 times and 1.39 times higher than that in TRV-CmWRKY15-1, respectively. And the activities of PALand CHI at the peak were 1.63 times and 1.12 times of TRV-CmWRKY15-1. The content of MDA and soluble sugar also confirmed that chrysanthemum was more susceptible to pathogenic fungi when CmWRKY15-1 was silenced. The expression levels of POD, SOD, PAL and CHI at different time points showed that the expressions of defense enzyme related genes were inhibited in TRV-WRKY15-1 under the infection of P. horiana, which weakened the ability of chrysanthemum to resist white rust. In conclusion, CmWRKY15-1 may increased the resistance of chrysanthemum to white rust by increasing the activity of protective enzyme system, which laid a foundation for breeding new varieties with disease resistance.
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1 Introduction

Chrysanthemum is one of the most economical and popular flower crops with rich colors and patterns. CWR caused by P. horiana is one of the most important destructive diseases in the production process of chrysanthemum, which is widely spread around the world (Ye et al., 2005; Zeng et al., 2013; Bonde et al., 2015; Deenamo et al., 2018; Wang et al., 2020). The pathogens are obligate biotroph, which colonize young leaves and flower buds. They are easiest to germinate at 10-25 °C. The fungus produce only two spore stages, teliospores and basidiospores. Studies under the microscopes revealed that the telial pustules were found mostly on the lower side of the leaves (Zeng et al., 2013). During the period of infection with CWR, the pale-green to yellow white rust spots are found on the upper surface of the leaf. Centre of the spots turns brown and necrotic upon aging (Kumar et al., 2021). The disease caused degradation of flower quality and resulted in up to 100% yield loss, thus causing destructive damage (Bety and Pangestuti, 2021). At present, the research on chrysanthemum white rust is mostly focused on physical therapy and chemical therapy (Dheepa et al., 2016; Torres et al., 2017). Although biological fungicides and chemical fungicides can control the occurrence of CWR, P. horiana has developed resistance to various fungicides through gene mutation encoding the target protein of fungicide (Matsuzaki et al., 2021; Nuryani et al., 2021; Gavrilescu and Chisti, 2005). At the same time, excessive use of fungicides will cause serious environmental pollution. Therefore, breeding and popularizing disease-resistant varieties is the most economic, effective and environmental protection measure to control the occurrence of CWR (Bety and Pangestuti, 2021; Mekapogu et al., 2021). Looking for disease resistance genes and exploring disease resistance functions can provide theoretical basis for utilization of resistant chrysanthemum varieties and genetic improvement of varieties.

In the process of long-term co-evolution of plants and pathogens, many effective defense systems have been formed, in which the protective enzyme system plays a very important role. In plants, antioxidant enzymes (SOD, POD, CAT) and defense-related enzymes (PAL, CHI) are important components of the protective enzyme system (Liao et al., 2022). Wang found that the SOD, POD and PAL activities in immune specie increased rapidly after inoculation with P. horiana, however SOD, POD and PAL remained at a low and steady level in the highly susceptible one (Wang et al., 2020). WRKY is one of the largest families of transcriptional regulators in plants and is also an important regulator involved in signal transduction and transmission (Rushton et al., 2010). WRKY transcription factors not only participate in the process of plant seed development, but also can be induced to express in the response to various biological stress (Si et al., 2019). In this process, the activities of protective enzymes often changed. Wang found that compared with wild-type tobacco, the activities of SOD, POD and ascorbate peroxidase (ASP) in transgenic tobacco overexpressing JsWRKY1 were significantly enhanced after inoculation with Colletotrichum gloeosporioides (Wang et al., 2016). Overexpression of FvWRKY42 in Arabidopsis thaliana will increase the enzyme activities of SOD and CAT in transgenic lines and increase the resistance to powdery mildew (Wei et al., 2018). Overexpression of GhWRKY39 in cotton significantly enhanced the activities of SOD,POD and CAT in transgenic lines, thus enhancing the defense against pathogens (Shi et al., 2014). In the early stage, we obtained the differentially expressed gene CmWRKY15-1 through transcriptome sequencing (Dong et al., 2018). But, How does this gene change the physiological defense function in Chrysanthemum after inoculation with P. horiana is still unknown.

VIGS vector is a standard binary Ti plasmid derived vector, in which part of the virus genome is inserted for plant transformation mediated by Agrobacterium tumefaciens. VIGS vector is a recombinant virus, which can carry a segment of endogenous genes of the host. As a reverse genetics tool for studying plant gene function, VIGS is widely used because of its convenience (Gao et al., 2022). In this study, the resistant cultivar ‘China Red’ was used as experimental material. We obtained TRV-CmWRKY15-1 transient silenced lines using VIGS transient silencing technology. Under the condition of pathogen infection, the activity of related enzymes and the expression of resistance related genes were measured. Then we identified the physiological response of CmWRKY15-1 to chrysanthemum white rust and analyzed the disease resistance function of CmWRKY15-1, which provides a theoretical basis for future chrysanthemum resistance breeding experiments.




2 Materials and methods



2.1 Plant materials and vectors

The white rust-resistant chrysanthemum cultivar ‘China Red’ was obtained from the laboratory of the Forestry College of Shenyang Agricultural University; the pTRV1 and pTRV2 plasmids were presented by Professor Zhu Pengfang of the Forestry College of Shenyang Agricultural University.




2.2 Reagents and culture medium

Infestation solution: 1 mmol · L-1 MgCl2, 10 mmol · L-1 MES, 200 μmol·L-1AS; Kanamycin: 50 mg · L-1; Rif: 50 mg · L-1; LB culture medium: tryptone 10 g, yeast extract 5 g, NaCl 5 g, distilled water to a constant volume of 1 L; YEP culture medium: tryptone 10g, yeast extract 10g, NaCl 5g, distilled water to a constant volume of 1 L.




2.3 pTRV2-CmWRKY15-1 instantaneous silencing system establishment of ‘China Red’

We selected a 216 bp fragment outside the conservative region as the silence fragment, based on the CmWRKY15-1 reference sequence (GenBank: KC615369.1) and pTRV2 plasmid vector. We used the primer CmWRKY15-1-F/R (Table 1) for PCR amplification and recovered the product. EcoRI and BamHI were selected for double digestion of vector plasmid and recovered fragment. We used T4DNA ligase to connect the target fragment with the vector and transformed it into the competent state of Escherichia coli. We performed PCR validation on coliform solution and screened positive clones. The resulting plasmids were transformed into Agrobacterium tumefaciens strain EHA105 by freeze-thaw method.


Table 1 | Primers used in this study.



The Agrobacterium tumefaciens of pTRV1, pTRV2, pTRV2-CmWRKY15-1 were divided into LB solid medium containing kanamycin and rifampicin, and the medium was inverted into an incubator at 28 °C for dark culture for 2 days. We put the single colony into 10 mL LB liquid culture medium containing kanamycin and rifampicin. Cultures were incubated at 28°C incubator with shaking at 180 rpm for overnight until the bacterial solution is turbid. We took 1mL of the above liquid into 100mL YEP liquid medium, and used a 200 r · min-1, 28 °C shaking incubator to reproduce Agrobacterium until the concentration reached OD600≈0.8~1.0. After centrifugation at 6000 r·min-1 for 10 min, the pelleted bacteria were resuspended in infiltration buffer (10 mmol·L-1 MES, 1 mmol·L-1 MgCl2, 200 μmol·L-1 AS). Then we mixed pTRV1 bacterial solution with pTRV2、pTRV2-CmWRKY15-1 bacterial solution in a volume of 1:1, and placed them for 3 hours at room temperature. WT untreated was used as negative control group, pTRV1 and pTRV2 mixed bacterial solution was used as positive control group, and pTRV1 and pTRV2-CmWRKY15-1 mixed bacterial solution was used as experimental group.

We chose the 30 day old, 6-8 leaf stage, robust ‘China Red’ tissue culture seedlings, and soaked the whole plant in the control group and experimental group bacterial solution for 1h. There were 3 seedlings in each group, and a total of 8 groups were treated. Then we took out the plants and washed them with sterile water until there were no residual bacterial liquid on the surface. Next we planted them on MS culture medium, cultured them in dark at 25°C for 1 day, and then placed them in a tissue culture room at 25 °C, under a 16-h light/8-h dark photo-period for further culture.




2.4 Acquisition and identification of transgenic plants

In order to verify whether the gene was successfully silenced, we took samples three days after infection. We extracted total RNA from leaves of the ‘China Red’ using the RNA prep Pure Plant Kit (TIANGEN, Beijing), and synthesized first-strand cDNAs using the Prime Script™II 1stStrand cDNA Synthesis Kit following the manufacturer’s protocol (TAKARA, Japan). Then we used these cDNAs as templates, designed specific primers according to the coat protein gene sequence of TRV2 (registration number: Z36974.2) for PCR detection. At the same time, the gene expression of CmWRKY15-1 in leaves was detected by qRT-PCR with primer CmWRKY15-1-RT-F/R using chrysanthemum Actin internal reference factor as control.




2.5 Verification of disease resistance function of CmWRKY15-1

We selected WT and silenced lines with good growth to inoculate P. horiana, the specific method of inoculation refer to the literature (Gao et al., 2021). Leaves of WT and silenced lines were sampled at 0, 24, 48, and 72 h after inoculation with P. horiana. Frozen leaf samples of WT and silenced lines of ‘China Red’ were used to measure the activity of defense enzymes, namely, SOD, POD, CAT, PAL and CHI. SODand POD activities were measured following the protocol by Sun (Sun et al., 2013). CHI, CAT and PAL activities were measured following the protocol by Kwon and Liu (Kwon & Nguyen, 2003; Liu et al., 2005). The content of MDA was determined following the method by Tsikas (Tsikas, 2017). The content of soluble sugar was determined by Dien (Dien et al., 2019). In addition, the relative expression levels of defense enzyme related genes PAL, CHI, SOD and POD were quantified by qRT-qPCR. All experiments were performed with three biological replicates. Primers are shown in Table 1.




2.6 Data processing and statistical analysis

The data obtained from the experiment were summarized by Excel 2013 and analyzed and verified by SPSS statistics analysis software.





3 Results



3.1 Construction of pTRV2-CmWRKY15-1 vector

The target fragment and pTRV2 vector were double digested with EcoRI and BamHI, and the 216 bp fragment (Figure 1A) conforming to the target band size of CmWRKY15-1 and pTRV2 carrier large fragment were recovered respectively. We used T4DNA ligase to connect the recovered product overnight and transformed it into the escherichia coli. We performed PCR validation on coliform solution and the target band was appeared at 216 bp (Figure 1B). At the same time, double enzyme digestion was performed to verify that the target fragment and vector fragment were cut out, which proved that the silencing vector pTRV2-CmWRKY15-1 had been successfully constructed (Figure 1C). Then we transformed the recombinant plasmid into the Agrobacterium tumefaciens EHA105 by freeze-thaw method, and the corresponding target fragment appeared after the bacterial solution PCR verification (Figure 1D). Last, we mixed Agrobacterium tumefaciens solution with glycerol and stored at -80°C for standby.




Figure 1 | Construction of pTRV2-CmWRKY15-1 recombinant plasmid. (A) Target gene fragment: M, Marker; 1: Silent fragment of CmWRKY15-1. (B) Bacterial culture PCR for specific fragments: M, Marker; 1: First round PCR; 2: Second round PCR; 3: Third round control; 2: Second PCR;4:Fourth round PCR. (C) Double enzyme digestion verification: M, Marker; 1: positive round PCR; 3: Third round PCR; 4: Fourth round PCR; 5: Fifth round PCR. (D) Detection in Agrobactrtium bacterial liquid: M, Marker; 1: First round PCR; 2: Second round PCR; 3: Third round PCR; 4: Fourth round PCR; 5: Fifth round PCR; 6: Sixth round PCR.






3.2 Identification of instantaneous silenced transgenic plants

We used the DNA of the silenced lines as the template, the DNA of WT as the negative control, and pTRV2 as the positive control, then we performed PCR detection with TPV2-F/R. As shown in the figure (Figure 2A), no target band was found in the WT plants, while the plants of the experimental group were able to amplify the target fragment which consistent with the length of pTRV2. This result indicated that pTRV2-CmWRKY15-1 had been successfully transferred into chrysanthemum ‘China Red’. The expression of CmWRKY15-1 gene in WT (negative control), pTRV2 (positive control) and experimental leaves of ‘China Red’ showed that six transient silenced lines were obtained. The expression level of CmWRKY15-1 gene in silenced lines were lower than that of WT and the expression amount were about 30% - 70% of WT (Figure 2B), indicating that CmWRKY15-1 gene were effectively silenced in ‘China red’. The silenced line4 with the highest silenced efficiency was selected as the follow-up test material and named as the CmWRKY15-1 silenced line (TRV-WRKY15-1).




Figure 2 | Identification of silenced chrysanthemum. (A) PCR detection: M, DNA marker; WT, Wild type; pTRV2, Positive control; 1-6, pTRV2-CmWRKY15-1 silenced plants. (B) qRT-PCR analysis of relative expression of CmWRKY15-1; WT, Wild type; pTRV2, Positive control; 1-6, pTRV2-CmWRKY15-1 silenced plants. Error bars show standard deviation of three replicates. Different small letters show significant difference (P<0.05).






3.3 Silencing of CmWRKY15-1 reduced the activity of protective enzymes in chrysanthemum under the infection of CWR

In order to determine whether the silencing of CmWRKY15-1 will affect the activities of protective enzymes in chrysanthemum under the infection of CWR, we measured the activities of antioxidant enzymes (SOD,POD,CAT) and defense-related enzymes (PAL,CHI) in the WT and TRV-WRKY15-1 at different time points. As shown in Figure 3, after inoculation the enzyme activities of SOD and POD in WT and TRV-WRKY15-1 all showed a trend of increasing first and then decreasing. The overall activity of SOD and POD in WT were higher than that in TRV-WRKY15-1 (Figures 3A, B). The enzyme activities of SOD and POD of WT reached the peak value at 24 h after inoculation, which were 2.06 times and 2.84 times of the TRV-WRKY15-1. However, the TRV-WRKY15-1 reached the peak value of enzyme activity at 48h, which were 0.73 times and 0.54 times of the WT (Figures 3A, B). It can be seen that compared with WT, TRV-WRKY15-1 began to respond to pathogen stress later. After inoculation, the activity of CAT in WT and TRV-WRKY15-1 showed a trend of decreasing first and then increasing. Although the activity of CAT in the WT and TRV-WRKY15-1 reached the peak value at 48 h after inoculation, the enzyme activity of TRV-WRKY15-1 was 0.71 times lower than that of the WT (Figure 3C). From the above data, it can be seen that pathogen stress can stimulate the antioxidant enzyme activity in chrysanthemum. Compared with WT, TRV-WRKY15-1 began to respond to pathogen stress later. The silencing of CmWRKY15-1 reduced the enzyme activity in general and weakened the disease resistance of chrysanthemum ‘China Red’.




Figure 3 | Determination of SOD, POD, CAT enzyme activity. (A) SOD activity. (B) POD activity. (C) CAT activity. Error bars show standard deviation of three replicates.The different small letters show significant difference (P<0.05).



PAL and CHI, as key enzymes of defense reaction, play very important roles in enhancing plant disease resistance. As shown in Figure 4, the overall activities of PAL and CHI in WT were higher than that in TRV-WRKY15-1. Although the PAL and CHI enzyme activities in WT and TRV-WRKY15-1 reached their peak values at 48 h, the PAL and CHI enzyme activities were only 0.61 times and 0.81 times of those in WT (Figures 4A, B). It can be seen the silencing of CmWRKY15-1 weakened the defense ability of chrysanthemum, thereby reduced the resistance to white rust.




Figure 4 | Determination of PAL,CHI enzyme activity. (A) PAL activity. (B) CHI activity. Error bars show standard deviation of three replicates. The different small letters show significant difference (P<0.05).



In order to explore the damage degree of WT and TRV-WRKY15-1 at different time points after inoculation, we also measured the content of MDA and soluble sugar. The content of MDA, an osmotic regulator, can directly reflect the degree of plant damage. The accumulation of soluble sugar content can supplement the required nutrients, reducing osmotic potential and maintaining cell osmotic pressure. As shown in Figure 5, after inoculation, the MDA content in WT and TRV-WRKY15-1 showed a trend of increasing first and then decreasing. Except for 24 h, the MDA content in TRV-WRKY15-1 was higher than in WT and reached its peak at 48 h, about 1.85 times of the WT. These indicated that the disease resistance of the TRV-WRKY15-1 was lower than the WT (Figure 5A). It showed that the TRV-WRKY15-1 was more seriously damaged and more vulnerable to damage caused by pathogens infection. However, the soluble sugar content in TRV-WRKY15-1 was slightly lower than the WT, and the overall change trend was first increased and then gradually decreased (Figure 5B). These indicated that the silencing of CmWRKY15-1 weakened the plant’s ability to provide nutrition and energy, decreased the metabolic energy, thus weakened the defense against pathogens.




Figure 5 | Determination of MDA and Soluble sugar content. (A) MDA content. (B) Soluble suger content. Error bars show standard deviation of three replicates. The different small letters show significant difference (P<0.05).






3.4 Silencing of CmWRKY15-1 reduced the expression of defense-related genes in chrysanthemum under the infection of CWR

As shown in Figure 6, the expression of SOD and POD genes in both WT and TRV-WRKY15-1 showed a trend of first increasing and then gradually decreasing after inoculation. Both of them reached the peak at 24 h in WT, about 1.32 times and 1.38 times of that not inoculated (Figures 6A, B). In TRV-WRKY15-1, the expressions of SOD and POD genes reached the maximum value at 48 h, about 1.30 times and 1.41 times of that not inoculated, and 0.89 times and 0.79 times of WT at the same time. The overall expression of SOD and POD genes in TRV-WRKY15-1 were lower than that in WT (Figures 6A, B). The change trend of CHI in WT and TRV-WRKY15-1 after inoculation were similar (Figure 6C), and showed a trend of first increasing and then gradually decreasing. The maximum expression all appeared at 48h, and reached 1.36 times and 1.37 times of that not inoculated, respectively. At the same time, the expression in TRV-WRKY15-1 was 0.83 times of WT (Figure 6C). As shown in Figure 6D, the expression of PAL in WT and TRV-WRKY15-1 showed a downward-upward-downward trend after inoculation, and all reached the peak at 48 h, about 1.25 times and 1.18 times of that not inoculated. At this time, the expression of PAL in TRV-WRKY15-1 was 0.76 times of WT. It can be inferred from the above data that the silencing of CmWRKY15-1 weakened the expression of defense-related genes PAL, CHI, SOD and POD, which was consistent with the results of enzyme activity measurement. These results proved that the silencing of CmWRKT15-1 weakened the activity of protective enzymes in chrysanthemum and reduced the resistance of chrysanthemum to white rust.




Figure 6 | Expression of SOD, POD, PAL, CHI genes. (A) Transcript levels of SOD gene. (B) Transcript levels of POD gene. (C) Transcript levels of PAL gene. (D) Transcript levels of CHI gene. Error bars show standard deviation of three replicates.The different small letters show significant difference (P<0.05).







4 Discussion

Chrysanthemum morifolium are used for cut flowers and potted plants in commercial production regions of the world. Most of the cut flowers of chrysanthemum produced in China will be exported to Japan, South Korea and other countries. Once the quality of cut chrysanthemum is damaged, the export efficiency would be greatly reduced. Preventing flowers from infecting disease is the most effective way to protect the quality of flowers. CWR is easy to occur in the environment of low temperature and high humidity (Yoo and Roh, 2014). The occurrence of CWR reduces the commercial value of chrysanthemum, leading to significant economic losses in the cut flower industry. The pathogen spores are easy to spread by the wind in autumn and winter. Then it quickly infects the leaf surface which brings great difficulties to its prevention and control. Breeding and using resistant varieties is the most economic, effective and environmentally safe measure for disease control (Bety and Pangestuti, 2021; Mekapogu et al., 2021). Breeding new disease resistant varieties through transgenic technology will become an effective way to resist CWR (Gao et al., 2022). In this study, the silencing vector was constructed and successfully transferred to chrysanthemum ‘China Red’. The relative expression of CmWRKY15-1 in TRV-WRKY15-1 lines was 0.3~0.7 times of the WT. The TRV-WRKY15-1 lines could be used as an important resource for disease resistance function analysis of CmWRKY15-1 in the late stage.

SOD, POD and CAT are important antioxidant enzymes in plants. They can reduce or block the damage of reactive oxygen free radicals to plant tissues (Koramutla et al., 2014), and enhance the tolerance of plants to biologic stress and abiotic stress. Xiang found that AtWRKY70 positively regulates the response of Arabidopsis thaliana to biological stress by strengthening the antioxidant enzyme system, maintaining the stability of membrane lipids (Xiang et al., 2021).In apples, when MdWRKY40 was silenced, the enzyme activities of SOD and CAT were significantly enhanced after inoculation with Powdery mildew, and the expression of related genes SOD and CAT were also significantly up-regulated, thus improving the basic resistance of apple plants to powdery mildew (Sha et al., 2021). In addition, excessive accumulation of ROS will also lead to lipid peroxidation inthe biofilm and the accumulation of MDA, which can directly affect the damage degree of plants. Some studies have shown that when rice was inoculated with Magnaporthe grisea, the content of MDA was significantly increased (Hu et al., 2017). In this study, we founded that the SOD, POD and CAT activities of WT were significantly higher than those of TRV-WRKY15-1 within 24~72 h after inoculation.We speculated that the silencing of CmWRKY15-1 delayed the response of antioxidant enzymes to the infection of pathogens. Previous researches also showed that the activity of POD was linked to the cell wall strengthening (Sasaki et al., 2004; Grabber, 2005), in susceptible species, activity of peroxidase enzyme was inhibited (Peters et al., 2017). Here, the lower activity of POD in TRV-WRKY15-1 than WT might also contribute to the cell wall weakening which in turn promotes the pathogen penetration. However, the activity of CAT in WT and TRV-WRKY15-1 were significantly decreased at 24 h, which may be due to the fact that the H2O2 in the plants were still at a safe level. The CAT activity rose sharply at 48 h indicating that the accumulation of H2O2 have exceeded the balance state in vivo at this time. Some studies showed that the activity of antioxidant enzymes did not always increase, the activities gradually decreased with the extension of stress time (Jing et al., 2013). Therefore, in this study, the activities of SOD, POD and CAT of WT and TRV-WRKY15-1 began to decrease in the later stage. In addition, the content of MDA in the WT and TRV-WRKY15-1 were significantly increased at 24 h, which proved that the harm is more serious at this time.

PAL and CHI have been suggested to be involved in plant defense responses against fungal infection (Zhao et al., 2008). PAL is the key enzyme of shikimic acid pathway in plants, and plays a key role in the accumulation of lignin and the synthesis of phytoalexins and phenols. Chitinase can hydrolyze the chitin in the cell wall of the mycelium, thereby destroying the mycelium and inhibiting the growth of the mycelium (Zhang et al., 2020). When the kiwifruit was inoculated with P. expansum, the activies of PAL and CHI increased significantly (Cao et al., 2022). After the lily was infected by Fusarium oxysporum, the PAL and CHI activities showed a trend of increasing first and then decreasing (Zhang et al., 2020). In this study, the activities of CHI increased significantly at 24 h-72 h after inoculation, indicating that the plant’s defense system was stimulated at this time. But the activity of PAL was decreased at 24 h then rose rapidly at 48 h, this result is not consistent with that of other species. We speculated that different species might employ different defensive strategies to cope with pathogen infection. In addition, compared with WT, TRV-CmWRKY15-1 showed lower enzyme activity at any time points, indicating that the silencing of CmWRKY15-1 weakened the defense ability of plants and weakened the resistance of CWR.

In order to further verified the conclusion, we also measured the expression of the genes encoded by the protective enzymes. The results showed that the expressions of SOD, POD, PAL and CHI in both WT and TRV-CmWRKY15-1were up-regulated first and gradually decreased with the extension of inoculation time. In addition, it can be seen that the expressions of TRV-CmWRKY15-1 were lower than that of the WT at any time points. These results were consistent with the results of enzyme activity measurement. In a word, the silencing of CmWRKY15-1 reduced the activity of protective enzymes in chrysanthemum, and CmWRKY15-1 has a positive regulatory effect on chrysanthemum white rust.This result lays a theoretical basis for the cultivation of new chrysanthemum varieties with disease resistance.
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Abiotic stresses are various environmental factors that inhibit a normal plant growth and limit the crop productivity. Plant scientists have been attempting for a long time to understand how plants respond to these stresses and find an effective and feasible solution in mitigating their adverse impacts. Exogenous calcium ion as an essential element for the plant growth, development and reproduction has proven to be effective in alleviating plant stresses through enhancing its resistance or tolerance against them. With a comprehensive review of most recent advances and the analysis by VOSviewer in the researches on this focus of “exogenous calcium” and “stress” for last decade, this paper summarizes the mechanisms of exogenous calcium that are involved in plant defensive responses to abiotic stresses and classifies them accordingly into six categories: I) stabilization of cell walls and membranes; II) regulation of Na+ and K+ ratios; III) regulation of hormone levels in plants; IV) maintenance of photosynthesis; V) regulation of plant respiratory metabolism and improvement of root activities; and VI) induction of gene expressions and protein transcriptions for the stress resistance. Also, the progress and advances from the updated researches on exogenous calcium to alleviate seven abiotic stresses such as drought, flooding, salinity, high temperature, low temperature, heavy metals, and acid rain are outlined. Finally, the future research perspectives in agricultural production are discussed.
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Introduction

Plants are subject to a variety of biotic or abiotic adverse attacks and stresses throughout their entire growth, development and reproduction. These adversities can force plants to suffer from a mild osmotic, oxidative and/or ionic imbalance to serious biochemical and physiological disorders such as disruption of cell membranes, reduced enzyme activity, weakened photosynthesis and respiration, and decreased uptake of mineral elements (AbdElgawad et al., 2016; Zhang et al., 2022). To some degree, plants possess limited capabilities of improving their resilience, resistance or tolerance against some mild stresses through a series of morphological, physiological and molecular adjustments, but they are not strong or sufficient to survive from the severe ones. Therefore, Seeking for exogenous substances to induce or enhance such plant positive responses against irreversible adversities have become an ultimate goal for many researchers working on this field, and a promising, realistic and feasible approach in the current research attempts. So far, many exogenous substances have proven to be beneficial and effective in alleviation of plant abiotic stresses (Feng et al., 2023).

Among exogenous substances discovered to alleviate plant stresses, calcium ion (Ca2+) has proven to be more effective and the cost/benefit efficient, not only as an essential nutrient for the plant growth actively involving in a various metabolic activities and as an intracellular messenger for many signal transductions, such as abscisic acid (ABA), reactive oxygen species (ROS), nitric oxide (NO), et al. (Besson-Bard et al., 2008; Marcec et al., 2019; Shabbir et al., 2022). Different parts of a plant differ in their absorption, translocation and utilization of exogenous Ca2+. The exogenous Ca2+ absorbed by roots is mainly through a mass flow of soil water to the root surface and the apoplastids and coplastids in root vascular bundles for its upward movement due to plant transpiration (Zhou and Wang, 2007). Once being applied on foliage, exogenous Ca2+ enters mesophyll cells mainly through stomata, hydrophilic pores in the stratum corneum, and ectoplasmic filaments distributed on the leaf surface. Once inside plants, free Ca2+ moves through Ca2+ transport systems such as the sphinoplasmic Ca2+ outflow system (Ca2+-ATPase pump), Ca2+/H+ reverse transporter, and cytosolic Ca2+ influx system so that the Ca2+ concentration increases rapidly in tissues where Ca2+ is needed for normal metabolic functions or in response to environmental changes/stresses for an internal homeostasis in plants (Zhou and Wang, 2007). Ca2+ also serves as a cellular messenger when the Ca2+ concentration in cytoplasm is different from that in intercellular space available as a Ca2+ source. A high concentration of Ca2+ in a plant seemly acts as a transmitting signal for the activation of various metabolic and molecular activities. Calcium is inert, difficult to move around in plants, hardly to be reused by cells, and prone to bind to organic acids for a further transportation to and utilization in tissues and cells that really needs it. Moreover, any stresses such as drought, high temperature, low temperature and excessive rain affecting plant transpiration can seriously further reduce the calcium absorption and movement even if soil Ca2+ is available, in which case, a foliar application of exogenous calcium can be critically important for the plant stress tolerance. It has been reported that Ca2+ can help resist adverse irritations or damages to some extent in abiotically stressed plants through five mechanisms, including the regulation of sodium/potassium ion (Na+/K+) ratio and ABA concentration, stabilization of cell walls/plasma membranes, recognition of Ca2+/Ca2+-dependent protein kinases (CDPKs) system, and initiation of specific gene expression (Gong and Wang, 2011). However, the plants under stress are less capable of absorbing and translocating Ca2+, which could seriously impair plant tolerance and resistance against abiotic stresses. Therefore, an external application of different Ca2+ supplements has become a main stream of hot research frontlines to provide a sufficient quantity of usable Ca2+ for crops to fight against abiotic stresses (Heidari et al., 2019).

VOSviewer has been used to analyze all English literature published on the Web of science database for the last decade in the scientific research community. In this review, we also used this application to connect all important subjects (dots) under the keyword of “exogenous calcium” and “stress” to generate a hotspot map of international research reports (Figure 1). In the chart generated through VOSviewer, five research hotspots, such as “plant species”, “growth status”, “accumulation of substances”, “tolerance and response mode” are closely related to “exogenous calcium” and “stress”. As far as the application of exogenous calcium for alleviating plant stresses is concerned, most published papers are focused on the salt and drought stress while fewer studies have been conducted on the stress due to the high temperature, low temperature, flooding, heavy metal and acid rain. In terms of the mechanism pertaining to plant stress alleviation by utilization of exogenous calcium, “oxidative stress”, “photosynthesis”, “osmoregulation”, “gene and protein expression” and “membrane lipid peroxidation” have surfaced as research hotspots in recent years, among which “oxidative stress” and “photosynthesis” are the most studied areas in the past two years.




Figure 1 | Hotspot analysis of English literature on “exogenous calcium” and “stress” in the last 10 years. The size of each dot represents the focal weight of each key word in the literature and the lines between two dots indicate their coupling relationships.



A number of advances have been made and many sophisticated instruments used in researches on application of exogenous calcium for plants to alleviate various stresses. Guo et al. (2021) used an inductively coupled plasma optical emission spectrometer to detect whether the exogenous calcium would increase K+ and Ca2+ abundance, decrease Na+ content in plants, and maintain the ion homeostasis in Gleditsia sinensis Lam. that was under salt stress through regulating the Na+/K+ ratio. He et al. (2015) applied the fluorescent and ultrastructural cytochemical method to determine if exogenous calcium had mitigated hazard effects of flooding stress on plant respiration by regulating the activity of respiratory metabolic enzymes in cucumber cells. Shi et al. (2014a) found that exogenous Ca2+ enhanced plant cold tolerance by promoting the differential expression of redox-related and cellular metabolism-pertaining proteins through a comparative proteomic and metabolomics analysis. Hu et al. (2018) indicated that an exogenous Ca2+ application not only had a positive effect on the integrity and function of plasma membrane but also alleviated peroxidative damages caused by draught stress on chloroplast and mitochondrial membranes. Exogenous Ca2+ have also proven to regulate the ABA content in plants under low temperature along with the hormone levels of gibberellic acid (GA), cytokinin (CTK), and indole-3-acetic acid (IAA) to maintain a balance (Liu et al., 2017). In addition, the degradation of plant chlorophylls, the damage to photosynthetic organs, and the stable performance of plant photosynthesis could be alleviated or prevented by exogenous Ca2+, which was demonstrated through using a portable chlorophyll fluorescence pulsometer (Li et al., 2022a). According to Gong and Wang (2011) the mode of actions with each exogenous calcium applied to alleviate plant stresses has much in common with the mechanism involving in plant responses to abiotic adversities, which is mainly through regulating ion balance, inducing expression of resistance genes and/or proteins, and increasing the enzyme activity and osmoregulatory substance content. However, the mechanisms involved in the plant stress alleviation are more complex and they are not easily or simply classified by one or two features based on regulating, modulating or participating in biological and physiological metabolisms or gene expression. For example, the mechanism associated with the recognition of Ca2+/CDPKs (Gong and Wang, 2011) mainly is through activating key enzymes and further inducing a series of complex physiological and biochemical responses such as production of more resistant proteins and enhancement of gene expressions for plant stress tolerance. So, the CDPKs recognition mechanism should be included into the category of the gene expression. Moreover, under flooding stress, exogenous calcium can also regulate the plant respiratory pathway to increase root activities for plants to withstand flooding stress (Yang et al., 2016; Han et al., 2019). Based on the relevant mechanisms of exogenous calcium on alleviating adversary stresses and the accumulative information shown in the hotspot analysis maps that is generated from the VOSviewer report for last 10 years, this paper intends to summarize the underlying mechanisms of exogenous Ca2+ involved in alleviation of plant abiotic stresses and tentatively place them into six major categories: I) stabilization of cell wall and membranes; II) regulation of Na+ and K+ ratios; III) regulation of hormone levels in plants; IV) maintenance of photosynthesis: V) regulation of plant respiratory metabolism and improvement of root activities; and VI) induction of gene expressions and protein transcriptions for the stress resistance. Since several outstanding papers have outlined other functional aspects of Ca2+ in plants such as its role as a signal messenger, its regulations as a molecular modulator in gene expressions, and its movement through transpiration, etc. (Edel and Kudla, 2016; Marcec et al., 2019; Wang X. et al., 2019; Liu H. et al., 2022), this review has ultimately summarized in detail the research progresses made on studies of exogenous Ca2+ and its effect on alleviation of seven abiotic stresses, drought, flooding, salt, high temperature, low temperature, heavy metals, and acid rain. At the end, a discussion of perspectives for developing experimental approaches that would take those mechanisms into account for use of different exogenous Ca2+ in increasing plant tolerance against abiotic stresses is provided.





Advances in application of exogenous Ca2+ under abiotic stresses




Drought stress

Recent studies on the drought alleviation by exogenous Ca2+ were conducted on 15 plant species and outlined in detail (Table 1), concluding that it actively involved in keeping water content and balance under check through the mechanism I, III, IV and VI when water deficit is encountered in plants under drought stress. Drought stress is one of the most important adversities causing crop yield reduction worldwide (Iqbal et al., 2020), causing imbalance in water metabolism in plants, affecting photosynthesis and bringing adverse effects on plant growth and development. Qin et al. (2019) found that exogenous Ca2+ help promote plants under drought stress to accumulate endogenous Ca2+, especially free Ca2+ content in datura plants that bind the calmodulin and thus directly or indirectly regulate intracellular related enzyme activities and cellular functions to improve seed germination. Hu et al. (2018) found that exogenous Ca2+ treatment under drought stress can stabilize the structure and function of chloroplast, mitochondrial and endosomal systems in chloroplasts, maintain net photosynthetic rate and gas exchange, alleviate the degradation of photosynthate, and ensure the normal operation of PSII. Li et al. (2012) found that exogenous Ca2+ could reduce the stomatal aperture of honeysuckle for adaptation to drought conditions. In addition, Naeem et al. (2017) indicated that the exogenous Ca2+ treatment could increase the relative water content in maize and compensate a water deficit caused by drought to some extent.


Table 1 | List of optimal concentrations of exogenous calcium used to alleviate drought stress on different plants.







Flooding stress

Recent research findings have demonstrated that exogenous Ca2+ (CaCl2 only) is partially or completely participated in all structural, physiological, biochemical and genetic adjustments against flooding stress that causes temporary or prolonged hypoxia in crop roots due to lack of oxygen. The impairments or damages of hypoxia mainly include a blockage of the mitochondrial electron transport chain, a reduced aerobic respiration and an enhanced anaerobic respiration. Thus, a large amount of toxic ethanol, acetic acid, pyruvic acid and other substances are subsequently produced and accumulated in plants. Recent studies have proven that the exogenous Ca2+ treatment could have: 1) effectively minimized the ethanol, acetic acid and pyruvate content to mitigate their toxic effects in peony plants under flooding stress through reducing activities of the lactate dehydrogenase (LDH) and pyruvate decarboxylase (PDC), and increasing the alcohol dehydrogenase (ADH), malate dehydrogenase (MDH), and glucose-6-phosphate dehydrogenase (G-6-PDH) (Fan, 2019); 2) improved the catalytic capacity of pepper pentose phosphate so to produce more adenosine-triphosphate (ATP) and nicotinamide adenine dinucleotide (NADPH) and to improve plant respiratory metabolism (Yang et al., 2016); 3) promoted glycolysis and the accumulation of enzymes in the tricarboxylic acid cycle by reducing the peroxidation level of cucumber seedlings and enhanced the activity of mitochondrial antioxidant enzymes to promote the metabolism of cucumber roots and the transport of Ca2+ and K+ plasma, thus improving the hypoxia tolerance of cucumber (He et al., 2015); and 4) reduced polyamine degradation in muskmelon seedlings under anoxic conditions by promoting nitrate uptake and accelerating its conversion to amino acids, heat-stable proteins, or polyamines (Gao et al., 2011). Relevant studies of exogenous Ca2+ in mitigation of plant flooding stress are conducted on five crop species (Table 2).


Table 2 | List of optimal concentrations of exogenous calcium used to alleviate flooding stress on different plants.







Salt stress

Up to date, 19 plant species have been evaluated for their tolerance against different salt stresses through using various forms of exogenous Ca2+ in different application methods such as watering, hydroponic, soaking and foliar spray. The outcome from those studies showed that their overall mechanisms are diversified and complex mainly to maintain the ion balance and avoid the plant osmosis from impairment. Salt stress causes an ionic imbalance in plants due to the accumulation of Na+ and a great loss of Ca2+ and K+. It also causes osmotic impairments resulting in an oxidative disturbance by an excessive accumulation of ROS that affected the photosynthesis-related activities of electron transportation, phosphorylation, and dark reaction-involved enzymes (Shu et al., 2012; Manaa et al., 2014). Guo et al. (2021) found that exogenous Ca2+ promoted the function of K+ channels and its uptake through the root plasma membrane, reduced the permeability of the plasma membrane for Na+ pumping so to decrease the accumulation of passive Na+ inward flow. Li et al. (2022a) indicated that the exogenous Ca2+ treatment could increase the maximum photochemical efficiency (Fv/Fm) under salt stress in Mongolian pines and 10 mM exogenous Ca2+ could promote the growth of Salix matsudana Koidz seedlings and increase their stomatal conductance, transpiration rate (Tr) and net photosynthetic rate. Li et al. (2022c) also showed that exogenous Ca2+ significantly up-regulated genes encoding phospholipase C, inositol-3-phosphate synthase, and phosphatidylserine decarboxylase to stabilize cell membranes, up-regulated the expression of PsbQ, PsbP, and Psb28 subunits on encoded PSII, and protected PSII to increase photosynthetic rate of Pennisetum Giganteum, revealing the connections between the gene regulation and biochemical metablisms. Zehra et al. (2012) found that the concentration of exogenous Ca2+ required for alleviation of salt stress in Phragmites karka seeds varied. Relevant studies on exogenous Ca2+ mitigation of salt stress in plants involved 19 plant species, as detailed in Table 3.


Table 3 | List of optimal concentrations of exogenous calcium used to alleviate salinity stress in different plants.







High temperature stress

While being applied to plants, exogenous Ca2+ can prevent or mitigate a possible light damage caused by high temperature that assumingly disrupts the photosynthetic function of plants and severely affects their photosynthesis efficiency. Wang et al. (2022) found that the exogenous Ca2+ treatment significantly increased the chlorophyll (Chl) content, net photosynthetic rate (An), Tr, stomatal conductance (Gs), and antioxidant enzyme activities such as SOD, POD, ascorbate peroxidase (APX), and proline (Pro), as well as the content of osmoregulatory substances such as soluble sugars and soluble proteins to improve the heat tolerance of rosebay. Sun et al. (2015) indicated that exogenous Ca2+ could increase the ribulose-1,5-bisphosphate carboxylase (Rubisco) activity and leaf Fv/Fm of Capsicum fructescens L. to alleviate the photoinhibition to enhance the stomatal conductance and carbon assimilation efficiency. Tiwari et al. (2016) demonstrated that the exogenous Ca2+ treatment upregulated the levels of heat shock genes groEL and groES to maintain cell viability under high temperature stress. Bhatia and Asthir (2014) concluded that the exogenous Ca2+ treatment maintained the growth of wheat seedlings under high temperature stress by altering the carbohydrate metabolism in wheat seeds and increasing the total sugars through reducing sugar-metabolism-related a-amylase and β-amylase activities. In addition, Naeem et al. (2020) showed that exogenous Ca2+ was also involved in the process of adjusting leaf surface structure and configuration to dissipate heat by regulating the conductance of plant stomata for the purpose of alleviating heat stress in plants. Relevant studies on exogenous Ca2+ mitigation of heat stress in plants involved 11 plant species, as detailed in Table 4.


Table 4 | List of optimal concentrations of exogenous calcium used to alleviate heat stress in different plants.







Low temperature stress

Low temperature as one of the main abiotic stresses reduces the cell membrane fluidity and enzyme activities before the temperature reaches a freezing point, inhibits plant physiological metabolic activities, and affects seed germination and seedling growth through the mechanism I, III, IV, VI as described in Table 5. The exogenous Ca2+ treatment could help leaves adjust their structure and configuration, promote the operation of cyclic electron transport and enhance the lutein cyclic de-cyclic oxidation in cells to alleviate photoinhibition in tomato plants (Zhang et al., 2014). It also mitigated the damage to chloroplasts due to the low temperature and promote the export of nonstructural carbohydrates to maintain normal plant photosynthesis in peanut seedlings (Wu et al., 2020b). Zhang et al. (2020) indicated that an exogenous application of CaCl2 significantly increased chlorophyll fluorescence indicators (Fv/Fo, Fv/Fm) and the photosynthetic rate in maize, while Liu J et al. (2022) demonstrated that the same treatment onto onion plants reduced cell wall porosity and lowered intracellular ice nucleus temperature. Shi et al. (2014a) concluded that adding exogenous Ca2+ enhanced ROS scavenging through increasing the activity of antioxidant enzymes and non-enzymatic GSH to maintain intracellular ROS at a low level. Relevant studies on exogenous Ca2+ in mitigation of low temperature stress in plants have been reported on nine plant species (Table 5).


Table 5 | List of optimal concentrations of exogenous calcium used to alleviate low temperature stress in different plants.







Heavy metal stress

All researches on exogenous Ca2+ in alleviation of heavy metal stress in plants have indicated that additional Ca2+ limits the uptake, movement and distribution of excessive heavy metals that might accumulate to a toxic level through five mechanisms except the mechanism V summarized in Table 6. Most studies have been focused on alleviation of Cd toxicity by an exogenous Ca2+ application. López-Climent et al. (2014) determined that exogenous Ca2+ had attenuated the Cd uptake in citrus through enhancing the metabolism to detoxicate harmful ions, which promoted the GSH synthesis, and thus increased endogenous GSH levels of the phytochelatin (PC) biosynthesis for the Cd detoxication. According to Shi et al. (2014b), exogenous Ca2+ increased the mitotic index and decreased the chromosomal aberration rate of Wedelia trilobata L. to transport Cd out of stressed cells. Li et al. (2021) suggested that exogenous Ca(OH)2 was more effective than CaCl2 in increasing the quantity of the Ca2+ channel protein (CC), ATPase, cationic/H+ antiporter (CAXs) and membrane transporter protein in Panax notoginseng plants under Cd stress. A proper application of Ca(OH)2 was also reported to increase soil pH, decrease the toxicity of heavy metals, and reduced the uptake of Cd by plants (Zu et al., 2020). Issam et al. (2012) pretreated the Faba bean (Vicia faba L.) foliage with exogenous Ca2+ and proved that the membrane integrity and lipid/fatty acid distribution were protectively stabilized to tolerate heavy metal stress. Jiang et al. (2022) hypothesized that exogenous Ca2+ might have reduced the toxicity of Pb through depositing Pb2+ in the cell wall, which might had nothing to do with soil properties. Relevant studies on exogenous Ca2+ mitigation of heavy metal stress in plants involved 11 plant species, as detailed in Table 6.


Table 6 | List of optimal concentrations of exogenous calcium used to alleviate heavy metal stress in different plants.







Acid rain stress

Exogenous Ca2+ has been tried and studied on for its possible application when plants are under an acid rain situation. So far, Ca2+ has proven to be effective through the mechanism I, III, IV and VI. Acid rain is defined as any precipitation with a pH less than 5.6 due to a large amount of acid substances accumulated in the atmosphere mainly through human activities. Damages caused by acid rain on plant leaves directly breakdown the protective surface of leaves, destroy the integrity of inner plant cell membranes, and cause the organelle dysfunction. A persisted and long duration of acid rain can lead to a serious and catastrophic impairments on plant structural compositions (Zhang et al., 2021), but there have been limited studies working on use of the exogenous Ca2+ to improve plant cell membranes. One of them indicated that exogenous Ca2+ increased the H - ATPase activity with the soybean plasma membrane, kept the membranes unharmed, and initiated the GmPHA1 gene expression to generate more nutrient uptakes such as N, P, K, and Mg to keep chlorophylls from degradation (Liang and Zhang, 2018). Exogenous Ca2+ was also found to change the quantity of different forms of calcium such as water-soluble organic calcium, calcium pectinate, and calcium phosphate in Brassica napus against the acid rain stress (Cong, 2018). Also, while being evaluated on six forest tree species, exogenous Ca2+ was able to reduce the negative effects of acid rain stress imposed on the seed germination, seedling growth, leaf chlorophyll content, and plant photosynthesis (Liu et al., 2011).





Some perspectives on future research

As we have discussed above, draught, flooding, salt, high and low temperature, heavy metals and acid rain are seven commonly encountered abiotic stresses and the plant responses to those stresses are somehow related to one or several structural, physiological, biochemical and/or molecular mechanisms pertaining to the plant tolerance. With this review, we have gained sufficient understanding of basic and various underlying mechanisms that are involved in plant stress tolerance through using exogenous Ca2+, however, more and thorough researches should focus on its mitigating effect and its associated tolerant genes and use them in crop breeding for more resilient varieties and cultivars against extreme abiotic conditions. Also, all abiotic stresses are variables and their impact on plant growth are different and difficult to predict, so plants would adjust themselves constantly to adapt those fluctuations, indicating the quantity, method and timing of using different type of exogenous Ca2+ can be critically important in maximizing the Ca2+ efficacy.






Mechanisms of the role of exogenous Ca2+ in plant resistance against abiotic stresses




Stabilization of cell wall and membranes

Stresses imposed on plants such as salinity, high temperature, low temperature, and drought tend to induce more reactive oxygen species (ROS) that cause a peroxidation of cell walls and membranes and change the membrane permeability, resulting in an osmotic disturbance. While being applied, exogenous Ca2+ mainly reduced the ion leakage (Min et al., 2021), replenished the lost Ca2+, induced the synthesis of osmoregulatory substances (Hu et al., 2012; Naeem et al., 2020), increased antioxidant enzyme activities such as superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) et al., (Upadhyaya et al., 2011), and promoted biosynthesis of glutathione (GSH), ascorbate, tocopherols, and other non-enzymatic antioxidants (Ashraf, 2009; Elkelish et al., 2019). All these biological and physiological responses, secondary metabolites and pertaining enzymes have proven to maintain the stability and integrity of plant cell walls and membranes. For example, exogenous Ca2+ would facilitate the accumulation of gamma-aminobutyric acid (GABA) and free polyamines (PAs) to alleviate cell membrane damage (Yin et al., 2015), mitigate the decline of unsaturated lipids incorporated in cell membranes through producing and supplying more unsaturated fatty acids as for retaining membrane fluidity (Liang et al., 2021), and combine with phosphate, organic phosphorus, and carboxyl groups of proteins on the cell surface to stabilize the cell membrane structure and maintain cell integrity (Hu et al., 2018).





Regulation of the Na+/K+ ratio

Both Ca2+ and K+ are ions necessary in plants for the protein synthesis, antioxidant enzyme activity, and maintenance of plasma membranes and cell walls (Assaha et al., 2017) and it has been consented that the Na+/K+ ratio is mainly regulated in response to salt stress and the key factor for plants to tolerate salt stress is to keep the Na+/K+ ratio low (Shabala and Pottosin, 2014). Ca2+ incorporated in the plasma membrane in plants under a salt stress is replaced by a large amount of Na+ that are usually available due to an excessive NaCl influx, leading to an increase in cell membrane permeability and causing an intracellular K+ extravasation, a high Na+/K+ ratio, and an insalubrious ionic balance (Cabot et al., 2014). An administration of exogenous Ca2+ cannot only control the Na+ entry into plants through non-selective cation channel (NSCC), reduce K+ efflux or leakage through both NSCC and the guard cell outward rectifying potassium channels (GORK), but also increase antioxidant enzyme activities and quantity of osmoregulatory substances to reduce the ROS accumulation that opens NSCC for ion leakage and keeps the ion homeostasis balanced in stressed plants (Rahman et al., 2016). In addition, a recent research has indicated that the salt overly sensitive (SOS) pathway was initiated by the enhanced Ca2+ signals that were stimulated by exogenous Ca2+, which promoted a Na+ efflux and more K+ uptakes through the SOS pathway in wheat (Gao et al., 2021).





Regulation of hormone levels in plants

Plant growth, development and reproduction are basically regulated by endogenous hormones and their fluctuations in plant can be influenced by and responded to changes of environment conditions (Mesejo et al., 2013). Ca2+ censors include calmodulins (CaMs), CaM-like proteins (CMLs), calcineurin B-like proteins (CBLs), and CDPKs. The Ca2+ sensor is an initial stress signal detector as well as a regulator of major plant hormone signals (Ku et al., 2018). Ca2+ is reportedly involved in the ABA-induced stomatal closure process (Liu H et al., 2022), with which ABA is participated in the initiation and release of Ca2+. In addition, both Ca2+ and ABA regulating kinases target the same metabolic pathway (Edel and Kudla, 2016) through regulating the biosynthesis and signal transmission of jasmonates (JAs) that subsequently adjust the Ca2+ level, inducing an influx of extracellular Ca2+, and temporarily increase its concentration in the nucleo plasma. So, Ca2+ signal is regarded as the most important messenger in the signal cascade (Wang X et al., 2019). Ca2+ can control the transport rate of Indole-3-acetic acid (IAA) and switch the direction of IAA flow to effectively amply Ca2+ signaling for activation of cation pumps in the plasma membrane, promotion of Ca2+ influx and K+ efflux, and induction of root gravity by interacting with IAA (Vanneste and Friml, 2013). However, the Ca2+ molecular basis of mechanisms involved in the signaling, Jas pathway, IAA biosynthesis are still poorly understood. Under adverse conditions, exogenous Ca2+ proved to alleviate potentially damaging effects caused by the stress on plant growth and development through minimizing the ABA amount and increasing the production of other hormones (e.g., IAA, GA, CTK, etc.) to enhance plant resilience under stress (Liu et al., 2017; Kamran et al., 2021; Wu et al., 2022). At present, fewer studies of exogenous calcium on its effect on changes of a variety of plant hormones have been reported but mainly focused on ABA fluctuations and their associated impacts.





Maintenance of photosynthesis

Plants needs the chlorophyll as an life-supporting pigment for photosynthesis, and its quantity in plant leaves directly affects the photosynthetic capability to produce carbohydrates (Wu et al., 2019). Adversary stresses tend to impair the chloroplasts and cause a decrease in the chlorophyll quantity. Exogenous Ca2+ could prevent or minimize chlorophyll breakdowns, keep chloroplasts intact under stresses, and maintains a sufficient number of photosynthesis pertaining pigments and organelles in in leaves (Min et al., 2021; Wang et al., 2022). Ca2+ plays an important role in plant stomatal regulation as the second messenger in coupled with external signals in plant cells. Appropriate amount of Ca2+ can make plants adapt to abiotic stresses such as drought and salinity quickly by adjusting their stomatal opening/closing, optimizing their gas exchange, and improving their photosynthetic efficiency (Li et al., 2012; Li et al., 2022a). These plant adjustments and adaptations by using exogenous Ca2+ could be achieved through reshape, rearrangement and configuration of stomata during their differentiation and development for more efficient of gas exchange and water utilization (Zhang et al., 2019a). Moreover, adding exogenous Ca2+ to increase Ca2+ level improved the lutein cycle (Yang et al., 2013), mitigated the adversary effects on the photosystem II (PSII) inhibition, and preserved enzyme activities, reduced accumulations of carbohydrate, and uphold a normal plant photosynthesis (Tan et al., 2011).





Regulation of plant respiratory metabolism and improvement of root activities

Flooding causes anoxia of plant roots and weakens the respiratory metabolism. The stress due to flooding-initiated lack of oxygen can be lessened by the application of exogenous Ca2+ to improve the catalytic capacity of pentose phosphate and produce more ATP and NADPH to provide more energy for the plant respiratory metabolism (Yang et al., 2016), to promote the activity and accumulation of mitochondrial antioxidant enzymes relating to the glycolysis and tricarboxylic acid cycle (He et al., 2015), and to reduce the content of acetic acid, acetaldehyde and the activity of LDH for less lactic acid metabolism (Fan, 2019). Exogenous Ca2+ also proved to facilitate absorption of nitrate and accelerate its conversion into amino acids, heat stable proteins or polyamines to survive from hypoxia (Gao et al., 2011). In addition, some studies on plant salt stress also pointed out that exogenous Ca2+ can improve the root vitality by reducing the relative electrolyte leakage of the root, thus to improve the flooding tolerance of foxtail millets (Han et al., 2019). According to the summary of current literature, this mechanism mainly plays an active role under flooding stress, and whether it can also be activated under other stresses is unclear.





Induction of gene expressions and protein transcriptions for the stress resistance

While under the abiotic stress, the molecular mechanisms involved in plant stress tolerance are more complex and multi-layered, including stress sensing, responsive signaling, gene transcription, protein translation, and post-translational protein modification. Under various abiotic stresses, exogenous Ca2+ induces or activates a series of gene expressions and tolerant protein transcriptions to adjust and adapt to adversities accordingly. These research advances in that regards include but are not limited on: 1) upregulating the expression of antioxidant enzyme-related genes such as EnAPX, EnCAT2, EnGPX and stress-related genes to improve cold resistance of Elymus nutans (La-mu et al. 2021); 2) promoting the synthesis of plant proteins and preventing proteins from degradation through boosted activities of nucleoside diphosphate kinase (NDPK) and antioxidant enzymes and reduced expressions of heavy metal-related structural domain proteins such as PCR1, HMA2 and HMA4l (Zeng et al., 2017); 3) cutting down the Cd uptake of plants and promoting the Ca2+ internal mobility (Zeng et al., 2017); 4) stimulating ACO-1, ADH-1, CAT-2, and PK gene expression to alleviate the damage of pepper plants under flooding stress (Ou et al., 2017), and 5) inducing the expression of photosynthetic genes and stabilizing photosynthetic membrane proteins in leaves (Zhang et al., 2014). Due to the differences of gene pools in different plant species and the difficulties in monitoring those genes, the information we currently have on plant genomes is still limited, focusing only on detecting gene expressions and reflecting Ca2+ associated genetic changes after application of exogenous Ca2+, but how exactly these adjustments are induced, operated and regulated remain to be explored. In addition, how exogenous Ca2+ transduces Ca2+ signaling pathway in plants has not been determined yet.






Summary and outlook

With an extensive review of over one hundred research papers, we have sorted them according to their major mechanisms into six categories associated with the plant membranes, Na+ vs. K+ ratios, hormone regulation, gene expression and protein transcription, and photosynthesis. However, we tend to believe that this type of grouping is arbitrary, simplified and nonscientific only for the purpose of easy access and preliminary understanding of a particular aspect of main functions of exogenous Ca2+ that may have alleviated a certain type of plant stresses. The mechanisms involved in mitigating plant abiotic stresses through application of exogenous Ca2+ and their reported interrelationships are proposed and demonstrated (Figure 2) and we strongly suggest that they be perfected and completed with more fundamental information and advanced findings are available.




Figure 2 | Plant self-responses to abiotic stresses and mechanisms of exogenous calcium involved in enhancement of plant stress tolerance. The red and green arrows indicate a promotion/increase or an inhibition/decrease, respectively.



In the process of reviewing all relevant literature, we have found that most of the studies only explored one or a few aspects of stressed plants in response to exogenous Ca2+ added to alleviate a stress, but the application of exogenous Ca2+ may have a potential to affect multiple structural, biological and physiological functions or metabolic pathways at the plant cellular level to defend plants from various stresses. Likewise, exogenous Ca2+ could be used with other exogenous substances to enhance plant defensiveness against one or multiple stresses that are related or associated with each other to intensify the adversary impact, such as the stress from drought, high temperature and high salinity since they are somehow correlated. Other studies have shown that exogenous Ca2+ is more effective when combined with other exogenous substances, which should be our research directions and objectives for our endeavor in using exogenous Ca2+ in the near future (Vafadar et al., 2020; Valivand and Amooaghaie, 2021). Therefore, more and more well-designed experiments to unearth the true underline mechanisms of exogenous Ca2+ in mitigating multiply correlated plant abiotic stresses are expected and the results derived from them should significantly help us understand how to effectively use of exogenous Ca2+.

It has come to a consensus that exogenous Ca2+ can be used to alleviate various abiotic stresses on plants through an application of leaf spray, hydroponics, seed dipping, drenching, and soil application. To avoid possible interference of NO3- and other nutrient anions to the experimental results, most of the existing studies on exogenous Ca2+ used CaCl2 as the source calcium for a foliage spraying or through hydroponics. However, with the studies of the heavy metal stress, exogenous Ca2+ such as Ca(OH)2 was mostly used in the form of mixing it into the medium or soil (Zu et al., 2020) to increase soil pH, reduced the toxicity of heavy metals, and boost the Ca2+ quantity both in soil and plants. In addition, different calcium anions also affect plant growth. For example, the application of exogenous CaCl2 on chloride-phobic cowpea plants under stress could cause the accumulation of Cl- in roots and affect the normal growth (Guimarães et al., 2011), which in turn interferes with a positive mitigating effect of Ca2+. Therefore, the research in the future should be needed as well to investigate the type of exogenous Ca2+ that is suitable for the growth and development of a specific crop with an attention to determine the amount of the usage based on the type and extent of adversary stresses.

At present, majority of the experimental studies have been carried out indoors and mainly on the plant seed germination or seedlings, however, we believe that the best way to evaluate the effect of exogenous Ca2+ for a practical and feasible application should be carried out in an actual crop production site to determine its mode of action, actual concentration and optimal time for application, etc., or if priming of plant seedlings for their fortified and prolonged tolerance against abiotic stresses really words in field trials.

In summary of most recent advances on exogenous Ca2+ applications to alleviate various plant stresses, some questions still remain unanswered in terms of: 1) how Ca2+ is further transported and translocated after it enters a plant; 2) how efficiently Ca2+ is actually utilized to function as a mitigating factor; 3) in which way the Ca2+mobility can be improved; 4) how to use modern molecular assays to reveal detailed and Ca2+-induced mechanisms pertaining to the plant tolerance against abiotic stresses; 5) what are the interactions between different biological and physiological mechanisms that are all modulated by gene expressions and protein transcriptions at the molecular level; and 6) to what degree each of the abiotic stresses causes an irreversible and permanent damage. To address those challenging questions, the modern molecular techniques and more sophisticated analytic instruments such as an fluorescence tracing technique and a laser scanning confocal microscopy analysis technique (He et al., 2015) should be used for a quantitatively and qualitatively detection of a series of changes in signaling and gene expression induced by exogenous Ca2+. With this review, we have sorted a series of complex physiological and biochemical responses and their underline mechanisms that were reported recently, but much more deserve further exploration by researchers to develop a low-cost and effective way to combat all kinds of stresses though using exogenous Ca2+.
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Overseeded perennial ryegrass (Lolium perenne L.) turf on dormant bermudagrass (Cynodon dactylon Pers. L) in transitional climatic zones (TCZ) experience a severe reduction in its growth due to cold stress. Primary plant nutrients play an important role in the cold stress tolerance of plants. To better understand the cold stress tolerance of overseeded perennial ryegrass under TCZ, a three-factor and five-level central composite rotatable design (CCRD) with a regression model was used to study the interactive effects of nitrogen (N), phosphorus (P), and potassium (K) fertilization on lipid peroxidation, electrolyte leakage, reactive oxygen species (ROS) production, and their detoxification by the photosynthetic pigments, enzymatic and non-enzymatic antioxidants. The study demonstrated substantial effects of N, P, and K fertilization on ROS production and their detoxification through enzymatic and non-enzymatic pathways in overseeded perennial ryegrass under cold stress. Our results demonstrated that the cold stress significantly enhanced malondialdehyde, electrolyte leakage, and hydrogen peroxide contents, while simultaneously decreasing ROS-scavenging enzymes, antioxidants, and photosynthetic pigments in overseeded perennial ryegrass. However, N, P, and K application mitigated cold stress-provoked adversities by enhancing soluble protein, superoxide dismutase, peroxide dismutase, catalase, and proline contents as compared to the control conditions. Moreover, N, P, and, K application enhanced chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids in overseeded perennial ryegrass under cold stress as compared to the control treatments. Collectively, this 2−years study indicated that N, P, and K fertilization mitigated cold stress by activating enzymatic and non-enzymatic antioxidants defense systems, thereby concluding that efficient nutrient management is the key to enhanced cold stress tolerance of overseeded perennial ryegrass in a transitional climate. These findings revealed that turfgrass management will not only rely on breeding new varieties but also on the development of nutrient management strategies for coping cold stress.




Keywords: abiotic stress, antioxidant defense system, Cynodon dactylon, Lolium perene, NPK fertilization, oxidative stress




1 Introduction

Bermudagrass (Cynodon dactylon (L) Pers.) turf is an extensively used warm season turfgrass in sports fields, golf courses, parks, and greenbelts throughout the world (Ihtisham et al., 2020). The optimal temperature for its best growth and performance ranges from 26°C–35°C (Fan et al., 2014). Low temperature severely restricts its growth and performance (Huang et al., 2019) and therefore low temperature is considered a key abiotic factor that confines the use of bermudagrass (Ihtisham et al., 2018). A transitional climatic zone (TCZ) refers to the transitional zone between arid and humid regions that is sensitive to climatic fluctuations (Barker et al., 2019). In China, TCZ is located in marginal areas of the East Asian monsoon zone where the ecosystem has become unstable due to combined effects of climatic change and human activities (Yin et al., 2021; Yin et al., 2022). TCZ possesses both severe cold and hot temperatures in their respective seasons (Christians et al., 2016). As a result, it’s difficult for warm-season turfgrass to perform well in winter, and cool-season turfgrass to perform better in summer (Ihtisham et al., 2018). To overcome the winter dormancy of warm-season turfgrasses, overseeding practice with a cool-season turfgrass is commonly practiced (Shi et al., 2014). Perennial ryegrass (Lolium perenne L.) is an important cool-season turfgrass that is frequently overseeded on warm-season grasses for the temporary re-establishment of turfgrass cover, color, playability, functionality, and aesthetic value (Xie et al., 2020). The overseeding practice comprises sowing cool-season grass seeds over established dormant warm-season turfgrass (Ozkan and Kir, 2021). Despite a cool-season turfgrass, perennial ryegrass is considered susceptible to utmost cold stress (Hoffman et al., 2010).

Future climatic change predictions are increased summer temperature, higher rainfall, longer growing seasons, and more irregular winter climates (Ostrem et al., 2018; IPCC, 2021). The anticipation and frequency of utmost temperatures (cold and hot) will provoke instability, and the winter short photoperiods with extremely low temperatures in transitional zones will drastically affect cool-season turfgrasses (Uleberg et al., 2014; IPCC, 2021). Cold stress is a major environmental factor that limits crop productivity and poses a serious threat to agricultural sustainability (El-Sappah and Rather, 2022). Cold stress negatively affects cellular components and metabolism, and imposes stresses of variable severity that depend on the intensity and duration of the stress. Cold stress leads to chlorosis, necrosis, changes in cytoplasm viscosity, membrane damage, and changes in enzyme activities leading to plant death (Atayee and Noori, 2020). Moreover, cold stress disrupts the integrity of intracellular organelles, leading to the loss of compartmentalization, reduction and impairment of photosynthesis, protein assembly, and general metabolic processes (Bera et al., 2022). The effects of cold stress cause great challenges to the utilization of overseeded cool-season turfgrasses globally (Xie et al., 2020). Plants under optimum growing conditions usually maintain reactive oxygen species (ROS) through stable production and scavenging mechanisms. However, during stress conditions, this balance is perturbed (Dahro et al., 2016; Hussain et al., 2016; Sarraf et al., 2020; El-Sappah et al., 2021a). The increased accumulation of ROS such as hydrogen peroxide (H2O2) under stress causes membrane lipid peroxidation (MDA) and electrolyte leakage (EL), which are effective indicators of oxidative stress (Hu et al., 2018; El-Sappah et al., 2021b). Numerous approaches are being used to acclimate or mitigate the harmful effects of cold stress, such as the application of plant nutrients (macro and micro), plant growth regulators (jasmonic acid, abscisic acid, salicylic acid, brassinosteroids, and gibberellin), the unitization of genetics tools, and plant breeding (Huang et al., 2018; Atayee and Noori, 2020; Faiq and Noori, 2021).

Plant primary nutrients play crucial functions in the growth and development of plants and in improving cold stress tolerance as they are intimately involved in the plant cell organization and metabolic functions. The mineral nutrients are either structural/functional constituents of enzymes or act as activators or regulators of various enzyme activities. The macronutrients such as nitrogen (N) and phosphorus (P) form structural constituents of building block materials, and some of them like potassium (K), calcium (Ca), and magnesium (Mg) are regulators or activators of enzymes (Zhang et al., 2017). Deficiencies of these nutrients impact various physiological or metabolic activities including increased production of (ROS) that cause oxidative stress in plants (Tewari et al., 2021). Mineral nutrients such as N, P, and K play a critical role in temperature stress tolerance and adequate application is vital for the integrity of plant structure and key physiological processes such as N is a structural part of chlorophyll needed for photosynthesis, P is needed for energy production and storage, is a structural part of nucleic acids, and K is needed for osmotic regulation and activation of enzymes (Waraich et al., 2011; Waraich et al., 2012).

Previous studies of cold stress and nutrient deprivations also showed increased ROS accumulation (Hussain et al., 2016; Huang et al., 2017). Higher plants retain extremely efficient antioxidant defense systems to scavenge excessive ROS against oxidative stress (El-Sappah et al., 2023). Stress-induced damages are alleviated by several enzymatic (superoxide dismutase, SOD; peroxide dismutase, POD; catalase, CAT), and non-enzymatic pathways (Dahro et al., 2016; Hussain et al., 2016). Turfgrass performance is controlled by optimum N, P, and K supply while their deficiency is a key limiting factor. N is a vital element of proteins, amino groups, Rubisco, and chlorophyll that regulates enzymes essential for stress tolerance (Tantray et al., 2020). P is the main part of molecules that are crucial at cellular levels, for example, it is in ADP, ATP, phospholipids, and nucleic acids. Similarly, K is an inevitable part of cellular homeostasis, enzyme catalysis, and osmotic adjustments (Johnson et al., 2022; Zaman et al., 2022).

We conducted a series of experiments on overseeded perennial ryegrass over dormant bermudagrass under a transitional climate. The first experiment was published in 2018 where we studied the morphological, phenotypic, qualitative, and gas-exchange parameters, and optimized the rates of N, P, and K fertilization (N: 30, P: 24, K: 9 and N: 30, P: 27, K: 6 g m-2 respectively, during two years) for integrated turf performance (Ihtisham et al., 2018). Although many studies documented the role of N, P, K fertilization in alleviating oxidative stress caused by severe cold. Till now, there is very limited research on the combined effects of N, P, and K fertilization on oxidative stress of overseeded perennial ryegrass under cold stress in transitional climates and with the use of central composite design. The ultimate goals of this study were to examine that primary plant nutrients (N, P, and K) play an important role in the cold stress tolerance of overseeded perennial ryegrass under TCZ. Therefore, this study was performed to assess the interactive effects of N, P, and K fertilization on lipid peroxidation, electrolyte leakage, ROS production, and their detoxification by the photosynthetic pigments, enzymatic and non-enzymatic antioxidants defense of overseeded perennial ryegrass under cold stress conditions in the transitional climate.




2 Materials and methods



2.1 Study site and experimental operations

The two years study was conducted from autumn 2016 to summer 2018 at Huazhong Agriculture University, Wuhan-China (114°E, 30°N). Weather data for two years were attained from the university weather station (Figure 1). The area has a transitional climatic zone with an average yearly precipitation of 1150–1450 mm and a subtropical monsoon climate. During the two years, the recorded average temperature was 4 – 21°C and 4.5 – 21.5°C, respectively. Moderate snowfall was recorded in December and January during both years. The soil at the experimental site has a loess texture and prior to experimentation, soil samples at the depth of 15 cm were randomly collected for physiochemical properties (Supplementary Figure S1).




Figure 1 | Maximum, minimum, and average temperatures and mean annual rainfall in the study location.



Field treatments were arranged in 24 plots of 2m length and 1.5m width. Hybrid bermudagrass [C. dactylon (L.) Pers.] “Tifway419” was established from plugs at the start of May each year. A starter dose of N, P, and K fertilization of 10 g m−2 each was applied at the initiation of new growth to ensure high-quality turf for overseeding. In the autumn of each year, overseeding experimentations were performed during the second week of October. A verticut of 1 cm height was applied to bermudagrass and perennial ryegrass (Lolium perenne L.) seeds were overseeded at 25 g m−2 density, followed by sprinkle irrigation. The plots were fertilized after full germination (fourth week) with combinations of N as Urea (N 46.4%), P as single superphosphate (P2O5 16–18%), and K2O as potassium sulfate (K 50%) (Table 1). Overseeded perennial ryegrass cover reached <80% after four weeks of fertilization in the treated plots.


Table 1 | Experimental variables, codes, and coded levels in central composite rotatable design (CCRD).






2.2 Sampling and quantification of biochemical analysis

Following the snowfall in December and January during both years when the snow melted and the average daily minimum temperature was 0 – -5°C, tissue samples (leaves) of fresh overseeded perennial ryegrass were detached and immediately stored at −80°C for biochemical analysis. Soluble protein, SOD, POD, CAT, MDA, and H2O2 were determined according to instructions provided by assay kits manufacturer (Nanjing Jiancheng Bioengineering Institute, China). Proline was determined according to the acid-ninhydrin method, EL by conductivity meter, and chlorophyll a, b, total chlorophyll, and carotenoids by spectrophotometer.




2.3 Crude enzyme extraction and the determination of soluble protein, enzymatic antioxidants, and proline content

For the determination of soluble protein, SOD, POD, CAT, and proline, the crude enzyme was extracted by grounding 0.5 g of tissue samples in an automatic ice-cooled mortar and pestle. The tissue powder was immersed in 4 mL phosphate buffer (150 mM, PH, 7.0), precooled at 4°C and the homogenate was transferred into 10 mL plastic tubes for centrifugation at 10,000 rpm for 15 minutes at 4°C. The resulting supernatant was collected and stored at 4°C.

Soluble protein, SOD, POD, and CAT activities were measured spectrophotometrically and expressed as units mg−1 protein, according to the manufacturer’s instructions. These kits were purchased from the Nanjing Jiancheng Bioengineering Institute, China. The kits used were (A045-2), (A001), (A084-3), and (A007-1) for soluble protein, SOD, POD, and CAT, respectively, and expressed as enzyme units per mg of protein [U mg–1(protein)]. Proline content in fresh overseeded ryegrass leaves was appraised spectrophotometrically using the acid-ninhydrin method according to the protocol of Bates et al (1973). By using 4 mL toluene, the reaction mixture was extracted and read at 520 nm. The proline concentration was expressed as micrograms per gram fresh weight (μg g-1 FW) using a standard curve developed with proline.




2.4 Determination of EL, MDA, and H2O2

EL in the overseeded ryegrass leaves was determined according to the known method of Bates et al (1973). Initial conductivity (C1) and final conductivity (C2) were measured by a conductivity meter (model: DSS-307, SPSIC, China) and EL was calculated using the formula:



MDA and H2O2 were also determined using the appropriate assay kits from the same company. The manufacturer’s instructions were followed, and MDA and H2O2 were expressed as (nmol mg-1 protein).




2.5 Quantification of photosynthetic pigments

The photosynthetic pigments viz. chlorophyll a (Chl a), chlorophyll b (Chl b), total chlorophyll (T.Chl), and carotenoids (Car) were extracted with 80% acetone by the previously used known methods (Marcum, 1998).




2.6 Experimental design and statistical analysis

The experiments were arranged using a central composite rotatable design (CCRD) for the assessment of interactive effects of N, P, and K fertilization on MDA, EL, electrolyte leakage, and ROS production and their detoxification by photosynthetic pigments, enzymatic, and non-enzymatic antioxidants defense system of overseeded perennial ryegrass under cold stress.

In this design, a total of five levels (0, 6.082, 15, 23.918, and 30 g m-2) for each of the three factors (N, P, and K) were used. The CCRD consisted of 23 factorial runs with 8–factorial points, 6–axial points, and 9–replications at the center point. There is also a control treatment (N0P0K0), comprising 24 experimental treatments as determined by equation (2).



where A=no. of experimental runs, b= no. of factors, and d0=no. of center point replications.

Theoretically, replication of the central treatment in central composite designs is very important as it provides an independent estimate of the experimental error and it should be repeated more than five times. Therefore, in our study, we have repeated the center point treatment nine times to precisely determine value, while the replication of other treatments is not needed (Montgomery, 2001). The total experimental treatments were calculated as (Treatments= 23 + 2×3+9+1 = 24).

Treatments using various regimes of N, P, and K doses were coded (Table 1) using equation (3):



Where Zi= ith variable coded value, zi= ith variable real value, zi0= ith variable real value at the center point, and Δzi= step change value.

The experimental runs, coded values, and applied doses are shown in (Supplementary Table S1).

The interactive effects of different treatment combinations on biochemical parameters were analyzed with a second-order polynomial equation (4).



Here, Y= response variable; a0= constant-coefficient; a1, a2, a3= linear coefficients; a4, a5, a6= interaction coefficients; a7, a8, a9= the quadratic coefficients. x1, x2, x3= N, P, and K coded values.

The interactive effects of N × P, N × K, and P × K for each parameter were obtained by transforming the data according to equations (5) and (6).





Where X represents the transformed value and x represents the observed value of each treatment, and xmax and xmin represent maximum and minimum values, respectively.

Equation (5) was used for those indices that were positively correlated with N, P, and K application. However, Equation (6) was used for the indices that were negatively correlated with N, P, and K application, as suggested by previous studies (Li et al., 2019; Roy et al., 2021).

For each variable, an independent linear regression was carried out using the above equation. The SPSS (ver. 16) was utilized to find out the constant, regression coefficient of linear, quadratic, and interaction terms. The significance level of individual and interactive effects of independent variables (N, P, and K) was judged by using an F-value at P < 0.05. The coefficient of determination (R2) was used to determine the adequacy of regression equations. For statistical and regression analysis, Microsoft Excel 2018 and SPSS were used, while for correlation analysis and figures, the Origin 2021 software (OriginLab Co., Northampton, MA, USA) was applied.





3 Results

We investigated a variety of stress-related biochemical parameters during the two years (2016-2017) and (2017-2018) for overseeded perennial ryegrass under different fertilization treatment combinations (Tables 2–4) and their regression coefficients with coefficients of determination (R2) for each parameter (Tables 5–7). Pronounced variations in these parameters were detected under cold stress and fertilization.


Table 2 | Cold stress-induced MDA, EL, and H2O2 contents of overseeded perennial ryegrass leave under different treatment combinations of N, P, and K fertilization in 2016-17 and 2017-18.




Table 3 | Soluble protein, enzymatic antioxidants activities, and proline contents of overseeded perennial ryegrass leaves under cold stress and different treatment combinations of N, P, and K fertilization in 2016-17 and 2017-18.




Table 4 | Chloroplastic pigments of overseeded perennial ryegrass leaves under cold stress and different treatment combinations of N, P, and K fertilization in 2016-17 and 2017-18.




Table 5 | Regression equation parameter coefficients (Y = a0 + a1x1 + a2x2 + a3x3+ a4x1x2 + a5x1x3 + a6x2x3 + a7x12 + a8x22 + a9x32) for MDA, EL, and H2O2 during 2016-17 and 2017-18.




Table 6 | Regression equation parameter coefficients (Y = a0 + a1x1 + a2x2 + a3x3+ a4x1x2 + a5x1x3 + a6x2x3 + a7x12 + a8x22 + a9x32) for soluble protein, SOD, POD, CAT, and proline during 2016-17 and 2017-18.




Table 7 | Regression equation parameter coefficients (Y = a0 + a1x1 + a2x2 + a3x3+ a4x1x2 + a5x1x3 + a6x2x3 + a7x12 + a8x22 + a9x32) for chlorophyll a, b, total chlorophyll, and carotenoids during 2016-17 and 2017-18.





3.1 Influence of N, P, and K application on MDA, EL, and H2O2 contents under cold stress

The MDA, EL, and H2O2 are important indicators to assess cell membrane integrity and oxidative damage caused by lipid peroxidation. The results indicated that cold stress in the absence of fertilization considerably increased MDA, EL, and H2O2 (Table 2), however, N, P, and K fertilization reduced MDA, EL, and H2O2 in overseeded perennial ryegrass leaves. For regression equations and R2, the data in Table 1 was transformed (Supplementary Tables S2, S3) according to the design of the experiment.

Under the cold stress, N, P, and K application reduced the damage caused by oxidative stress through curtailing the levels of MDA by 68% and 57% as compared to control during the two years (Table 2). The positive values of regression coefficients a1 (N) and a2 (P) during the first year and a1 (N), a2 (P), and a3 (K) during the second year indicated amelioration of lipid peroxidation (Table 5).

As compared to the control, fertilization under cold stress decreased EL levels by 13% and 12% respectively during the two studies (Table 2). The regression coefficients, a1 (N) during both years, a2 (P), and a3 (K) during the second and first year respectively showed positive values (Table 5), indicating the mitigation of cell membrane damage by all three nutrients.

Similarly, the production of H2O2 in response to fertilization under cold stress was curtailed by 32% and 27% during two years as compared to control (Table 2). Regarding regression coefficients, a1 (N) and a2 (P) were positive during both years, while a3 (K) was positive during the second year (Table 5), suggesting that cold stress-induced H2O2 was alleviated by these nutrients.




3.2 Soluble protein, enzymatic antioxidants (SOD, POD, and CAT), and proline content

Soluble protein, SOD, POD, CAT, and proline in perennial ryegrass were leaves significantly increased by N, P, and K fertilization under cold stress (Table 3). Generally, all fertilization treatments alleviated cold-induced adversities by increasing enzymatic and non-enzymatic antioxidant activities as compared to control, with N being the most significant.

N, P, and K treatments combination regulated the activities of soluble protein by 327% and 449%; SOD by 364% and 451%; POD by 340% and 461%; CAT by 488% and 483%; and proline by 77% and 128% under cold stress, respectively, compared with control (Table 3).

The regression coefficients for soluble protein, SOD, POD, and proline were positive for a1 (N) and a2 (P), while negative for a3 (K) during both years (Table 6). These effects were greatly enhanced by N fertilization as compared to P, leading to more than 3.5-fold and 2.5-fold for soluble protein; 4.5-fold and 3.0-fold for SOD; 3.1-fold and 2.8-fold for POD; 3.8-fold and 8.3-fold for proline, respectively, during two years (Table 3). In contrast, CAT activities exhibited positive coefficient values for a1 (N) and a3 (K) during both years, while negative for a2 (P) (Table 6).




3.3 Photosynthetic pigments (Chl a, Chl b, T.Chl, and Car)

In our study, in the absence of N, P, and K supply (especially N and P), the cold stress significantly decreased photosynthetic pigments in perennial ryegrass leaves, however, different treatment combinations of N, P, and K enhanced photosynthetic pigments (Table 4).

Under cold stress, N, P, and K treatment combinations enhanced Chl a content by 103% and 89%, Chl b content by 233% and 152%, T.Chl content by 117% and 100%, and Car by 233% and 116%, respectively, during two years as compared with control (Table 4).

Regression coefficients of Chl a and Car showed positive values for a1 (N) during both years and a2 (P) only during the first year, while Chl b showed positive values for a1 (N) and a2 (P) whereas negative for a3 (K) during both years. The effect of N was greater than P, indicating the larger effect of N, while negative values of K showed non-significant effects (Table 7). The positive values of regression coefficients a1 (N) and a2 (P), and a3 (K) in 2016-17 and a1 (N) and a2 (P) in 2017-18 indicated significant effects with N being the most effective (Table 7).




3.4 Correlation analysis

The current study correlation analysis demonstrated significant results during both years. The ROS (MDA, EL, and H2O2) were positively correlated with each other, while in contrast, enzymatic and non-enzymatic antioxidants (SOD, POD, CAT, proline), soluble protein, and photosynthetic pigments (Chl a, Chl b, Car, and T.Chl) were positively correlated with each other (Figures 2, 3). At the same time, ROS (MDA, EL, and H2O2) exhibited negative correlations with soluble protein, SOD, POD, CAT, Chl a, Chl b, Car, and T.Chl. This shows that soluble protein, SOD, POD, CAT, and photosynthetic pigments (Chl a, Chl b, Car, and T.Chl) played a major role in scavenging the ROS (MDA, EL, H2O2) in overseeded perennial ryegrass thereby counteracting the oxidative damage.




Figure 2 | Correlation analysis among studied parameters during 2016-17. The Red and blue color represent the positive and negative correlation. The size and intensity of color exhibited the significance of variables. MDA, malondialdehyde; EL, electrolyte leakage; H2O2, hydrogen peroxide; SP, soluble protein; SOD, superoxide dismutase; POD, peroxide dismutase; CAT, catalase; PrL, proline; Chl a, chlorophyll a; Chl b, chlorophyll b; Car, carotenoids; Chl T, total chlorophyll.






Figure 3 | Correlation analysis among studied parameters during 2017-18. The Red and blue color represent the positive and negative correlation. The size and intensity of color exhibited the significance of variables. MDA, malondialdehyde; EL, electrolyte leakage; H2O2, hydrogen peroxide; SP, soluble protein; SOD, superoxide dismutase; POD, peroxide dismutase; CAT, catalase; PrL, proline; Chl a, chlorophyll a; Chl b, chlorophyll b; Car, carotenoids; Chl T, total chlorophyll.







4 Discussion

Under natural circumstances in the field, plants often experience several types of environmental stresses on a regular basis. These stresses cause morpho-physiological and biochemical alterations in plants and adversely affect growth and performance (Hasanuzzaman et al., 2020). Extreme low and high temperatures are anticipated to become more frequent (Uleberg et al., 2014; IPCC, 2021) and will cause serious problems for crop production including turfgrasses to perform better specifically in TCZ.

Perennial ryegrass being a cool-season turfgrass and overseeding species is highly sensitive to extremely low temperature, particularly at establishment stages (Guan, 2014; Fan et al., 2020; Xie et al., 2020). Besides cold stress, an optimum supply of macronutrients particularly N, P, and K is imperative for normal plants functioning and coping with stress, while their surfeit or deficiency is detrimental and challenges the survival of plants (Tantray et al., 2020; Kumar et al., 2021; Seleiman et al., 2021). Perennial ryegrass also heavily depends on the optimum supply of N, P, and K for maximum growth, performance, and stress tolerance (Głąb et al., 2020; Zanelli et al., 2021). The findings demonstrated that overseeded perennial ryegrass was adversely affected by cold in terms of reduced soluble protein, SOD, POD, CAT, proline, Chl a, Chl b, Car, and T.Chl contents and higher MDA, EL, and H2O2 concentrations. However, N, P, and K application contributed positively to stress tolerance which indicates the importance of these macronutrients.



4.1 MDA, EL, and H2O2

Abiotic stresses cause excessive ROS production that causes the oxidation of proteins, lipids, and nucleic acids which ultimately creates oxidative stress (Hasanuzzaman et al., 2019; Imran et al., 2020; Ihtisham et al., 2021). Similarly, in the present study, cold stress triggered the formation of MDA, EL, and H2O2 under control conditions and deprivation of any mineral nutrient particularly N (Table 2). MDA is a product of the peroxidation of lipid membranes in cells and is used as an indicator of oxidative stress in plants. The increased levels of H2O2 coincided with higher MDA rates (Table 2), which is characterized as a biochemical indicator for free radical-mediated damage in plants under stress. N, P, and K play key roles in various biochemical, enzymatic, non-enzymatic, and metabolic activities, as well as serve as the structural components of many plant compounds and increase plant growth and vigor (Singh et al., 2015; Ma et al., 2022). Our results also illustrated that the application of N, P, and K decreased oxidative stress indicators while on the other hand increasing the activities of enzymatic and non-enzymatic antioxidants such as SOD, POD, CAT, soluble protein, proline, and chloroplastic pigments. Our findings are supported by many earlier studies, that observed increased MDA, EL, and H2O2 production under cold stress (Jan et al., 2018; Fan et al., 2020; Liu et al., 2020; Su et al., 2021; Ma et al., 2022), N deprivation (Tantray et al., 2020), P deprivation (Noor et al., 2021), and K deprivation (Seleiman et al., 2021). Higher accumulation of MDA, EL, and H2O2 under N deprivation as compared with P and K was corroborated by earlier studies (Tewari et al., 2007; Hussain et al., 2016).




4.2 Soluble protein, SOD, POD, CAT, and proline content

Plants have evolved a complex system of enzymatic and non-enzymatic antioxidants which increases during stress conditions to cope with stress-induced adversities. In this study, cold stress aggravated oxidative damage in overseeded perennial ryegrass, while N, P, and K fertilization especially N and P attenuated that damage, which can be attributed to the accumulation of enhanced antioxidants enzymatic activities (Tables 3,  6). Soluble protein and both enzymatic (e.g., SOD, POD, and CAT) and non-enzymatic (e.g., proline) antioxidants played key roles in scavenging the ROS in perennial ryegrass thereby counteracting the oxidative damage. These antioxidant activities are considered to curb the cascades of unrestricted oxidation and defend ROS-induced oxidative damage to the plant cells. The enhanced rates of antioxidants confer capability to the plants to scavenge ROS and resist cold stress (Anjum et al., 2015; Moustafa-Farag et al., 2020; Hasanuzzaman et al., 2021; Imran et al., 2021). Generally, ROS is scavenged by antioxidant enzymes, e.g., proteins deoxidize lipids and nucleic acids (Mittler, 2002), SOD contributes to catalysis of the dismutation of superoxide (O2•−) (Fahad et al., 2016), whereas the POD and CAT play important roles in scavenging of H2O2 (Sachdev et al., 2021). The role of proline is variable, it acts as a radical scavenger in plants under stress as well as an osmotic agent (Hayat et al., 2012). Increased levels of proline attenuate the damage caused by stress in plant cells by adjusting osmotic potential and reducing water potential (Imran et al., 2020). The elevated antioxidant activities in N, P, and K treated plots particularly N and P correspond to better ROS scavenging ability and protecting cell membrane integrity that conferred tolerance against cold stress. N is an essential part of proteins and amino acids that helps in enzyme regulation, P is the part of important molecules at cellular levels (like, ATP, ADP, NADPH, and nucleicacids), while K is inevitable for plant growth and development, and contribute to enzyme catalysis, charge balance, and osmotic adjustment that eventually attenuated cold stress adversities (Hussain et al., 2016; Kumar et al., 2021). N in the form of nitric oxide is a highly reactive, membrane-permanent free radical with a broad spectrum of regulatory functions in several physiological processes and protects the plant against stress by acting as an antioxidant directly scavenging the ROS generated under cold stress (Wendehenne et al., 2001). K is essential for many physiological processes, such as photosynthesis, translocation of photosynthates into sink organs, maintenance of turgidity, and activation of enzymes under stress conditions (Mengel and Kirkby, 2001). Plants have developed a wide range of adaptive/resistance mechanisms to maintain productivity and ensure survival under a variety of environmental stresses, including cold stress, which affects the fluidity of membrane lipids and thus may alter membrane structure (Marschner, 1995). Under lower amounts of K, cold-induced photo-oxidative damage can be exacerbated causing a decrease in plant growth and yield while adequate K application can provide protection against oxidative damage caused by cold stress (Waraich et al., 2012). The enhanced levels of these enzymatic activities by N, P, and K can also be correlated with decreased levels of MDA, EL, and H2O2 as shown by correlation analysis (Figures 2, 3). Similar results were reported by (Abid et al., 2016; Shao et al., 2020) that N fertilization conferred tolerance to stress conditions by maintaining higher enzymatic and non-enzymatic anti-oxidants and lower ROS generation. Results with increased enzymatic activities under stress conditions in response to N, P, and K are recently reported by Ma et al. (2022). Corresponding results with N fertilization (Chang et al., 2016; Ahanger et al., 2019), P fertilization (Noor et al., 2021), and K fertilization (Seleiman et al., 2021) have been previously reported.




4.3 Photosynthetic pigments

Our results revealed that cold stress significantly reduced the photosynthetic pigments in overseeded perennial ryegrass while fertilization on the other hand highly increased photosynthetic pigments (Tables 4, 7). The effects were so obvious that necrosis in the leaves occurred under control conditions and zero N. The enhanced chloroplastic pigments in response to N, P, and K, particularly N and then P were correlated with increased turf color, total protein, and photosynthesis in previous studies (Ihtisham et al., 2018; Jena and Mohanty, 2020; Ihtisham et al., 2021). N fertilization promotes the accumulation of chlorophyll as it is the major component of chlorophyll (Raza et al., 2022; Roy et al., 2022). Certainly, deficient-N plants show deficient-chlorophyll phenotypes. P and K are not chlorophyll components, the increase recorded in chloroplastic pigments under P might be the result of higher photosynthesis, whereas for K the increase is probably due to secondary mechanisms associated with general growth promotion. The correlation between chloroplastic pigments and photosynthesis can also be justified, as chlorophyll serves as the key light-harvesting pigment for photosystem, and accumulate extremely high levels of photosynthetic proteins, like light-harvesting chlorophyll a/b-binding protein and Rubisco (Ihtisham et al., 2018). N, being a key component of proteins, chlorophyll, and Rubisco affected the whole metabolism of plants during cold stress. Reduced chlorophyll contents in turfgrasses under limited N fertilization and abiotic stress conditions were also previously reported by (Shen et al., 2020; Januškaitienė et al., 2021). The enhanced levels of photosynthetic pigments in response to N, P, and K could also be ascribed to the regulation of enzymatic and non-enzymatic antioxidants defense systems and decreased lipid peroxidation, cell membrane damage, and H2O2 in this study, as confirmed by the correlation analysis. Similarly, previous studies reported that N, P, and K application under stress conditions actively synthesized chlorophyll contents, which was verified by higher chloroplastic pigments, increased antioxidants activities, and lower ROS production (Kozłowska et al., 2021; Saleem et al., 2021; Xu et al., 2021).





5 Conclusion

Exogenous applications of N, P, and K are considered an effective way to attenuate plant’s cold stress. The results of the present study elucidated that the absence of N, P, and K fertilization as evident from the controlled conditions under cold stress and TCZ triggered lipid peroxidation, cell membrane damage, and excessive hydrogen peroxide accumulation presumably by desynchronizing the ROS-scavenging mechanism in overseeded perennial ryegrass. Nevertheless, N, P, and K application proficiently relieved cold stress provoked inhibitory effects in overseeded perennial ryegrass which could mainly be ascribed to decreased MDA, EL, and H2O2 contents, while increased enzymatic and non-enzymatic antioxidants (soluble protein, SOD, POD, CAT, and proline) and photosynthetic pigments (Chl a, Chl b, T.Chl, and Car) through elevated ROS scavenging. Thus, our results conclude that NPK application maximized the performance and cold stress tolerance of perennial ryegrass that was overseeded on dormant bermudagrass under a transitional climate. To cope with cold stress, turfgrass management will depend not only on breeding new varieties that are well adapted to cold climates but also on the development of nutrient management strategies, that will contribute to sustainable agriculture.
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Cucumber is one of the most important vegetable crops, which is widely planted all over the world. Cucumber always suffers from high-temperature stress in South China in summer. In this study, liquid chromatography–mass spectrometry (LC-MS) analysis was used to study the differential metabolites of cucumber anther between high-temperature (HT) stress and normal condition (CK). After HT, the pollen fertility was significantly reduced, and abnormal anther structures were observed by the paraffin section. In addition, the metabolomics analysis results showed that a total of 125 differential metabolites were identified after HT, consisting of 99 significantly upregulated and 26 significantly downregulated metabolites. Among these differential metabolites, a total of 26 related metabolic pathways were found, and four pathways showed significant differences, namely, porphyrin and chlorophyll metabolism; plant hormone signal transduction; amino sugar and nucleotide sugar metabolism; and glycine, serine, and threonine metabolism. In addition, pollen fertility was decreased by altering the metabolites of plant hormone signal transduction and amino acid and sugar metabolism pathway under HT. These results provide a comprehensive understanding of the metabolic changes in cucumber anther under HT.
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Introduction

Temperature is an important factor in plant growth, and each plant has its own suitable temperature for growth. Plant growth and development and yield will be adversely affected if the temperature is higher than the suitable temperature. Heat damage has recently become more severe, particularly with the intensification of the global “greenhouse effect” (Rahman et al., 2018; Ahmad et al., 2021; Abbas, 2022). The crop growing season is often affected by heat damage in summer, which affects crop growth and yield (Cao et al., 2022). Crop plants make a range of responses to cope with heat stress. For example, the fluidity of the cell lipid membrane is significantly enhanced under high-temperature stress, which can cause electrolyte leakage, reactive oxygen species generation, and oxidative damage (Bokszczanin and Fragkostefanakis, 2013; Zhang et al., 2022a). To cope with heat damage, plants accumulate metabolites such as antioxidants, osmoprotectants, and heat shock proteins through different pathways and protective enzymes and antioxidants in the chloroplasts and mitochondria (Bohnert et al., 2006; Moore et al., 2021). Heat shock proteins play roles in protecting and repairing the damaged protein, as well as regulating cellular redox status (Wang et al., 2004; Zhong et al., 2013; Masoomi-Aladizgeh et al., 2021). Other major factors that respond to high-temperature stress include ion transporters, osmotic protective agents, free radical scavenging agents, and all kinds of stress response proteins, and they participate in the signal level and transcriptional control factor (Wang et al., 2004). Thus, to ensure continued food security or crop yield, a practical strategy is needed to analyze the mechanism of crop heat resistance, cultivate heat-resistant crops, and maintain high yield with high temperature.

Cucumber (Cucumis sativus L.) is one of the most important vegetables in the world. Cucumber often suffers from high-temperature stress in summer, which leads to premature leaf senescence, reduced photosynthesis and respiration, damaged cell membrane system, and decreased pollen vigor, affecting fruit quality and shape and yield (Sun et al., 2018). CsCaM3 is a plant calmodulin gene that improves cucumber high-temperature tolerance by regulating a series of high-temperature-related genes (Yu et al., 2018). In addition, the exogenous glutathione was thought to reduce high-temperature stress damage. Exogenous glutathione can regulate osmolytes, photosynthesis, and antioxidant systems to improve the high-temperature tolerance of cucumber (Ding et al., 2016). Although high temperature affects both the vegetative and reproductive stages, the reproductive stage is more sensitive to high-temperature stress than the vegetative stage (Hedhly et al., 2009; Prasad et al., 2017; Lohani et al., 2020), and cucumber is no exception. Notably, male cucumber flowers were more sensitive to high temperature than female flowers (Miao and Li, 2001), and the pollen fertility and viability were observed to be significantly decreased (Miao, 2000).

Metabolomics is a comprehensive and systemic discipline developed after genomics, RNA-seq, and proteomics, which can be applied to study the endogenous metabolites of small molecules in living organisms (Li and Gaquerel, 2021), and it is correlated directly with downstream phenomics. Recently, metabolomics has been widely used in studies of plant growth and development (Du et al., 2020; Hu et al., 2021), biotic stress (Silva et al., 2021), and abiotic stress (Kumar et al., 2021). Many metabolism pathways were found to respond to high temperatures in Paspalum wettsteinii, including sugar metabolism, amino acid metabolism, and auxin metabolism (Zhao et al., 2022). Abiotic stress can induce the biosynthesis and accumulation of related osmotic fluid, including sugars, amino acids, and secondary metabolites. These metabolites can maintain the osmotic potential in cells, which is the main adaptation strategy of plants’ resistance to abiotic stress (Jia et al., 2019). Sugar metabolism is widely considered an energy source for plant development and plays an essential role in male reproductive development in higher plants. The disturbance of starch and sucrose metabolism will cause male sterility at the reproductive stage of plants (Liu et al., 2021b). The hormonal pathways are disordered after high-temperature stress and cause male sterility (Khan et al., 2020). The auxin transport in the anther is affected under high-temperature stress, and the content of auxin is disordered, which leads to a reduction in male fertility (Yao et al., 2018). Furthermore, metabolomics has also been widely used to study the different metabolites in cucumber (He et al., 2020; Liu et al., 2021a; Pan et al., 2022). Li et al. (2018) clarified that metabolites and metabolic pathways, related to mitigating drought stress by increasing the content of CO2, were different under a series of drought stress. However, until now, studies involving metabolomics analysis of male cucumber flowers under high-temperature stress have been limited.

It is well known that the reproductive development of cucumber is affected by high-temperature stress, which then leads to a reduced yield. Moreover, the summer temperature is high in South China, and thus, breeding heat-resistant cucumber varieties has become one of the most effective and economical ways to increase cucumber yield during summer in South China. However, to our best knowledge, metabolic research about male cucumber flowers under heat stress is still lacking until now. Therefore, the heat-resistant abilities of male cucumber flowers need to be further explored in the future, which is of great significance for the improvement of breeding heat-resistant cucumber cultivars. Based on our previous research on the dynamic changes of gene expression on male cucumber flower development under high-temperature stress (Chen et al., 2021b), this study will use metabolomics to further explore the changes of metabolites in the mature pollen stage of cucumber, providing a new idea for research under normal growth conditions and high-temperature stress. The results will provide us a better understanding of how male cucumber flowers, especially its mature pollen, make a reaction at the metabolic level under high-temperature stress, as well as provide a theoretical foundation for heat-resistant cucumber breeding to minimize the damage caused by high-temperature stress.



Materials and methods




Plant material and sampling

The cucumber seeds were immersed in water at room temperature for 4-5 h and allowed to sprout overnight under a wet and dark environment. Then, the germinated seeds were cultivated in plant pots and grown in a growth cabinet. When the cucumber plants formed the sixth true leaves, they were moved into a phytotron with 70% relative humidity under normal conditions (CK, 12 h at 28°C in the light/12 h at 25°C in the dark) or high-temperature (HT, 12 h at 38°C in the light/12 h at 30°C in the dark) stress (Chen et al., 2021b). These temperature treatments were stopped until we collected enough male flowers for observations of the anther structure and pollen fertility and for the metabolomics experiments. The mature anthers of three biological replicates were dissected from male flowers and harvested for metabolomics analysis.




Cytological observation

The investigation of pollen fertility was performed as previously described (Chen et al., 2021b). The mature male flowers were obtained and quickly put in Carnoy’s solution (ethanol:acetic acid = 3:1) for over 24 h, and they were kept in 70% ethanol after washing three times. The anther was removed from the inflorescences and placed in 1% iodine potassium (I2-KI), and the normal and abnormal pollens were observed on a microscope (Motic BA200).

Anther structure survey by paraffin section was conducted according to the methods provided by Chen et al. (2021b). The anthers at mature stages were collected and kept in formaldehyde–acetic acid–ethanol (FAA) (70% ethanol:acetic acid:methanol = 89:6:5) solution for 48 h. Subsequently, the anthers were dehydrated by a series of ethanol concentrations according to the protocol of the manufacturers, and then the dehydrated anthers were embedded in paraffin. The embedded anthers were put in a microtome (Leica RM2235) and then cut with a cross-section thickness of 2 to 5 μm. Finally, the cross sections of the anthers were stained in 0.05% toluidine blue (m/v) and covered with a slide cover for observation. The finished cross sections were observed by a microscope (Motic BA200).




Metabolomics experiments and data analysis

The six collected anthers were quickly transferred to liquid nitrogen and kept at −80°C for the extraction of metabolites by 80% methanol. The metabolites of three biological samples were extracted for liquid chromatography–mass spectrometry (LC-MS) analyses following manual instructions (Want et al., 2013). LC-MS/MS analyses were performed using an ExionLC™ AD system (Sciex) coupled with a QTRAP® 6500+ mass spectrometer (Sciex) in Novogene Co., Ltd. (Beijing, China), according to standard metabolic operating procedures (Luo et al., 2015). The metabolites were determined based on the Novogene in-house database by using multiple reaction monitoring (MRM). These metabolites were annotated and based on public databases, including the Human Metabolome Database (HMDB) (http://www.hmdb.ca/), Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/), MassBank (http://www.massbank.jp/), and LIPID MAPS (http://www.lipidmaps.org/). Partial least squares discriminant analysis (PLS-DA) and univariate analysis (t-test) were applied to calculate the values of variable importance in projection (VIP) and statistical significance (P-value), respectively. Significantly differentially expressed metabolites (VIP >1, P-value <0.05, and fold change ≥2 or fold change ≤0.5) were screened and subjected to further analysis.




Results




Phenotype of pollen on high-temperature stress

In this study, pollen fertility was detected between CK and HT. A large amount of abortive pollen grains appeared at the mature stage under high-temperature stress by I2-IK staining, but there were almost no aborted pollen grains in the normal condition (Figures 1A, B). The pollen fertility of HT was 56.22% and obviously lower than that in CK (95.25%) (Figure 1C). Next, the mature anther structures were observed by the paraffin section between CK and HT. The section results showed that the anther tapetum of CK was normally degraded and the pollen grains were normally developed (Figures 2A, B), whereas a large number of insufficient pollen grains and delayed degradation tapetum were found in HT (Figures 2C, D). These cytological results showed that the development of mature anther was significantly impaired in HT stress compared with that in CK.




Figure 1 | Pollen fertility of normal condition and high-temperature stress. (A) Pollen fertility of normal condition; (B) pollen fertility of high-temperature stress; (C) pollen fertility. Bar = 100 μm.






Figure 2 | The cross-section analysis of mature anther. (A, B) Anther cross sections of the mature stage in normal condition; (C, D) the cross-sections of mature anther with high-temperature stress. Bar = 50 μm.






Overview of metabolomics profiling

To study the possible molecular differences of cucumber pollen at the mature stage under high-temperature stress, we used metabolomics analysis to investigate the differential metabolites. A total of 1,224 metabolites were obtained, which were classified into 57 classes (Table S1). The top 10 metabolites were classified into amino acids and derivatives, flavonoids, carbohydrates and derivatives, nucleotides and derivatives, organic acids and derivatives, terpenoids, fatty acyls, flavones and flavonols, cinnamic acids and derivatives, and phospholipids. The number of amino acids and derivatives is the most abundant and reached 200. The number in the abovementioned classes was 118, 79, 73, 71, 51, 48, 37, 36, and 36, respectively (Table 1). In addition, principal component analysis (PCA) of all the samples and quality control (QC) samples was executed. As shown in Figure S1A, the distribution of the QC sample points was relatively clustered, indicating that the QC sample differences were relatively small. On the other hand, it also indicated that the sampling method for metabolomics analysis was stable and the resulting data quality is relatively high in this study. The cumulative contribution rate reaches 61.85% (PC1: 45.73%, PC2: 16.12%), and the distribution of samples in different treatments was obviously separated (Figure S1B). These results indicated that metabolites of anther under HT were significantly distinguished from those under CK.


Table 1 | The type and quantity of identified metabolites between CK and HT.






Differential metabolites under high-temperature stress

We performed the PLS-DA model to study which metabolites have significant differences under HT. The differential metabolites were obviously classed between HT and CK (Figure S2A), which was consistent with the PCA analysis results. The R2 regression line is located above the Q2 regression line, and the intercept is −1.66 (less than 0) between the y-axis and the Q2 regression line (Figure S2B), indicating that this model can describe the samples well. The differential metabolites were identified based on three filter conditions: VIP ≥1.0, P_value <0.05 in the t-test, and fold change ≥2 or fold change ≤0.5. A total of 125 differential metabolites were identified (Table S2), consisting of 99 upregulated and 26 downregulated metabolites (Figure 3). These metabolites were classified into 30 groups, and amino acids and derivatives (22) and carbohydrates and derivatives (15) were the two top groups (Table 2). Interestingly, only one metabolite was downregulated in these two groups, respectively. In addition, the results of the KEGG analysis demonstrated that 125 differential metabolites were enriched in 26 metabolic pathways, and amino sugar and nucleotide sugar metabolism; galactose metabolism; ABC transporters; glycine, serine, and threonine metabolism; phenylpropanoid biosynthesis; arginine and proline metabolism; and starch and sucrose metabolism were the top 7 pathways (Figure 4A, Table S3). These differential metabolites and metabolic pathways may provide crucial information on how cucumber anther responds to HT stress. Moreover, four metabolic pathways with significant differences were detected, namely, porphyrin and chlorophyll metabolism; plant hormone signal transduction; amino sugar and nucleotide sugar metabolism; and glycine, serine, and threonine metabolism (Figure 4B, Table S3). In addition, we constructed a comprehensive systemic metabolic pathway diagram under HT stress according to KEGG enrichment data (Figure 5).




Figure 3 | Differential metabolites in high-temperature stress compared with the normal condition at mature anther stages. (A) Number of up- and downregulated metabolites in high-temperature stress compared with normal condition. (B) Expression patterns of differential metabolites in high-temperature stress compared with normal condition.




Table 2 | The type and quantity of identified differential metabolites between CK and HT.






Figure 4 | The Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses of differential metabolites between normal condition and high-temperature stress. (A) KEGG enrichment of annotated metabolites from normal condition and high-temperature stress. The y-axis indicates the KEGG pathway and the x-axis indicates the enrichment factor. (B) Significant difference in KEGG pathway enrichment.






Figure 5 | The main KEGG pathway responses to high-temperature stress. Red indicates upregulation, green indicates downregulation, and black indicates no difference. Solid and dashed lines indicate single- and multistep reactions, respectively.



In our previous study, we acquired RNA-seq profiling of male flower development under HT stress, and 1,677 differentially expressed genes were identified at the mature pollen development stage (Chen et al., 2021b). Herein, a joint analysis of RNA-seq and metabolomics data was adopted to uncover the molecular mechanism of cucumber pollen responses to HT at the transcriptional and metabolic levels (Table S4). Among the top 7 KEGG pathways and significantly differential KEGG pathways, three KEGG pathways, namely, phenylpropanoid biosynthesis, plant hormone signal transduction, and starch and sucrose metabolism, had the largest number of differentially expressed genes (Table S4). In the phenylpropanoid biosynthesis pathways, scopoletin (Com_1169_pos), scopolin (Com_621_pos), and caffeic aldehyde (Com_684_pos) were upregulated in HT than in CK, and 15 differentially expressed genes were identified in our previous RNA-seq data (Table S5, Figure 6). The upregulated metabolites, including D-glucopyranose (Com_255_neg), D-glucose (Com_288_neg), and fructose (Com_472_neg), were involved in the pathway of starch and sucrose metabolism, and 14 differentially expressed genes were found in previous RNA-seq data, including nine upregulated and six downregulated differentially expressed genes (Figure 7, Table S6). In the plant hormone signal transduction pathway, indole-3-acetic acid (Com_670_pos) and jasmonic acid (Com_175_neg) were found upregulated in HT than in CK, and a large number of differentially expressed genes were found. In the auxin pathway, 16 differentially expressed genes were explored. The jasmonic acid pathway was composed of two differentially expressed genes: one upregulated and one downregulated gene (Table S7).




Figure 6 | Predicted phenylpropanoid biosynthesis pathways under high-temperature stress. PAL, phenylalanine ammonia-lyase; 4CL, 4-coumarate-CoA ligase; BGLU, beta-glucosidase; PER, peroxidase.






Figure 7 | Predicted carbohydrate metabolism pathways under high-temperature stress. SPP, sucrose-6-phosphatase; INV, invertase; SUS, sucrose synthase; SPS, sucrose-phosphate synthase; G6PC, glucose-6-phosphatase; SCRK, fructokinase; GPI, glucose-6-phosphate isomerase; EP, ectonucleotide pyrophosphatase; glgC, glucose-1-phosphate adenylyltransferase; SS, starch synthase; GBE1, glucan branching enzyme; CH, cellulose synthase; EG, endoglucanase; BG, beta-glucosidase.






Discussion

Cucumber is a kind of vegetable crop that prefers a warm climate but is not heat-tolerant, whose optimal growth temperature ranges from 25°C to 30°C. When the temperature exceeds 35°C, cucumber will encounter heat damage, and reproductive growth is more vulnerable than vegetative growth. Furthermore, the impairment of male cucumber flowers is more severe as compared with female flowers (Miao and Li, 2001). Specifically, high-temperature stress affects male flower development (Zhang et al., 2021; Zhang et al., 2022b), including damaged anther structure, decreased pollen fertility, reduced pollen vitality, and disordered reproductive process (Shi et al., 2013; Kumar et al., 2019). In cucumber, pollen fertility is lessened by high temperature (Miao, 2000; Chen et al., 2021b). In the current study, high temperature led to the production of a lot of sterile pollen, caused a large number of insufficient pollen grains, and delayed tapetum degradation. These results were consistent with previous a study, which suggested that high-temperature stress will affect anther development and reduce pollen fertility (Chen et al., 2021b).

The amino acids take part in responses to abiotic stresses in higher plants (Du et al., 2020). Amino acids and derivatives have important roles in keeping the structural integrity of intracellular proteins and osmoregulation. A number of amino acids (threonine, isoleucine, leucine, asparagine, malate, valine, alanine, etc.) were accumulated in Arabidopsis and rice by heat stress (Kaplan et al., 2004; Yamakawa and Hakata, 2010). Here, differential metabolites consisting of a total of 22 amino acids and derivatives were found between high-temperature stress and normal condition, which composed the largest classes (Table 2). These metabolites were mainly involved in glycine, serine, and threonine metabolism and arginine and proline metabolism. Proline, which is a compatible solute, is essential for adjusting osmotic pressure and protects the cell structure under abiotic stress (Slama et al., 2015). The levels of glycine and trans-3-hydroxy-L-proline significantly increased during high-temperature stress in cucumber anther. Sugars have also been considered to play an important role in osmotic adjustment, and they accumulated for resistance to abiotic stresses (Ma et al., 2009). In this study, a total of 15 carbohydrates and derivatives were found between high-temperature stress and normal condition. Of these carbohydrates and derivatives, 14 metabolites were upregulated, and only Com_971_pos (tuberonic acid hexoside) was downregulated in HT (Table 2, Table S2). These results suggest that cucumber anther maintained osmotic balance by increasing the levels of amino acids and derivatives as well as carbohydrates and derivatives. Sugar metabolism is considered energy for plant growth and development and is essential for male reproductive development in higher plants. Any disturbances in starch and sucrose metabolism will cause male sterility at the reproductive stage of plants (Goetz et al., 2001; Liu et al., 2021b). The starch in the anther decreased under high-temperature stress, and it led to a reduction of pollen germination and to male sterility (Begcy et al., 2019). In addition, the accumulation of glucose and fructose in the anther is one main reason for the low pollen fertility in autotetraploid rice (Chen et al., 2018). Herein, three products from the starch and sucrose metabolism pathway, two D-glucose (Com_255_neg and Com_288_neg) and a fructose (Com_472_neg), were significantly upregulated in high-temperature stress. In our previous study (Chen et al., 2021b), 14 differentially expressed genes were found at the mature stage in high-temperature stress than in normal condition (Figure 6, Table S5). These abrupt expressions of genes and the upregulation of metabolites of two D-glucose and a fructose lead to failure of starch synthesis under high-temperature stress and may cause pollen sterility. Our results were consistent with the increasing accumulation of glucose and fructose after high-temperature stress (Begcy et al., 2019).

The phenylpropanoid biosynthesis pathway is activated under abiotic stress (high temperature, cold, drought, and salinity) and leads to the accumulation of phenolic compounds, which have the potential to remove harmful reactive oxygen species (ROS) (Sharma et al., 2019). It was reported that caffeic acid and ferulic acid of the phenylpropanoid biosynthesis pathway play an important role in response to high-temperature stress in turfgrass species (Wang et al., 2019). Sun et al. (2022) found that phenylpropanoid metabolism (flavonoid metabolism and lignin synthesis) plays a key role in regulating male fertility in rice. Here, the results showed that three metabolites were upregulated in the phenylpropanoid biosynthesis pathway, namely, Com_684_pos (caffeic aldehyde), Com_1169_pos (scopoletin), and Com_621_pos (scopolin). This result showed that these three upregulated metabolites of the phenylpropanoid biosynthesis pathway might protect cucumber anther against high-temperature stress.

Plant hormones, such as auxin, gibberellin, abscisic acid, jasmonic acid, and salicylic acid, play a vital role in plant growth and development and abiotic stress tolerance. High temperature will affect hormone biosynthesis, the hormone signaling pathway, and hormone transport and causes a series of physiological changes (Castroverde and Dina, 2021). Auxin, which is a vital endogenous hormone, has an effect on plant growth and development under high-temperature stress (Luo et al., 2022). The content of auxin is higher under high-temperature stress, which affects male gametophyte development (Ding et al., 2017). Auxin is accumulated excessively under high-temperature stress, which damages hormone homeostasis and causes pollen abortion and male sterility (Khan et al., 2022b). According to our results, indole-3-acetic acid (Com_670_pos) was detected to be upregulated in high-temperature stress. In our previous study, a total of 16 differentially expressed genes were explored at the mature stage in high-temperature stress vs. normal condition, including auxin efflux carrier family protein, auxin-responsive protein, GH3 auxin-responsive promoter, and auxin-responsive SAUR protein (Table S6) (Chen et al., 2021b). The auxin efflux carriers (PIN5 and PIN8) are considered to regulate the balance and metabolism of auxin in pollen and also participate in pollen morphology development (Bosco et al., 2012; Ding et al., 2012). The abrupt expression of auxin-related genes caused changes in auxin content and led to a reduction in pollen fertility (Salinas-Grenet et al., 2018; Khan et al., 2022a). Moreover, jasmonic acid has an important role in biotic and abiotic stress responses. The altered expression of jasmonic acid biosynthesis-related genes, GhACNAT (acyl-CoA N-acyltransferase) from cotton, affects plant male fertility (Chen et al., 2021a). The exogenous application of jasmonic acid can alleviate male sterility in GhACNAT-silenced plants (Fu et al., 2015). The content of jasmonic acid in the anther changed and led to male sterility under high-temperature stress (Khan et al., 2020). In this study, jasmonic acid (Com_175_neg) was found upregulated in high-temperature stress. Two jasmonic acid-related genes (CsaV3_5G039150 and CsaV3_4G002460) were detected to have a differential expression after high-temperature stress in our previous study (Chen et al., 2021b, Table S6). Furthermore, the deletion of the jasmonic acid biosynthesis gene allene oxide cyclase 2 (GhAOC2) in cotton led to H2O2 accumulation in the anthers and caused pollen abnormality and male sterility (Khan et al., 2022a). In addition, CsaV3_5G039150, an allene oxide cyclase protein, was upregulated after high-temperature stress. Jasmonate ZIM domain (JAZ) proteins can regulate the jasmonic acid signaling pathway and affect male fertility (Chung and Howe, 2009). In cucumber, CsJAZ1 interacts with CsGL2-LIKE and plays a role in male flower development (Cai et al., 2020). CsaV3_4G002460, which encoded the JAZ protein, was downregulated after high-temperature stress. The upregulation of indole-3-acetic acid and jasmonic acid and the abrupt expression of related genes caused endogenous hormone imbalance and led to the abnormality of male flowers under high-temperature stress.



Conclusions

The regulation mechanism of male cucumber flower development under high-temperature stress is unclear. In this study, lower pollen fertility, increased insufficient pollen grains, and delayed degradation of the tapetum were found in high-temperature stress. Many metabolites whose contents changed significantly were identified in the anther after high-temperature stress, such as auxin and jasmonic acid, amino acids and derivatives, and carbohydrates and derivatives. The differential metabolites involved in amino acid metabolism, sugar metabolism, and plant hormone signal transduction pathway maintain cell osmotic balance; however, failure of the starch synthesis and breaking down of endogenous hormone balance caused abnormality in the male flowers. These results provide valuable information and theoretical support for further studies on the mechanism of metabolic response to high-temperature stress in cucumber.
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Low temperatures (LTs) negatively affect the percentage and rate of cucumber (Cucumis sativus L.) seed germination, which has deleterious effects on yield. Here, a genome-wide association study (GWAS) was used to identify the genetic loci underlying low temperature germination (LTG) in 151 cucumber accessions that represented seven diverse ecotypes. Over two years, phenotypic data for LTG i.e., relative germination rate (RGR), relative germination energy (RGE), relative germination index (RGI) and relative radical length (RRL), were collected in two environments, and 17 of the 151 accessions were found to be highly cold tolerant using cluster analysis. A total of 1,522,847 significantly associated single-nucleotide polymorphism (SNP) were identified, and seven loci associated with LTG, on four chromosomes, were detected: gLTG1.1, gLTG1.2, gLTG1.3, gLTG4.1, gLTG5.1, gLTG5.2, and gLTG6.1 after resequencing of the accessions. Of the seven loci, three, i.e., gLTG1.2, gLTG4.1, and gLTG5.2, showed strong signals that were consistent over two years using the four germination indices, and are thus strong and stable for LTG. Eight candidate genes associated with abiotic stress were identified, and three of them were potentially causal to LTG: CsaV3_1G044080 (a pentatricopeptide repeat-containing protein) for gLTG1.2, CsaV3_4G013480 (a RING-type E3 ubiquitin transferase) for gLTG4.1, and CsaV3_5G029350 (a serine/threonine-protein kinase) for gLTG5.2. The function for CsPPR (CsaV3_1G044080) in regulating LTG was confirmed, as Arabidopsis lines ectopically expressing CsPPR showed higher germination and survival rates at 4°C compared to the wild-type, which preliminarily illustrates that CsPPR positively regulates cucumber cold tolerance at the germination stage. This study will provide insights into cucumber LT-tolerance mechanisms and further promote cucumber breeding development.
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Introduction

Cucumber (Cucumis sativus L.), as one of the most economically important vegetable crops, is widely cultivated on ~2.3 Mha globally and its production reached 91.26 M metric tons in 2020 (FAO, 2020). Cucumber, however, is a temperature-sensitive crop that is easily injured by low temperatures (LTs) (Cabrera et al., 1992). LT is one of the most common abiotic stresses; it can affect cucumber seed architecture and germination, slow the growth rate, delay seed maturation, decrease the rate of seed set, and even indirectly affect reproduction, which collectively threatens cucumber production and quality (Nienhuis et al., 1983; Røeggen, 1987). When cucumber seeds encounter LTs, either in the soil or in irrigation water, the percentage of seeds that germinate decreases, and more seriously, LTs can cause seed death (Smeets and Wehner, 1997). Clarifying the genetic basis of cucumber LT germinability, will enable molecular breeding vital to improving yield in cold regions, as well as extending the cultivated area from low- to high-altitudes.

Previous studies reported that low temperature germination (LTG) is a complex quantitative trait loci (QTL) commonly controlled by multiple genes (Kłosińska et al., 2013). Germination rate (GR), germination energy (GE), germination index (GI), and radicle length (RL) were the common used LTG evaluation indices (Song et al., 2018; Yagcioglu et al., 2019). To date, only three QTL analyses were performed in cucumber using these indices. First, Dong (2017) identified eight QTLs using F2:3 families. Next, three QTLs (qLTG1.1, qLTG2.1 and qLTG4.1) were detected using Recombinant Inbred Lines (RILs) in 2018 (Song et al., 2018; Li et al., 2022a). Subsequently, Yagcioglu et al. (2019) also identified three QTLs (qLTG1.2, qLTG2.1 and qLTG4.1) using RILs and F2:3 families. Collectively these studies provided important information on LTG-related genetics and accelerated the development of cucumber breeding programs.

A genome-wide association study (GWAS) is an effective way to identify complex quantitative traits, and it has been widely used in crops. In rice, Sales et al. (2017) showed that 31 markers were related to growth rate and germination rate at 25°C and 15°C using 200 diverse germplasms and 1672 single nucleotide polymorphisms (SNPs). Schläppi et al. (2017) evaluated 202 core germplasms and identified two new loci, i.e., qLTSS3-4 and qLTSS4-1, using seedling survival rate as an evaluation index under LT. A member of the 14-3-3 gene family (GF14h), was associated with changes in the germination rate of rice under optimal temperature conditions using GWAS (Yoshida et al., 2022). In sorghum, based on five evaluation indicators (stem weight, root weight, stem length, root length and anthocyanin content) at LT, transcription factors Sb06g024820 and Sb05g001215 were identified as candidate genes capable of regulating LT responses (Chopra et al., 2017). In maize, Zm00001d017932, a MADS-transcription factor 26 (MADS26), were verified as affecting seed germination via an association GWAS analysis of 300 lines and 24 transcriptome libraries analysis (Ma et al., 2022). In cotton, using GWAS mapping with 200 accessions, Gh_A01G1740 (GhSAD), which encodes a short-chain alcohol dehydrogenase, was found to confer cold tolerance (Ge et al., 2022). Further, Gh_D09G0189 (GhSAL1), a bifunctional protein, was identified as affecting cold tolerance in upland cotton at the seedling emergence stage, using 200 accessions from five ecological distributions (Shen et al., 2023). With the development of cucumber genome sequencing, GWAS has also been widely used to accelerate genes related to LTG. GWAS has also been successfully used to detect many QTLs in cucumber, for example, for biotic and abiotic stress resistance, and for fruit quality traits. For biotic stress resistance, novel powdery mildew (PM) resistance genes, i.e., Csa5G453160 and Csa5G471070, found on chromosome 5 were detected using a set of 264 from a core germplasm collection (Lee et al., 2020). Meanwhile, eight PM-resistance, five downy mildew resistance and four gummy stem blight resistance genes were putatively identified (Liu et al., 2020b; Liu et al., 2021; Han et al., 2022). For abiotic stress, Zhang et al. (2019) evaluated heat tolerance with a collection of 96 accessions and found two loci - GGI4.1 and GGI5.1 using GR, GE and GI. Wei et al. (2019) detected seven GWAS locus (gHII4.1, gHII4.2, gHII5.1, gHII5.2, gHII6.1, gHII6.2 and gHII7.1) using a heat injury index. Wang et al. (2019) detected five LT-tolerance loci (gLTS1.1, gLTS3.1, gLTS4.1 and gLTS5.1) on Chr.1, Chr.3, Chr.4 and Chr.5, respectively using low temperature injury indices. Seven loci (gST2.1, gST3.1, gST4.1, gST4.2, gST5.1, gST6.1) associated with salt tolerance in cucumber seedlings were repeatedly detected (Liu et al., 2022a). For quality traits, the ultra-high fruit spine density formation genes (fsd6.2) (Bo et al., 2019a) and the green flesh formation gene (qgf5.1 and qgf3.1) (Bo et al., 2019b) were identified using a group of 115 cucumber accessions from a core germplasm collection. However, there have been no reported studies investigating LTG tolerance using the GWAS approach.

In this study, we uncovered the genetic architecture of LTG in re-sequenced lines of a 151 core cucumber germplasm population which represented genotypes of diverse origins and ecotypes. Low temperature tolerance at the cucumber germination stage was assessed via four indices and 1,522,847 SNP markers. Three loci related to LTG were detected in two different environments by GWAS. Moreover, three novel candidate genes were discovered and assessed via functional annotation, sequence alignment and expression analysis. Finally, the CsaV3_1G044080 gene within the gLTG1.2 locus, encoded a pentatricopeptide repeat-containing protein (CsPPR) was further verified; When ectopically expressed in Arabidopsis, it engendered better LTG in the transgenic lines. The objectives of this study are to (i) enrich the diverse genetic variation and screen low temperature tolerance accession; (ii) provide insights into the genetic basis of cucumber LTG tolerance, as well as resources for the genetic improvement of cucumber; and (iii) identify the SNP markers and the causal gene affecting seed germination ability at LT in cucumber. This study will provide a basis for elucidating the regulatory mechanisms underlying LT-tolerance in cucumber at the germination stage, and accelerate the screening of LT-tolerant varieties.



Materials and methods




Plant materials

A set of 151 accessions from different geographical origins (Table S1), was used for the GWAS analysis, and was provided by the cucumber research group at the Institute of Vegetables and Flowers, at the Chinese Academy of Agricultural Sciences in China. The 151 diverse plants genotypes were grown, each line includes 5 individuals and self-pollinated under natural field conditions in the Institute of Vegetables and Flowers, Chinese Academy of Agricultural Science at Beijing in 2018 (39°90N, 116°30E; average day/night temperatures 26/14°C; day length ~14 h in May and June). The individuals of each line were collected, and mixed seeds were further used for phenotype identification.




Low temperature germination ability evaluation

Accessions of the 151 cucumber core germplasms were phenotyped in two different environments: a phytotron in Beijing in summer of 2019 (2019S) and an incubator in Shandong (36°51N, 118°50E) in Shandong province in summer of 2020 (2020S) (Table S1). Fifteen seeds per triplicate were placed at 13°C for 14 days in the dark and at 28 °C for 7 days as control (Kłosińska et al., 2013). For each experiment, three replicates were applied. Each replicate was randomly placed and the core germplasm collection was randomly placed in each replicate (block). Fifteen seeds per line were placed in a 90-mm-diameter Petri dish containing two layers of filter paper soaked 6 h with 30 ml 55°C water, then were exposed to 6 ml of distilled water. Seed germination (radicle ≥ 2 mm long) was recorded daily during the treatment stage (14 days for low temperature and 7 days for control) and radical length were measured at 14 day for low temperature and 7 day for control by Image J (Song et al., 2018). The relative value of four evaluated indices, including relative germination rate (RGR), relative germination energy (RGE), relative germination index (RGI) and relative radical length (RRL) were calculated between 13°C and 28°C (Song et al., 2018). The four indices, i.e., RGR, RGE, RGI and RRL were used for GWAS analysis.




Statistical analysis

Statistical analysis of the phenotypic data was implemented using SAS v.9.4 (SAS Institute Inc., Cary, NC, USA, 2012). Pearson’s liner correlation coefficients were found among the four indices, and were analyzed using R software (R Core Team, 2019). An analysis of variance (ANOVA), principal component analysis (PCA) analysis was also performed in SAS v.9.4 (SAS Institute Inc., Cary, NC, USA, 2012). Membership function and comprehensive evaluation values (D-value) were analyzed in Excel 2016 (Xie, 1983; He, 2006). Principal component Wj = Ij/∑Ij (j = 1, 2, …, n), where Ij represented the contribution rate of the jth principal component; Membership function value (Xj) = (Xj - Xmin)/(Xmax-Xmin) (j = 1, 2, …, n), where Xj represented the jth principal component value, Xmin and Xmax represented the minimum and maximum value of the jth principal component in different germplasms, respectively; Comprehensive evaluation values D = ∑ (Uj × Wj) (j = 1, 2, …, n). The D-value as a comprehensive evaluation index was used to represent the LT resistance of various germplasm. The D-value was used as an input for cluster and GWAS analysis. The sum of squares of dispersion (Ward) method was used for cluster analysis and the Euclidean distance method was used to measure in R software (R Core Team, 2019) based on the average D-value of each core germplasms in two experiments.




Genome-wide association analysis and linkage disequilibrium analysis

The re-sequenced genome data and SNPs of the 151 accessions of the core germplasm collection are available in the NCBI Database (PRJNA831637). A FaST-LMM model (Jiang et al., 2021) was used for association tests of LT tolerance with an estimated relatedness matrix as covariate. All of the 151 genotypes were included in the GWAS. P=1.0 × 10−6 was used as the significant threshold. The linkage disequilibrium (LD) decay coefficients (r2) between high-density SNPs was calculated using Plink software (Purcell et al., 2007), and was used to evaluate LD decay (Liu et al., 2020b). Association mapping of LTG traits using SNP genotyping, population structure, relative kinship and LD analysis were identified (unpublished). Manhattan plots and the LD heatmaps were drawn by qqman package (Turner, 2014) in the R environment.




Identification of QTLs and candidate gene analysis

The candidate locus was identified by repeatedly detected loci of various indices in two environments. The regions with significant trait-associated SNPs were described as candidate regions by unifying a set of various indices. The annotations of candidate genes in QTL regions were obtained based on “cucumber genome V3 (‘9930’ as reference genome) (http://cucurbitgenomics.org/organism/20)” (Li et al., 2019). The candidate genes were identified by the following steps: first, many genes related to abiotic stresses were predicted using Swiss-Prot (https://www.uniprot.org/)、TAIR (https://www.arabidopsis.org/index.jsp) and the gene ontology (GO) database (http://amigo.geneontology.org/amigo/landing). Secondly, SNPs in the exons or promoters of different genes, that differentiated the 47 LT-sensitive lines from the 21 LT-resistant lines were identified based on sequence alignment using MEGA X (Kumar et al., 2018). Finally, the expression level of these candidate gene was analyzed at varying time points, between germplasm differing in their LTG response, to further identify candidate genes.




Promoter cis-elements analysis and prediction of the CsPPR protein–protein interaction network

Promoter (the 2.0 kb upstream of ATG) were used for searching regulatory elements of the CsPPR gene using PlantCARE online (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al., 2002). And the result was visualized by TBtools (Chen et al., 2020). Cucumber orthologs of the Arabidopsis PPR proteins were identified using the Cucurbit (http://cucurbitgenomics.org/feature/gene/CsaV3_1G044080) and Arabidopsis databases (https://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT4G04370). The functional interaction networks of proteins were identified by the online STRING database (https://cn.string-db.org/cgi/network?taskId=baqwil7ulR5D&sessionId=bZBjkvzPG61G).




RNA extraction and qRT-PCR verification

A time-course expression analysis of the four sensitive lines (‘R13’, ‘R42’, ‘R77’, ‘R137’), together with the four resistant lines (‘R99’, ‘R152’, ‘R167’, ‘R174’) were examined during seed germination. Cucumber seeds exposed to 13°C in an incubator for 0 d,12 h, 1 d, 3 d and 7 days were collected. There were three biological replicates for each treatment. For Arabidopsis thaliana, Columbia-0 ecotype (wild-type) Col-0 and five T1 transgenic lines were grown 1/2 MS with hygromycin agar medium. Ten-days-old seedlings were collected for RNA extraction.

Total RNA was extracted, and the first-strand complementary DNA (cDNA) was synthesized using RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and a PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa, Kyoto, Japan), respectively, according to the manufacturer’s instructions. Quantitative reverse transcription PCR analysis (qRT-PCR) was performed using SYBR Premix Ex TaqTM II (TaKaRa, Kyoto, Japan). The PCR primers (Table S2) were designed with DNAMAN7.0 (Woffelman, 2004). Actin1 (Csa3G806800) was employed as the reference gene to normalize gene expression values (Xie et al., 2018). Each qRT-PCR experiment was performed with three biological replicates. The analysis of gene relative expression data was performed using the 2−ΔΔCt method (Livak and Schmittgen, 2001). Significant differences between different materials were detected using two-tailed, two-sample Student’s t-test (p<0.05 or p<0.01) in Excel (2016).




Analysis of transgenic A.thaliana plants under low temperature stress

Seeds of A.thaliana Col-0 ecotype was obtained from the Arabidopsis Biological Resource Center (https://abrc.osu.edu/). To obtain transgenic lines in which CsPPR was driven by the 35S promoter, the coding sequence of CsPPR was amplified from cucumber and subsequently cloned to the BamHI and PmI I sites of the pCAMBIA1305.4 vector to generate the 35S::CsPPR recombinant plasmid. Agrobacterium tumefaciens strain GV3101 carrying 35S::CsPPR plasmid was used to transform A.thaliana ecotype Columbia (Col-0) plants using the floral dip method (Clough and Bent, 1998). Transgenic seedlings were selected for their resistance to 40 mg/mL hygromycin. The resistant T1 transgenic seedlings were selected and propagated and T2 homozygotes selected for further analysis. The expression of CsPPR were compared between the transgenic plants with Col-0 using qRT-PCR.

Seeds of the Col-0 and transgenic plants were harvested at the same time from plants grown under the same conditions. For LT treatment, 50~100 seeds of each genotype were planted on the same 1/2MS medium and exposed to 4°C for 40 days under a 16 h-light/8-h dark cycle. At 4°C for 20 days, the number of seedlings that germinated was recorded, and the germination rate calculated. An obvious emergence of the radicle through the seed coat was used to indicate seed germination. At 4°C for 40 days, the number of surviving individuals was recorded, and the survival rate calculated. For the non-chilling control, treatment and analyses was identical to that described for the chilling treatment, except that the seeds were stored at 22°C for 5 days.




Results




Diversity of the RGR, RGE, RGI and RRL traits among the core cucumber germplasm

Phenotypic data related to the germination of 151 cucumber accessions of the core germplasm collection were obtained from two environments daily. From these data, four indices, i.e., RGR, RGE, RGI and RRL, were calculated (Table S3). Seedlings were tested in phytotrons in the summer of 2019 and in 2020, i.e., 2019S and 2020S, in Beijing and Shandong province respectively. The phenotypic data showed diverse variation among germplasms (Figure 1). RGR, RGE, RGI and RRL exhibited values of 0-100%, 0-96.59%, 0-75.20% and 0-1.37%, with average values of 29.01%, 21.07%, 16.24%, 0.35%, respectively (Figures 2A–D; Table 1). There was a clear bimodal distribution of RGR, RGE, RGI and RRL among the accessions, indicating that these traits were quantitative in nature, and were controlled by multiple genes (Figures 2E–H). In total, seven cucumber ecotypes were evaluated, including the Indian (n = 3 lines), Japanese (n = 6 lines), American (n = 13 lines), European (n = 17 lines), South China (n = 21 lines), Eurasian (n = 21 lines), and the North China ecotypes (n = 70 lines) (Table S3). Three market-types have higher LT resistant in the two environments, e.g., the North China, the Eurasian, and the South China types (Figures 2I–L). The coefficients of variation (CVs) of RGR, RGE, RGI and RRL were 112.05, 130.03, 119.89, and 117.12%, respectively (Table 1). Significant (P < 0.001) positive correlations were observed between each pair of the four traits, i.e., RGR, RGE, RGI, and RRL, when tested in both environments, with the correlation coefficients ranging from 0.56 (RGE_2020S and RRL_2019S) to 0.97 (RGR_2019S and RGE_2020S) (Figure S1). RGR, RGE, RGI in 2019S and 2020S showed high positive correlations, ranging from 0.62-0.97 (Figure S1). These findings indicate that the four traits probably exert a synergistic effect on cucumber seed germination at LT. Meanwhile, data collected from each of the two years were highly correlated and consistent, providing a solid foundation for GWAS analysis.




Figure 1 | Differences in germination rate at low temperature stress among accessions from the core germplasm. (A) Germination rate and (B) radical lengths of accessions from the core germplasms incubated at 13°C. (C) Germination under control, i.e., 28°C, temperatures. Bars = 2 cm. (D, E) Relative germination rate and (F, G) relative radical length in 2019S and 2020S.






Figure 2 | Heatmap, violin and box plots showing the phenotypic distribution of RGR, RGE, RGI and RRL among cucumber accessions grown under two environments. (A–D) Heatmap depicting the repeatability of the four germination indices, i.e., RGR, RGE, RGI and RRL. Blue and red bars represent accessions sensitive and tolerant to LTs, respectively, with the color intensity indicating the level of sensitivity or tolerance. (E–H) Violin and box plots depicting the distribution of the germination indices in two experiments. (I–L) Box plots depicting the distribution of the germination indices in seven ecotypes. Key: RGR, relative germination rate; RGE, relative germination energy; RGI, relative germination energy; RRL, relative radical length.




Table 1 | Phenotype statistics of low temperature germinability traits in core germplasm.






D-value evaluation and clustering analysis

To evaluate accurately the LT tolerance ability of core germplasms, four principal (prin) components were identified by principal component analysis. Prin1 and prin2 represented 97.59% in 2019S and 98.07% in 2020S of the four indices (Table S4). Weight of prin1 was 95.98%, while prin2 was 4.02% by membership function (Table S4). Finally, a comprehensive evaluation (D-value) of the germination ability of the core germplasm, that encompassed all four germination indices, was calculated. The line with bigger D-value was more resistant for LT. Based on the average D-value per line of two environments, these core germplasms were divided into 5 clusters (I, II, III, IV, V) by the Ward method, when Euclidean distance was 13.5 (Figure 3A). Cluster I consisted of highly sensitive accessions, those in Cluster II were sensitive, while Clusters III, IV and V consisted of accessions that were intermediate in tolerance, tolerant, and highly-tolerant respectively (Table S5; Figure 3A). Each cluster contained different ecotypes (Figure 3C). The higher the D-value, the higher the LT resistance of the germplasms (Figure 3B). Significant differences were found among various groups (Figure 3B). In general, most accessions in the Indian, Japanese and European groups were sensitive to LT, while those in the Chinese group showed higher tolerance (Figure 3C). However, the LTG of some germplasms differed greatly among experiments, e.g., the ‘R161’ line grouped in the highly resistant cluster in 2019S, but showed susceptibility to LTs in 2020S (Figures 2A–D). Thus, we combined all the phenotypic data from the two experiments to differentiate the susceptible from the resistant lines. Of the 151 tested accessions, we could define 47 as sensitive, i.e., belonging to the highly sensitive group: ‘R13’, ‘R42’, ‘R77’, and 21 as resistant, i.e., belonging to the highly tolerant group: ‘R99’, ‘R152’, ‘R167’.




Figure 3 | Analysis of the cucumber accessions based on their tolerance to germination at low temperatures. (A) Clustering of accessions of the core germplasm collection using the comprehensive D-value to indicate germination at low temperature. The I, II, III, IV and V indicate group I, group II, group III, group IV, and group V, respectively. (B) The range of D-values from Group I to Group V. (C) The proportion of Group I to Group V of D-values found within the different ecotypes.






Genome-wide association analysis of low temperature resistance at germination

The various index (D-value, RGR, RGE, RGR and RRL) were used to repeatedly detect loci at the threshold of 5.0 across all 7 chromosomes with well-fitted quantile-quantile (Q-Q) plots in two environments. SNP loci distributed on chromosomes 1, 4, 5 and 6 were detected, and were named gLTG1.1, gLTG1.2, gLTG1.3, gLTG4.1, gLTG5.1, gLTG5.2 and gLTG6.1, respectively (Figure 4, Figure S2, Table 2).




Figure 4 | Genome-wide association analysis (GWAS) Manhattan plots of (A) RGR in 2019 (B), and RGR in 2020. The red horizontal lines indicate the significance threshold (P < 10−6). Arrow heads indicate the position of strong peaks.




Table 2 | The highly significant SNPs by GWAS in gLTG1.1, gLTG1.2, gLTG1.3, gLTG4.1, gLTG5.1, gLTG5.2 and gLTG6.1 in two environments.



Of these seven loci, gLTG5.2 was detected eight times, and two loci (gLTG1.2 and gLTG4.1) were detected four times, using the four indices in each of the two experiments, respectively. These loci were thus considered to have a stable effect on LTG (Table S6). For the rest, four loci (gLTG1.1, gLTG1.3, gLTG5.1, and gLTG6.1) were detected in three times. By comparing the SNP (single nucleotide polymorphism) positions of these 7 loci with QTLs reported in previous studies (Table 2), it was evident that one (gLTG6.1) of the 7 loci in this study colocalized with the known ones (Figure 5), which indicating the locus were reliable via GWAS.




Figure 5 | Locations of QTLs for LTG in cucumber reported in this study and previous studies (2015–2022). The red font indicates the loci of this study and their exact SNP locations can be found in (Table S5). The black font indicates candidate gene identified in previous studies (Li et al., 2022a).






Candidate gene analysis at the novel and stable loci for LTG

The novel and stable loci on chromosomes 1 (gLTG1.2), 4 (gLTG4.1) and 5 (gLTG5.2) that exhibited significantly association with LT germinability (Figure 4 S2; Table S6). So, their candidate regions were further analyzed using LD decay around the peak SNPs, haplotype analysis, functional annotation of the orthologs in Arabidopsis and qRT-PCR. Given that all of them were detected in the GWAS for RGR, therefore RGR is the best choice to further analyze coincidence rate between genotype and loci SNP. Based on RGR in two environments, 21 resistant lines (Group V and IV) and 47 sensitive lines (Group I and II) were used for haplotype analysis (Table S7; Figure S3). And ‘R13’, ‘R42’, ‘R77’, ‘R137’ of LT sensitive group (Group I) and ‘R99’, ‘R152’, ‘R167’, ‘R174’ of LT tolerance group (Group V) were used for expression analysis (Figure 3A).

For the novel and stable gLTG4.1 locus, the candidate region on Chr.4 was analyzed by pairwise LD correlations leading to a region from 9,703,054 bp to 9,849,931 bp by LD block (Figure 6A). Ten annotated genes are located in this region, four of which are associated with different abiotic stresses (Figure 6B, Table S8). CsaV3_4G013370, encodes an enzyme with ATPase and ADPase activity (an apyrase), that are involved in stress-responses in Arabidopsis (Kim et al., 2009); CsaV3_4G013420, encodes a NAC-domain containing protein, which has a role in seed germination (Dekkers et al., 2013) and plant abiotic stress responses (Nakashima et al., 2012); CsaV3_4G013430, encodes a pentatricopeptide repeat-containing (PPR) protein; while CsaV3_4G013480, encodes a RING-type E3 ubiquitin transferase, and takes part in ABA-mediated stress responses (Nakashima et al., 2012). Of these candidate genes, only CsaV3_4G013480 was of interest since five SNPs – three in the exon and two in the intron, were found. Two of the three SNPs are predicted to lead to non-synonymous substitutions (Figure 6C), i.e., a Ser →Pro and a Gln→ Glu respectively (Figure 6C). We also found that 62% of the 47 sensitive lines carried the Hap1 “CCGCT” sequence, while 86% of the 21 resistant lines had the alternate Hap2 “GGAGA” motif (Figure 6D). Interestingly, CsaV3_4G013480 expression was highly induced 1 d after LT treatment in the susceptible lines ‘R13’ and ‘R42’ while in contrast, its expression was lower in the resistant lines ‘R99’ and ‘R152’ (Figure 6E). Moreover, after 3 d at 13°C, CsaV3_4G013480 expression in the susceptible lines (‘R13’ ‘R42’ ‘R77’ ‘R137’) was significantly higher than that in the resistant lines (‘R99’ ‘R152’ ‘R167’ ‘R174’) (Figure 6F). It is possible that haplotype and the expression of this gene might play a role in cucumber LTG response.




Figure 6 | Identification of cucumber low-temperature germination trait-associated gene CsaV3_4G013480. (A) Local Manhattan plot (top) and LD heatmap (bottom) surrounding the peak on chromosome 4. The dashed line indicates the significance threshold (P < 10−6). Dashed lines indicate the candidate region (~ 146.8 kb) for the peak. (B) Ten functionally annotated genes were predicted in the gLTG4.1 candidate region. The arrows represent the direction of the genes. The genes shown as blue arrows are related to abiotic stress. Gene annotation is listed below. (C) Gene structure of CsaV3_4G013480. Blue and white rectangles indicate exons and introns, respectively. (D) Orange represents the proportion of accessions that are Hap1 (GGAGA) while blue represents the proportion that are Hap2 (CCGCT) among the susceptible and resistant lines. (E) The expression level of CsaV3_4G013480 in the LT-sensitive lines (‘R13’, ‘R42’) and LT-resistant lines (‘R99’, ‘R152’) after LT treatment (0, 1, 3 and 7 d), was tested through qRT–PCR. Actin was used an internal control. Data are represented as average values with the SD of three independent biological replicates. (F) The heatmap indicates the relative expression level of CsaV3_4G013480 in LT-sensitive lines (‘R13’, ‘R42’, ‘R77’, ‘R137’) and LT-resistant lines (‘R99’, ‘R152’, ‘R167’, ‘R174’) after LT treatment (0 d and 3 d), tested through qRT–PCR. Actin was used an internal control. *Significant difference (P <0.05).



For the novel and stable gLTG5.2 locus, the common peak SNPs were further analyzed and a candidate region from 24,329,867 bp to 24,478,603 bp on Chr.5 was estimated using pairwise LD correlations (r2 ≥ 0.6) (Figure 7A). In this region, 17 annotated genes were found, and five candidate genes related to abiotic stress identified (Figure 7B, Table S8), they include CsaV3_5G029350 (a serine/threonine-protein kinase), CsaV3_5G029450 (a zinc finger protein), CsaV3_5G029520 (A type I inositol polyphosphate 5-phosphatase), CsaV3_5G029540 (a cysteine proteinase inhibitor), CsaV3_5G029550 (a cytochrome P450). Nevertheless, 84 SNPs significantly associated with LTG in the gene CsaV3_5G029350 (Figure 7D). Two SNPs in the third exon caused a base change from A-to-T and from A-to-G, which resulted in amino acid change from Thr→Ser and Ile→Val, respectively (Figure 7D). Two SNPs located in the fourth exon, led to a synonymous mutation. All 47 sensitive lines were (Hap1), carried the haplotype “AAGG” while 24% of the resistant lines had the “TGAA” (Hap2) (Figure 7E). However, the SNP variation in the resistant lines were not consistent with the phenotype, indicating that cucumber LT germinability could be controlled by multiple genes (such as gLTG1.2, gLTG4.1, and gLTG5.2). The relative expression of CsaV3_5G029350 was higher than that of the susceptible lines ‘R13’, ‘R42’ at 1 d at 13°C (Figure 7F). In addition, the expression level of CsaV3_5G029350 in the susceptible lines (‘R99’ ‘R152’ ‘R167’) was significantly higher than in the susceptible resistant lines (‘R42’ ‘R77’ ‘R137’) after 3 d at 13°C (Figure 7G).




Figure 7 | Identification of cucumber low-temperature germination trait-associated gene CsaV3_5G029350. (A) Local Manhattan plot (top) and LD heatmap (bottom) surrounding the peak on chromosome 5. The dashed line indicates the significance threshold (P < 10−6). Dashed lines indicate the candidate region (~ 148.7 kb) for the peak. (B) Seventeen functionally annotated genes were predicted in the gLTG5.2 candidate region. The arrows represent the direction of the genes. The genes shown as blue arrows are related to abiotic stress and their annotation is indicated. (C) The corresponding DNA polymorphisms of CsaV3_5G029350 with significant associations. (D) Gene structure of CsaV3_5G029350. Blue and white rectangles indicate exons and introns, respectively. (E) Bar chart showing the proportion of haplotypes - orange represents the proportion of accessions that are Hap1 (TGAA) while blue represents the proportion that are Hap2 (AAGG) among the susceptible and resistant lines, (F) The relative expression level of CsaV3_5G029350 in low-temperature sensitive lines (‘R13’, ‘R42’) and low-temperature resistant materials (‘R99’, ‘R152’) after low temperature treatment (0, 1, 3 and 7 d), tested through qRT–PCR. Actin was used an internal control. Data are represented as average values with SD of three independent biological replicates. (G) The heatmap indicates relative expression level of CsaV3_4G013480 in LT-sensitive lines (‘R13’, ‘R42’, ‘R77’, ‘R137’) and LT-resistant lines (‘R99’, ‘R152’, ‘R167’, ‘R174’) after low temperature treatment (0 and 3 d), tested through qRT–PCR. Actin was used an internal control. Data are represented as the average values with the SD of three independent biological replicates. **Significant difference (P <0.01).






GWAS revealed CsPPR as a regulator of LTG in cucumber

For the gLTG1.2 locus, the signals were detected that consistently exceeded a significant threshold (−log10P ≥ 5.0) in 2019_RGR, 2020_RGR, 2020_RGE, 2020_RGI. The haplotype blocks were estimated using Plink tool (Purcell et al., 2007) in the gLTG1.2 locus; this effort further narrowed this region into only one haplotype block harboring significantly associated SNPs (Chr1: 29,185,530—29,524,806 bp) (Figure 8A). Fourteen annotated genes were located in this haplotype block (Figure 8A, Table S8). And only one gene (CsaV3_1G044080), encoding pentatricopeptide repeat-containing (PPR) protein (namely CsPPR), was reported to be related to abiotic stress. In Arabidopsis, AtPPR played a central role in abiotic stress during seed imbibition and seed development stages (Liu et al., 2016). AtCsPPR might interact with AtOTP (Figure S2) (Lee et al., 2009). To determine if the candidate gene CsPPR could function in a LTG response in cucumber, the haplotypes of 21 resistant and 47 sensitive cucumber lines were compared (Figure S3). Six variants of the significantly associated SNPs were identified in the 68 lines (Figure 8B). For 21 resistant cucumber lines and 47 sensitive cucumber accessions, 21 significantly associated SNPs located at the upstream (< 2 kb) and genic region of CsPRR were classified into 2 haplotypes (Figure 8B). Approximate 50% sensitive lines had the haplotype2 (Hap2; “ACTTGT”), while 86% resistant lines carried the Hap1 (“TTCAAC”) (Figure 8C). By further analysis of the accessions with different haplotypes, the “ACTTGT” (Hap2) haplotype was only existed in European type, American type, Indian type, South China type and Eurasian type (Figure 8D).




Figure 8 | Identification of cucumber LT germination trait-associated gene CsaV3_1G044080 (CsPPR). (A) Local Manhattan plot (top) and LD heatmap (bottom) surrounding the peak on chromosome 1. The dashed line indicates the significance threshold (-log10(P)=5.0). Dashed lines indicate the candidate region (~ 339 kb) for the peak. Fourteen functionally annotated genes were predicted in the gLTG1.2 candidate region. The arrows represent the direction of the genes. Function of red arrow gene is relative to abiotic stress. (B) Schematic representation of two haplotypes of CsPPR. Orange and blue box represent promoter elements. (C) Orange represents the proportion of accessions that are Hap1 (TTCAAC) while blue represents the proportion that are Hap2 (ACTTGT) among the susceptible and resistant lines genotype. Orange represents the genotype Hap1 proportion in susceptible or resistant lines. Blue represents the genotype Hap2 proportion in susceptible or resistant lines. (D) The percentage of Hap1 and Hap2 genotypes within each ecotype. (E) Relative expression level of CsaV3_1G044080 in LT sensitive lines (‘R13’, ‘R42’) and LT resistant lines (‘R99’, ‘R152’) after LT treatment (0 d, 12 h, 1 d, 2 d, 3 d and 7 d), tested through qRT–PCR. Actin was used an internal control. Data are represented as average values with SD of three independent biological replicates. (F) The heatmap indicates relative expression level of CsaV3_1G044080 in LT sensitive lines (‘R13’, ‘R42’, ‘R77’, ‘R137’) and LT resistant lines (‘R99’, ‘R152’, ‘R167’, ‘R174’) after LT treatment (0 d and 3 d), tested through qRT–PCR. Actin was used an internal control. **Significant difference (P <0.01).



Of these significantly associated SNPs, in CDS region, one located at nucleotide 29,278,310 resulted in a C-to-T conversion, but led to no amino acid changes (Figure 8B); many cis-elements in CsPPR promoter were related to LT (Figure S4), eg. ABRE (ABA-responsive element), MYB (cold responsive element), ERE (ethylene-responsive element), CGTCA-motif (MeJA-responsive element), TGACG-motif (MeJA-responsive element). Of these, 5 motifs in promoter were altered by 5 SNP. SNP_29,275,643, SNP_29,277,326, SNP_29,277,544 caused change in TATA-box, SNP_29,276,402 bp caused change in TATA-box, and SNP_29276532 caused changes in MYB recognition site, respectively (Figure 8B). But the remaining SNPs has no change function of gene. The expression level of this gene in resistant lines (‘R99’ ‘R152’) was significantly higher than that in sensitive lines at 1 d after LT treatment (Figure 8E). In a larger panel of 8 randomly selected accessions, a general trend was observed that the expression level of resistant lines (‘R99’ ‘R152’ ‘R167’) were significantly higher than that of susceptible lines (‘R42’ ‘R77’ ‘R137’) at 3 d at 13°C (Figure 8F).




CsPPR of gLTG1.2 ectopic expression confers enhanced LT resistance during seed germination in A. thaliana

To further determine the reliability of the GWAS result, we determined if candidate gene CsPPR, identified at the gLTG1.2 locus, could have a role in seed germination under LT stress. A recombinant plasmid 35S::CsPPR was introduced into A. thaliana by A. tumefaciens-mediated floral dip method (Figure 9A). Five homozygous T2 transgenic lines (OE1-5) were obtained. The transgenic lines (OE-4, OE-5) were randomly selected for further experiments.




Figure 9 | Low temperature tolerance of transgenic A.thalina ectopically expressing CsPPR. (A) Schematic diagram of the CsPPR construct for A.thaliana transformation. LB: Left border; CaMV35SPolyA: untranslated region of the CaMV 35S gene; hyg (R): Hygromycin phosphotransferase gene that confers hygromycin resistance; CaMV35Sp: CaMV 35S promoter; CsPPR: full-length of cucumber CsPPR; GFP: green fluorescent protein; NOS: transcriptional terminator sequence of the nopaline synthase gene; RB: right border. (B) Phenotype of the Col-0, CsPPR-expressing plants exposed to 4°C for 20 days and 22°C for 5 days. WT, wild-type (C) Phenotypes of acclimated WT, OE-4 and OE-5 plants exposed to 4°C for 40 days. At least three plates were used per treatment. (D) qRT-PCR showing the relative expression level of CsPPR in three independent CsPPR-ectopically expressing transgenic lines OE-4 and OE-5. Error bars represent the standard deviation of three replicates. (E) Survival rates after 4°C for 40 days. The data are the mean ± SD values of three independent experiments. Germination rates of the Col-0, OE-4 and OE-5 seeds germinated on 1/2 MS medium after (F) 5 days at 22°C, and (G) 20 days at 4°C. For (F, G) the data shown is the mean ± SD (n=50~100) of three replicates, with the error bars representing the standard deviation. The asterisks indicate the statistically significant differences of expression between control and transgenic lines. “**” represents “p<0.01”, “*” represents “p<0.05”.



The expression level of wild-type (Col-0), the lines ectopically expressing CsPPR, i.e., OE-4 and OE-5, were detected by qRT-PCR. OE-4 and OE-5 had 6-fold and 27-fold higher PPR transcripts compared to those in Col-0 (Figure 9D). Between 50-100 seeds of Col-0, OE-4 and OE-5 were germinated at 22°C for 5 days or 4°C for 40 days. Col-0 generally showed germination inhibition, and the germination rate was significantly lower than that of the CsPPR transgenic seeds (OE-4 and OE-5) at 4°C for 20 days (Figures 9B, G). In contrast, the germination rate of Col-0, OE-4 and OE-5 were same when exposed to a non-chilling temperature, i.e., 22°C for 5 days (Figures 9B, F). Further, the survival rates of the transgenic lines (OE-4 and OE-5) were higher than that of the Col-0 genotypes at 4°C for 40 days (Figures 9C, E). Interestingly, CsPPR expression showed a dosage effect for survival rate. For example, the expression of CsPPR on OE-5 had 5-fold higher transcripts than OE-4; Meanwhile, the survival rate of OE-4 was higher than Col-0 by over 63%, and the survival rate of OE-5 was 86%, higher than that of Col-0. These data were consistent between cucumber and Arabidopsis. Viewed collectively, these results support that CsPPR is very likely the causal gene to regulate LTG.




Discussion

LT stress is one of the major abiotic stresses seriously affecting cucumber growth, development, and quality. The ability of seeds to germinate at LT is also a key factor affecting cucumber production at early stage of cucumber lifecycle. Therefore, it is urgent to identify LT-tolerant accessions, and develop cucumber varieties with LT-tolerance at the germination stage. GWAS was an efficient and effective way to excavate novel LT-tolerant genes, active during germination in cucumber.

In this study, cucumber LTG assessment was analyzed by four traits: RGR, RGE, RGI and RRL. In the association analysis, the phenotypic values of each of these traits exhibited high variation, with the CVs ranging from 112% to 130% (Table 1). The results indicated that the collected accessions represented a range of genetic backgrounds, and that they showed wide variation in the ability to germinate under LT, and were thus suitable for studying the genetic basis of LTG via GWAS.

Accurate phenotypic data is critical for successful gene mapping. In this study, phenotypic data were collected from two sites (Beijing or Shandong), two environments (phytotron or incubator) and over two years (2019 or 2020), which better ensured the reliability of the data and reduces spurious environmental effects.

Many studies including this one, have reported that the cucumber LTG trait is polygenic (Gu et al., 2002; Kłosińska et al., 2013), and have identified major or minor effect QTLs (Song et al., 2018; Yagcioglu et al., 2019). In the past five years, QTLs associated with LTG (GR, GE, GI, RL and RFW) have been identified using RILs or F2:3 lines. In this GWAS, QTLs for LTG tolerance were found on four chromosomes (Figure 4, Table 2), suggesting a complex genetic architecture underlying LTG in cucumber (Figure 2, Table 1), consistent with a previous study (Song et al., 2018). Among the 17 QTLs detected in the previous study, two of the three signals contributed to QTL intervals identified in this present study. QTLs qLTG1.1 and qLTG1.2 were close to the GWAS locus gLTG1.2. In addition, the GWAS locus gLTG4.1 was located between QTLs qLTG4.1 and qRGR4.1. Similar loci were detected by GWAS and QTL analysis, in genotypes of different genetic background, different segregating populations and modes of mapping, suggesting that the GWAS results were reliable. Simultaneously, more associated loci broaden the potential for breeding development.

The regulatory mechanisms of LT response are complex and dynamic processes (Ding et al., 2019; Ding and Yang, 2022; Kidokoro et al., 2022), involving the perception of signals at the cytomembrane, transduction of the signal from the cytomembrane to the cell nucleus, and the activation of regulatory mechanisms in the cell nucleus. Correspondingly, multiple factors participate in the LT regulatory response, including, transcription factors PPR (Xing et al., 2018), NAC (Zhuo et al., 2018; Liu et al., 2020a), GRAS (Wang et al., 2021; Li et al., 2022a), bZIP (Li et al., 2022b) and WRKY (Liu et al., 2022b; Sun et al., 2022a; Zhang et al., 2022; Zhao et al., 2022), phytohormones ABA (Zhu, 2016; Song et al., 2022; Zhang et al., 2023), JA (Li et al., 2021; Sun et al., 2022b) and GA (Magome et al., 2004; Achard et al., 2008) and various metabolic pathways especially those producing compatible solutes. In this study, ten genes in the GWAS regions, possibly related to abiotic stress were identified (Table S8). Three candidate genes were predicted as potential causal genes underlying the stable and novel loci, including CsaV3_1G044080 for gLTG1.2, CsaV3_4G013480 for gLTG4.1 and CsaV3_5G029350 for gLTG5.2 (Figures 6–8). These candidate genes either have significantly associated nonsynonymous SNPs which resulted in amino acid changes, or motif variations in the promoter cis-elements important for stress response.

	(a) The A.thaliana orthologue of CsaV3_4G013480, encodes a plasma-membrane-localized RING E3 ubiquitin ligase, that regulates tolerance to cold stress (Kim and Kim, 2013). For example, Arabidopsis RING E3 ubiquitin ligase AtATL7 improves cold tolerance, while AtATL80 negatively regulate the cold tolerance response (Suh and Kim, 2015).

	(b) For gLTG5.2, the A. thaliana s orthologue of CsaV3_5G029350 encodes a serine/threonine-protein kinase. Ectopic expression of a SNF1- serine/threonine-protein kinase TaSnRK2.4 in A.thaliana improved tolerance to freezing stress compared to the non-transformed, wild-type plants (Mao et al., 2010). Based on these collective data, we speculate that these three genes, i.e., CsaV3_1G044080, CsaV3_4G013480 and CsaV3_5G029350 might be part of the cucumber seed response to LT at germination. However, the specific role, and mode of action of the products of these genes in a signal transduction response for regulating LTG requires further study.

	(c) The CsaV3_1G044080 gene, encoding a PPR family protein, is homologous to the A.thaliana gene At4G04370. In rice, the PPR protein OsV4 plays an important role in tolerance to cold stress (Gong et al., 2014; Tan et al., 2014). Arabidopsis transgenic lines, overexpressing a gene for a PPR protein called SOAR1, were able to tolerate various stresses, including cold stress (Jiang et al., 2015). SOAR1 positively regulated plant response to cold stress through the CBF signaling pathway, and ABA-dependent, and -independent signaling pathways (Jiang et al., 2015). MYB, an essential cold regulatory transcriptional factor, has a recognition cis-acting element at 29,277,326 bp in the promoter of CsaV3_1G044080 (An et al., 2018). There are also additional stress-responsive cis-acting elements (e.g. TGACG motif) in CsaV3_1G044080 that could be activated in response to LT and which are important in to cold resistance (Baker et al., 1994).



The sequence variation in the promoter and transcribed region of the gene(s) identified at a QTL, are crucial for linking DNA polymorphisms to a phenotypic effect. In this study, the CsPPR association study identified sequence variation that were significantly correlated with variation in RGR, RGE and RGI among the population studied. Of the 21 SNPs identified, SNP_29277326, within a MYB recognition site in the CsPPR promoter, might be the most significant. The expression levels could be affected by the genetic loci variation in promoter (Yu et al., 2019; Li et al., 2020; Zhang et al., 2020). qRT-PCR and contrasting haplotypes further identified its expression level by the effect of the promoter. The findings indicated that the promoter of resistant lines (haplotype “TTCAAC”) supported significantly higher transcriptional activity than that in the sensitive lines (Figures 8E, F), which was consistent with previous data that the favorable haplotypes of candidate genes were closely associated with the phenotypic performances of traits. Hence, the favorable haplotype of CDS (CsPPR’9930’) was transformed into A.thaliana and the seed germination was investigated. The seed germination rate and survival rate in transgenic A.thaliana were significantly higher than those in the wild-type Col-0 under LT, indicating that CsPPR is a causal factor in regulating seed germination in transgenic A.thaliana under LT. The molecular mechanism of G protein α subunit (CsGPA1) and heat-shock transcription factor (CsHSFA1d) were studied in cucumber (Qi et al., 2022; Yan et al., 2022). Thus, to verify whether, and how CsPPR controls cucumber seed germination and response to LT, the generation of overexpression or knockout in cucumber should be given priority.

In our study, we identified novel genes related to LTG and demonstrated that CsPPR contributes to cucumber LTG ability. Our results will help to facilitate future studies on the mechanism underlying LT tolerance in germinating cucumber. Meanwhile, the newly-discovered molecular markers and LT-tolerant germplasm will aid future marker-assisted breeding of cucumber.
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Introduction

Food security is a major challenge to sustainably supply food to meet the demands of the ever-growing global population. Crop loss due to pathogens is a major concern to overcoming this global food security challenge. Soybean root and stem rot caused by Phytophthora sojae results in approximately 20B $US crop loss annually. Phyto-oxylipins are metabolites biosynthesized in the plants by oxidative transformation of polyunsaturated fatty acids through an array of diverging metabolic pathways and play an important role in plant development and defense against pathogen colonization and infection. Lipid mediated plant immunity is a very attractive target for developing long term resistance in many plants’ disease pathosystem. However, little is known about the phyto-oxylipin’s role in the successful strategies used by tolerant soybean cultivar to mitigate Phytophthora sojae infection.





Methods

We used scanning electron microscopy to observe the alterations in root morphology and a targeted lipidomics approach using high resolution accurate mass tandem mass spectrometry to assess phyto-oxylipin anabolism at 48 h, 72 h and 96 h post infection.





Results and discussion

We observed the presence of biogenic crystals and reinforced epidermal walls in the tolerant cultivar suggesting a mechanism for disease tolerance when compared with susceptible cultivar. Similarly, the unequivocally unique biomarkers implicated in oxylipin mediated plant immunity [10(E),12(Z)-13S-hydroxy-9(Z),11(E),15(Z)-octadecatrienoic acid, (Z)-12,13-dihydroxyoctadec-9-enoic acid, (9Z,11E)-13-Oxo-9,11-octadecadienoic acid, 15(Z)-9-oxo-octadecatrienoic acid, 10(E),12(E)-9-hydroperoxyoctadeca-10,12-dienoic acid, 12-oxophytodienoic acid and (12Z,15Z)-9, 10-dihydroxyoctadeca-12,15-dienoic acid] generated from intact oxidized lipid precursors were upregulated in tolerant soybean cultivar while downregulated in infected susceptible cultivar relative to non-inoculated controls at 48 h, 72 h and 96 h post infection by Phytophthora sojae, suggesting that these molecules may be a critical component of the defense strategies used in tolerant cultivar against Phytophthora sojae infection. Interestingly, microbial originated oxylipins, 12S-hydroperoxy-5(Z),8(Z),10(E),14(Z)-eicosatetraenoic acid and (4Z,7Z,10Z,13Z)-15-[3-[(Z)-pent-2-enyl]oxiran-2-yl]pentadeca-4,7,10,13-tetraenoic acid were upregulated only in infected susceptible cultivar but downregulated in infected tolerant cultivar. These microbial originated oxylipins are capable of modulating plant immune response to enhance virulence. This study demonstrated novel evidence for phyto-oxylipin metabolism in soybean cultivars during pathogen colonization and infection using the Phytophthora sojae-soybean pathosystem. This evidence may have potential applications in further elucidation and resolution of the role of phyto-oxylipin anabolism in soybean tolerance to Phytophthora sojae colonization and infection.
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Introduction

Soybean is an important crop grown worldwide for the purpose of high-quality, inexpensive proteins, vegetable oils, biofuels, and animal feed (Zachary et al., 2020; Mohammad Sohidul et al., 2022). The crop is cultivated on an approximately 6% of the world’s arable land, and since late 19th century, the cultivated area of soybean production has the highest percentage increase more than any other major agronomic crop (Hartman et al., 2011). Recent increases in the production of soybean correspond to increases in the demand for soy protein meal and oil (Hartman et al., 2011). Therefore, further increase in soybean production is required to support the current population growth patterns and ever-changing demand for soy protein meal and oil (Mohammad Sohidul et al., 2022). However, there are a number of environmental stressors that threaten the production of soybean directly or indirectly reducing seed yields and quality (Hartman et al., 2011). Pathogen attack is one of the most devastating biotic stresses preventing the growth, development, and productivity of soybean crops worldwide (Mcdonald and Stukenbrock, 2016). Pathogens cause huge losses in terms of crop yield and quality, and consequently lead to reduction of food security and availability at global levels (Savary et al., 2019). Phytophthora root and stem rot, caused by oomycete pathogen Phytophthora sojae (P. sojae) is a significant soilborne disease of economic concern in many areas of soybean production (Giachero et al., 2022). It can destroy and kill seedlings and plants all through the growing season from early stage until harvest (Giachero et al., 2022). In the past four decades, disease management has contributed massively to plant health and food production (Nelson, 2020), but global harvests are still reduced by 10-16% due to plant diseases caused by infectious microorganisms like bacteria, viruses, nematodes and fungi (Chakraborty and Newton, 2011; Wei et al., 2019). Today, sustainable agriculture is capable of reducing the economic effects of infectious pathogens by developing disease-resistant crops using selective cross-breeding and genetic engineering to improve long-term food production and availability to meet the ever-increasing world population food security needs (Zhao et al., 2008).

Phyto-oxylipins constitute a broad class of oxygenated bioactive metabolites, believed to be involved in signaling and defense responses against pathogen attack in higher plants (Stumpe and Feussner, 2006; Adigun et al., 2020). Plant oxylipins are produced from oxidation and conversion of polyunsaturated fatty acids (PUFAs), mainly linolenic and linoleic (C18:3 and C18:2) acids, and they have been demonstrated to function in the signaling pathways that control the expression of defense-related genes such as 9-LOX-, 13-LOX-, and α-DOX-1 (Howe and Schilmiller, 2002; Wu and Baldwin, 2010; García-Marcos et al., 2013). Biosynthesis of phyto-oxylipins from PUFAs via enzymatic processes is primarily initiated by lipoxygenases (LOXs) and α-dioxygenase (α-DOX) (Blée, 2002; Howe and Schilmiller, 2002). These lipids can also be subjected to nonenzymatic decarboxylation to form one-carbon-shortened fatty acids (FAs) and aldehydes (Granér et al., 2003). Hydroperoxides produced via the enzymatic action of 9-/13-LOXs can be metabolized by six major enzymatic paths: (1) to generate 9- or 13-HOD and 9- or 13-HOT through reduction via peroxygenase (PO) (Blée, 2002) or peroxidase activity (Brodhun et al., 2013); (2) conversion of trihydroxylated FAs into epoxy alcohols, through enzymatic action of a PO, and subsequently by an epoxide hydrolase (EH) (Blée, 2002) or through an epoxy-alcohol synthase (Brodhun et al., 2013); (3) into FA ketotrienes or ketodienes via dehydration through LOXs (Vollenweider et al., 2000) or through dehydrogenation of FA hydroxides by characterized enzyme (Vincenti et al., 2019); (4) into reactive hemiacetals through the activity of 9- or 13-hydroperoxide lyases (Grechkin et al., 2006; Stumpe and Feussner, 2006); (5) into divinyl ether FAs through the activity of divinyl ether synthases (DESs) (Stumpe and Feussner, 2006); and (6) into reactive allene oxides produced via allene oxide synthases (AOSs) (Tijet and Brash, 2002). Unstable allene oxides can undergo nonenzymatic hydrolysis producing α- or γ-ketols, or generation of cyclic compounds like cyclopentenones via enzymatic cyclization by allene oxide cyclases. C18 cyclopentenones, such as 12-oxo-10,15(Z)-phytodienoic acid undergo reduction to form cyclopentanones and are β-oxidized into short-chain compounds like jasmonic acid (JA) (Mukhtarova et al., 2020). Other oxylipins like dihydroxy FAs can be produced from C18 PUFAs through the action of the PO or EH pathways (Blée, 2002). Free fatty acids (FFAs) can also serve as substrates to produce phyto-oxylipins.

Production of oxylipins occurs constitutively in plants and as a response to various environmental stresses (Scala et al., 2018). Over 200 phyto-oxylipins have been observed so far in plants (Prost et al., 2005). Phyto-oxylipins are mainly induced during plant-pathogen interactions (Blée, 2002; Adigun et al., 2020). In fact, some phyto-oxylipins generated in defense responses against pathogen infections are antimicrobial in nature (Prost et al., 2005). Some oxylipins are described as anti-oomycete or antifungal compounds such as 13(S)-Hydroperoxy-9(Z),11(E),15(Z)-octadecatrienoic acid, 13(S)-Hydroxy-9(Z),11(E),15(Z)-octadecatrienoic acid (Granér et al., 2003), epoxy-FAs or polyhydroxylated FAs (Blée, 2002), and colnelenic acid and colneleic acid (Göbel et al., 2002). In addition, the growth of Pseudomonas spp. in vitro could be strongly inhibited by trans-2-hexenal and cis-3-hexenol (Prost et al., 2005). They are mainly understood as agents that promote resistance to pathogen attack (Christensen and Kolomiets, 2011).

Genetic studies have demonstrated the functions of α-DOX-1 and 9-LOX in the defense response of Arabidopsis and tobacco to infectious pathogen attack, likely by controlling oxidative stress and programmed cell death (PCD) (Rancé et al., 1998; De León et al., 2002). More importantly, several phyto-oxylipins generated from the activity of 9-/13-LOX were capable of initiating PCD and hypersensitivity response (HR) in some pathosystems (Cacas et al., 2005). Additionally, JA has been involved in the signaling cascade resulting in elicitation of LOX. Methyl jasmonate (MeJA) was demonstrated to trigger LOX activities and the expression of the synthesis-related genes such as PtLOX1, PtLOX2 and PtLOX3 (Marmey et al., 2007; Chen et al., 2015). Several pieces of evidence indicate that phyto-oxylipins play critical functions in the development of HR and disease resistance (Kovač et al., 2009; Gullner et al., 2010). However, there is a paucity of information about the function of phyto-oxylipins during fungal-plant interactions. Detailed knowledge of the molecular signaling that occurs during plant–pathogen interactions can pave the way for mechanisms of disease resistance in plants. As demonstrated in our previous studies, understanding the plant lipidome and metabolism during pathogen attack or infections is critical to elucidate their roles in susceptible or tolerant host-pathogen interactions, lipid metabolism mediated signaling, and defense responses during pathogenicity. We hypothesized that a tolerant soybean cultivar would upregulate oxylipin synthesis compared to a susceptible cultivar following P. sojae infection as a component of its successful mechanism used to mitigate infection by pathogens. Hence, we analyzed phyto-oxylipin compounds in the root and stem tissues of both a susceptible and a tolerant soybean cultivar to better understand the roles and induction of phyto-oxylipins in defense response during infection by P. sojae.





Materials and methods




Planting and inoculation of soybean cultivars

Seeds of susceptible (OX760-6) and tolerant (Conrad) soybean cultivars were surface sterilized using dilute sodium hypochlorite (0.5%) for 5 min (Commercial Javex Bleach; Clorox Co., Brampton, Ontario, Canada), and washed several times with distilled water (dH2O). Seeds were submerged for 12 h in dH2O and then seeded in plastic pots (195 mm diameter and 195 mm depth) containing vermiculite (#2A, Thermo-O-Rock East Inc., New Eagle, Pennsylvania) as a medium, which was then saturated with dH2O and the seeds were allowed to germinate. Seedlings were maintained under controlled conditions with 16 h of alternating light at 25°C and 8 h of dark at 20°C with relative humidity of 60% inside a growth chamber (Biochambers MB, Canada). Sterilized dH2O was applied every day to maintain the vermiculite water content from moist to slightly dry to provide optimum nutrients and moisture to seedlings. Phytophthora sojae virulent strain race 2 (strain P6497) was obtained from Agriculture and Agri-Food Canada (AAFC), London, Ontario, Canada. Phytophthora sojae was cultured and aseptically grown in darkness on 26% V8-juice agar (8.4 g agar, 1.6 g CaCO3, 156 mL V8-juice [Campbell Soup Company, Toronto, ON, Canada], and 440 mL dH2O) for 8 days. To monitor the successive events in the process of infection in roots and stems of both soybean cultivars, 8-day-old cultures of P. sojae were flooded with dH2O to produce zoospores, and then incubated overnight at 22°C. The dH2O was changed every 30 min for not less than 5 h. When zoospores could be observed microscopically, the concentration of zoospores was determined by adding of one drop of 0.1% wt/vol of aniline blue in lactophenol (1:1:1 85% lactic acid, phenol, and water) to 1 mL zoospore suspension; a 10 µL aliquot of this zoospore suspension was loaded onto a hemocytometer using a micropipette. The concentration of zoospores was calculated and adjusted to 1 × 10-4 zoospores/mL by adding deionized water. The seedlings were allowed to grow for 10 days and then carefully removed from vermiculite and washed with water to remove any remaining vermiculite from the roots. Whole seedlings from each sample were placed into 15 mL centrifuge tube containing 10 mL dH2O and inoculated with 0.01 mL P. sojae zoospore suspension, and another set of samples were mock inoculated as control without P. sojae zoospore suspension. There were four replications per treatment. The samples were then incubated at room temperature for periods of 48 h, 72 h and 96 h. Phytophthora. sojae was chosen as a test because it is an oomycete pathogen causing one of the devastating soilborne disease of economic concern in many areas of soybean production and creates serious limitations for soybean production (Sugimoto et al., 2012; Giachero et al., 2022). Furthermore, Phytophthora sojae is capable to destroy and kill seedlings and plants all through the growing season from early stage nearly until harvest (Giachero et al., 2022). Much is still not known concerning the etiology of this pathogen in the soybean-P. sojae pathosystem specifically related to plant tolerance.

For determination of oxidized glycerolipids and histochemical analysis in both soybean cultivars, the seeds and fungal cultures were prepared as described above. Agar disks containing cultures of P. sojae strain P6497 were cut and fitted into the bottom of wax-paper cups (top diameter 8.5 cm by 15 cm deep: Merchants Paper Company, Windsor, ON, Canada). These cups were then filled up with medium-grade vermiculite, drainage holes were created in the bottom of the cups, and six seeds were planted in each of four replications cups containing vermiculite. For non-inoculated controls, agar disks without P. sojae were used. Seedlings were maintained in the growth chamber at the same conditions as described above for 10 days. Six seedlings from each soybean cultivar were inoculated with P. sojae in a cup and another six from each soybean cultivar were mock-inoculated using only sterile V8-juice agar disks to serve as a control. Beginning four days after seeding, seedlings were watered daily using one-quarter-strength Knop’s solution (Thomas et al., 2007). The entire plants were harvested 10 days after germination and kept at -80°C until analysis. Figure representations of experimental set-up supplementing the detail of the growth chamber are demonstrated in Figures S1,  S2.





Sample preparation for scanning electron microscopy

Soybean roots were collected from non-inoculated and inoculated tolerant and susceptible soybean cultivars. The plant samples were rinsed with distilled water before further analysis. Free-hand cross sections of the soybean root were cut to a length of approximately 5 mm using a razor blade. Thin sections were mounted using colloidal graphite adhesive (Permatex, Canada, Incorporated) into aluminum stubs. The samples were unveiled to a temperature of -4.9°C on a Peltier cooling stage to reduce differences in structure, while in the vacuum chamber. The images of the soybean roots were obtained using an environment scanning electron microscope (ThermoFisher Quattro S with ESEM), to study the morphological properties of soybean roots infected with P. sojae. High-resolution images were obtained from 9-10 mm to 5-100 µm (magnification 788-8000X with the pressure 50-428 Pa) (Tihlaříková et al., 2013; Zhang et al., 2019).





Extraction of oxidized glycerolipids and primary oxylipins from soybean tissues

Lipid extraction was performed by incubating the entire soybean seedlings from both experiments in hot isopropanol for 10 min and then separating the root and stem, and 100 mg of tissue from each sample were collected for lipid extraction according to previously published methods (Nadeem et al., 2020; Adigun et al., 2021). The extracted lipids from four replications were injected into ultra high-performance liquid chromatography coupled with C30-reversed phase chromatography and ionized using heated electrospray ionization linked to high resolution accurate mass tandem mass spectrometer (UHPLC-C30RP-HES-HRAM-MS/MS) to separate the oxidized glycerolipids.

For the extraction of primary oxylipins, the soybean samples from the zoospore inoculation were weighed into 100 mg subsamples. The samples were placed into 2 mL glass centrifuge tubes containing 300 µL of 10% glycerol in water and treated immediately with 5 µL of 10 mg/mL butylated hydroxyl toluene (BHT) dissolved in ethanol. Each sample was then spiked with 20 µL of a suitable deuterium-labeled internal standard with a concentration of 500 ng/mL in ethanol. The sample volume was made up to 3 mL with 25% aqueous acetonitrile in a centrifuge tube before the tube was placed in ice and homogenized using a probe tissue homogenizer. The extracted solvent mixtures were centrifuged for 10 mins at 5500 rpm and 4°C to obtain the supernatants. The extraction of plant samples was performed using solid phase extraction (SPE) with water using an OASIS MAX SPE column (3 cc, Vac Cartridge, 30 µM particle size, part number 186000367) for concentrating phyto-oxylipins. The column was initially conditioned with 3 mL acetonitrile, and subsequently with 3 mL of 25% aqueous acetonitrile. Then, the entire supernatant from the centrifuged sample was loaded onto the SPE column and the SPE column was gently washed with 3 mL of 25% aqueous acetonitrile, followed by 3 mL acetonitrile. Oxylipins were eluted from the column into a glass vial containing 200 µL of 10% glycerol in methanol with 1.3 mL of 1% formic acid in acetonitrile (1: 99 v/v). The eluent was dried under nitrogen at 40°C until only the glycerol remained. The dried eluates were then reconstituted in 60 µL of a methanol:acetonitrile (1:1v/v) solution and vortexed thoroughly. Afterwards, the eluates were filtered using 0.1 µM Amicon Ultrafree-MC Durapore PVDF filter (pore-size 0.1 µM; Millipore, Bedford, MA). Finally, 3 µL of each sample were injected and oxylipins resolved using ultra high-performance liquid chromatography containing a C18 bridge ethylene hybrid column coupled to heated electrospray ionization high resolution accurate mass tandem mass spectrometry (UHPLC-C18-BEH-HESI-HRAM-MS/MS; Q Exactive, ThermoFisher Scientific, ON, Canada). Four replications per sample were used for analysis.





Analysis of oxidized glycerolipids and primary oxylipins from susceptible and tolerant soybean cultivars

Analysis of oxidized glycerolipids induced in the root and stem of both soybean cultivars were performed using UHPLC-C30RP-HESI-HRAM-MS/MS. Detailed chromatographic conditions for analysis were as previously described (Nadeem et al., 2020; Adigun et al., 2021).

For primary oxylipin analysis, 100 µL extracts were introduced into automated Dionex UltiMate 3000 UHPLC system and the auto sampler was cooled to a temperature of 10°C. Chromatographic separation was performed on an Acquity UHPLC-BEH, 1.7 µM, 2.1 x 100 mm C18 column using a flow rate of 0.2 mL/min at 30°C during a 26 min gradient (0–3.5 min from 15% B to 33% B, 3.5–5.5 min to 38% B, 5–7 min to 42% B, 7–9 min to 48% B, 9–15 min to 65% B, 15–17 min to 75% B, 17–18.5 min to 85% B, 18.5–19.5 min to 95% B, from 19.5 to 21 min to 15% B, and from 21–26 min 15% B). Mobile phase A consisted of aqueous 0.1% acetic acid, and mobile phase B was 90:10 v/v acetonitrile/isopropyl alcohol. A Q-Exactive orbitrap mass spectrometer was used and the data acquired in the negative mode at temperature 100°C, capillary spray voltage 3.0 kV, capillary temperature 300°C, S-lens RF level 30 V, sheath gas temperature 350°C, auxiliary gas setting 2, energy: 32.5 (stepped collision energy 30 and 35, arbitrary unit). The full scan mode at 70,000 m/z resolution, top-10 data dependent MS/MS at 35,000 m/z resolution, 1 m/z isolation window and 1e6 automatic gain control target was utilized. The equipment was calibrated externally to 1 ppm using tuning solution (Pierce™ LTQ Velos ESI Positive Ion Calibration Solution and Pierce™ Negative Ion Calibration Solution) purchased from Thermo Scientific (Waltham, MA, USA).





Oxylipin network mapping from susceptible and tolerant soybean cultivars

To obtain comprehensive knowledge from a systems biology perspective of how susceptible and tolerant soybean cultivars biosynthesize phyto-oxylipins as part of defense strategy against pathogen invasion, phyto-oxylipins that exhibited significant changes in relative concentrations as a result of the treatment were visualized within oxylipin structural similarity networks. Regularized oxylipin correlation networks were calculated and visualized to obtain insights into alterations between soybean cultivars. Networks were separately calculated for root and stem tissue at 48 h, 72 h and 96 h post inoculation. Correlations between oxylipins were calculated using high-dimensional undirected graph estimation method (Zhao et al., 2012). Relationships between lipids were estimated based on Meinshausen-Buhlmann graph estimation and the stability approach to regularization selection to identify conditionally independent oxylipin-oxylipin connections (Meinshausen and Bühlmann, 2006). The relationships were created between both soybean cultivars and experimental groups inoculated at 48 h, 72 h and 96 h time points. The regularization lambda for root and stem network at time points 48 h, 72 h and 96 h  were specified at 0.46, 0.28 and 0.34 for root and 0.46, 0.17 and 0.13 for stem networks respectively. Mapped networks were created to visualize changes in relationships between oxylipins and experimental differences. Linear models were built to identify significant interactions between changes in oxylipins between cultivars and inoculation status at each individual time point of 48 h, 72 h and 96 h  (Team, 2014). Significant interactions were identified based on false discovery adjusted p-values (pFDR) < 0.05. Significant changes in oxylipin abundances between pairwise comparisons of cultivar and inoculation groups were evaluated based on Tukey’s Honestly Significant Difference (HSD) method. Significant changes between groups were identified based on HSD-adjusted p < 0.05. Magnitude and direction (positive or negative) of the relationships were determined based on the Spearman correlations (pFDF < 0.05). Significant interactions between cultivar and inoculation were identified based on linear model pFDR < 0.05 and HSD p-values < 0.05. Cytoscape was used to render oxylipin-oxylipin interactions (Shannon et al., 2003) and show all pairwise differences between cultivar and inoculation groups. Network node colors was used to show magnitude (size) and direction (color) of fold changes and will be reported as means for all experimental groups compared to the following references: tissue type (root or stem), cultivar (susceptible or resistant), and treatment type (inoculated or control).





Data analysis

To determine the effects of plant-pathogen interaction on phyto-oxylipin induction in the root and stem of susceptible (OX760-6) and tolerant (Conrad) soybean cultivars, partial least squares-discriminant analysis (PLS-DA), and heatmap analysis were conducted with XLSTAT (Premium 2017, Version 19.5, Addinsoft). Results are presented as average ± standard error unless noted otherwise. The means with significant differences were compared using Fisher’s Least Significant Difference (LSD), a = 0.05. SigmaPlot 13.0 software (Systat Software Inc., San Jose, CA) was used for figure preparation. Linear models were built to identify significant interactions between changes in oxylipins due to tissue, cultivar and treatment at each individual inoculation time point. Significant interactions were identified based on false discovery adjusted p-values (pFDR) < 0.05. Pairwise changes between all groups (tissue × cultivar × treatment) were evaluated based on Tukey’s HSD method. Significant changes between groups were identified based on HSD-adjusted p < 0.05. Note that all analyses were done separately for each time point due to observed non-linear trends in lipids changes over time.






Results




Histological alterations in the root of susceptible and tolerant soybean cultivars infected with Phytophthora sojae

Phytophthora sojae is a fungal-like oomycete pathogen that lives dormant for many years in soil in the form of encysted oospores without a host until the conditions are suitable for regeneration (Gaulin et al., 2018). When soybean is infected by oomycete P. sojae, the soybean stem appears water-soaked and changed to red-brown, and the infected plant results in wilting and death (Sugimoto et al., 2012). Phytophthora sojae generates motile zoospores from infected soybean tissues or activated zoospores following breaking dormancy after encystment are capable to initiate further disease cycles (Sugimoto et al., 2012).

To understand the root morphology of soybean cultivars and how changes occur morphologically in the root during interaction with P. sojae governing tolerance. Scanning electron microscopy (SEM) was used to obtain detailed structural images of soybean root morphology revealing important altered features in the epidermis, cortex and vascular cylinder of the root at 50 µm magnification (Figures 1A, B), 40 µm (Figure 1C) and 20 µm (Figure 1D). At these various magnifications we observed the following features in the root tissues: the presence of occluding materials in the root cortex at 40 µm magnification (Figure 1E), distribution of biogenic crystals of various morphologies and sizes within the vascular cylinder of soybean root at 5 µm (Figure 1F) and at 10 µm magnifications (Figures 1G–I). The histological features in soybean root morphology after infection were differentiated in term of low magnification and high magnification.




Figure 1 | Scanning electron microscopy demonstrating unique features in soybean root morphology. The root epidermis, cortex and vascular cylinder with low magnification indicated by green arrow, blue arrow and red circle respectively (A, B; 50 µm). High magnification of root tissues showing contraction of root indicated by red rectangular (C, D; 40 and 20 µm), the presence of occluding materials indicated by red arrow in the root cortex (E; 40 µm), and the presence and distribution of biogenic crystals indicated by yellow arrow within the vascular cylinder of soybean root (F–I; 5-10 µm).



Similarly, only the epidermal walls of the inoculated tolerant cultivar were visibly infected. In contrast, the inoculated susceptible cultivar had presentation of infection traversing to the cortex showing signs of being highly infected, where the cortex appeared to be severely damaged (Figures 2B, D). In the non-inoculated roots of both soybean cultivars, the cortical cells were observed to be closely packed without any damage (Figures 2A, C).




Figure 2 | Scanning electron microscopy showing the root epidermal walls in susceptible (OX760-6) and tolerant (Conrad) soybean cultivars when inoculated with P. sojae. (A) The epidermal walls of the non-infected susceptible soybean cultivar, (B) Epidermal walls of the infected susceptible soybean cultivar, (C) Epidermal walls of the non-infected tolerant soybean cultivar, (D) Epidermal walls of the infected tolerant soybean cultivar. White arrows denote epidermal walls of the roots. The epidermal cells appear to be more regular in shape and clearly visible in the tolerant cultivar than in the susceptible cultivar. Bars: (A–D) 100 µm.



In addition, the root of the susceptible soybean cultivar contained small vascular cylinder while the root of the tolerant soybean cultivar had large vascular cylinder (Figures 3A–D). The walls of these root cells were intact indicating that these cells were living when inoculated (Figures 3A–C). After 10 days of seedling growth, hyphae had generally penetrated the epidermis and the outer layers of cortical cells of both soybean cultivars. The hyphae were able to colonize the vascular cylinder of the susceptible cultivar only.




Figure 3 | Scanning electron microscopy showing the root xylem vessels of susceptible and tolerant soybean cultivars when inoculated with P. sojae. (A) Vascular cylinder of the non-infected susceptible soybean cultivar, (B) Vascular cylinder of the infected susceptible soybean cultivar, (C) Vascular cylinder of the non-infected tolerant soybean cultivar, (D) Vascular cylinder of the infected tolerant soybean cultivar. The root of susceptible cultivar contains small vascular cylinder while the root of tolerant cultivar contains large vascular cylinder, denoted by red arrows. White arrows denote the presence of hyphae within the vascular cylinder and yellow arrows denote the presence of vermiculite. Bars: (A–D) 80 µm.



Furthermore, the presence of P. sojae hyphae was more pronounced in the vascular cylinder of the susceptible cultivar than in the vascular cylinder of the tolerant cultivar, which is denoted with green arrow (Figures 4B–D). In addition, occluding materials were observed in the vascular cylinder of the tolerant cultivar but not observed in the vascular cylinder of the susceptible cultivar, which is denoted with red arrow (Figures 4B–D), and the presence of unknown debris in cortical cell was more pronounced in the infected susceptible cultivar than in the infected tolerant cultivar (Figures 4B–D). The presence of the vermiculite medium was observed in the roots of both non-infected and infected soybean cultivars (Figures 4A–D).




Figure 4 | Scanning electron microscopy showing the large view of root vascular cylinder of susceptible and tolerant soybean cultivars when inoculated with P. sojae. (A) Cross section of the non-infected susceptible soybean cultivar, (B) Cross section of the infected susceptible soybean cultivar, (C) Cross section of the non-infected tolerant soybean cultivar, (D) Cross section of the infected tolerant soybean cultivar. The vascular cylinder of the susceptible cultivar contained hyphae while the vascular cylinder of tolerant cultivar shows the presence of occluding materials. Green arrows denote hyphae, white arrows denote the presence of unknown debris in cortical cells, red arrows denote the presence of occluding materials and yellow arrows denote the presence of vermiculite. Bars: (A–D) 30 µm.







Phyto-oxylipin profiling in susceptible and tolerant soybean cultivars in response to P. sojae infection

In both susceptible and tolerant soybean cultivars, approximately 30 oxylipins were identified irrespective of treatment. Primary oxylipins and oxidized glycerolipids with the highest influential loading were determined using PLS-DA. Nine primary oxylipins were identified from the root and stem of both soybean cultivars and they were classified according to their pathway of origin (either LOX, AOS, or cytochrome P450). Detected oxylipins originating from LOX were: 10(E),12(E)-9-hydroperoxyoctadeca-10,12-dienoic acid (9-HpODE), 10(E),12(Z), 13S-hydroxy-9(Z),11(E),15(Z)-octadecatrienoic acid (13-HOTrE), and 12S-hydroperoxy 5(Z),8(Z),10(E),14(Z)-eicosatetraenoic acid (12(S)-HpETE), 9-oxo-10E,12Z,15Z-octadecatrienoic acid (9-KOTrE) and (9Z,11E)-13-Oxo-9,11-octadecadienoic acid (13-KODE). Those identified from the AOS pathway were: 12-oxophytodienoic acid (12-OPDA); and while the following were from the cytochrome P450 pathway: (12Z,15Z)-9,10-dihydroxyoctadeca-12,15-dienoic acid (9, 10-DiHODE), (Z)-12,13-dihydroxyoctadec-9-enoic acid (12,13-DiHOME), and (4Z,7Z,10Z,13Z)-15-(3-((Z)-pent-2-enyl)oxiran-2-yl)pentadeca-4,7,10,13-tetraenoic acid (16,17-EpDPE) (Tables 1, 2). Chromatograms and mass spectrums of oxylipins observed in tolerant and susceptible soybean roots and stems in response to P. sojae infection are showing in Figure S3. A chromatogram showing the separation of primary oxylipins from inoculated root of both soybean cultivars is presented in Figure S3A. The extracted ion chromatogram (XIC) of m/z 293.21, 313.24 and 335.22 precursor ions of the selected primary oxylipins is shown in Figure S3B. The MS2 spectrum of m/z 293.21 recognized as 13-KODE is presented in Figure S3C, the MS2 spectrum of m/z 313.22 recognized as 12,13-DiHOME is presented in Figure S3D, and the MS2 spectrum of m/z 335.22 recognized as 12(S)-HpETE is presented in Figure S3E; these account for some of the major primary oxylipins identified in the tissues of both soybean cultivars. From our previous lipid metabolism studies of soybean cultivars challenged with P. sojae, we have generated a list of oxidized glycerolipids that could serve as substrates for biosynthesis of primary oxylipins.


Table 1 | Primary oxylipins (nmol) induced in the root of soybean cultivars following inoculation with P. sojae.




Table 2 | Primary oxylipins (nmol) induced in the stem of soybean cultivars following inoculation with P. sojae.



The 12 oxidized glycerolipids observed in the root of both soybean cultivars included PC36:6+2O, PC36:5+2O, PE38:6+O, PE38:6+2O, PA34:3+O, PI28:3+2O, TG50:3+O, TG52:6+O, TG54:2+O, TG54:8+2O, TG54:8+3O and TG54:6+Ox (Table 3), and the 13 oxidized glycerolipids in the stem of both cultivars included (PC36:6+2O, PC36:5+2O, PE38:6+O, PE38:6+2O, PA34:3+O, TG54:8+2O, TG54:8+3O, TG52:6+O, TG54:9+O, TG60:9+5O, TG60:8+5O, TG60:10+6O and TG54:2+Ox (Table 4). These oxidized glycerolipids were generally upregulated in the tolerant soybean cultivar compared to susceptible soybean cultivar when challenged with pathogen and this may be one of defense mechanisms used by tolerant soybean cultivar. The resistant cultivar appears to be unable to catabolize these oxylipins compared to the tolerant cultivar. As such there are high bioaccumulations of pathogen derived oxylipins in the susceptible cultivar limiting the susceptible plants in their ability to activate its immune response to circumvent colonization and infection. The chromatogram showing glycerolipids in the inoculated stem of both soybean cultivars is presented in Figure S3F. The XIC of precursor ions m/z 685.44, 669.45 in negative ion mode and m/z 884.73 and 868.74 in the positive ion mode show the oxidized and unoxidized glycerolipids observed in soybean roots (Figure S3G), the MS2 spectra of m/z 685.44 and 669.45 (M-H)- precursor ions showing the presence of Ox-PA (PA16:0/18:3+O) in addition to the unoxidized PA 16:0/18:3 are presented in Figures S3H, I, and the MS2 spectra of m/z 884.73 and 868.74 (M+NH4)+ precursor ions showing the presence of Ox-TG (TG 16:0/18:3/18:3+O) in addition to the unoxidized TG 16:0/18:3/18:3 are presented in Figures S3J, K.


Table 3 | Oxidized glycerolipids (nmol) present in the root of soybean cultivars following inoculation with P. sojae.




Table 4 | Oxidized glycerolipids (nmol) in the stem of soybean cultivars following inoculation with P. sojae.



Across all time points, as well as infected and non-infected plants, the relative abundance of the primary oxylipins in the root ranged between 0.00 to 58,117.16 nmol for the susceptible cultivar and 0.00 to 98,027.91 nmol for the tolerant cultivar (Table 1) while the relative abundance of the primary oxylipins in the stem ranged between 0.00 to 152,625.22 nmol for the susceptible cultivar and 0.00 to 147,879.60 nmol for the tolerant cultivar (Table 2). Similarly, the relative abundance of the oxidized glycerolipids in the root ranged between 0.38 ± 0.20 to 25.23 ± 0.45 nmol for the susceptible cultivar and 0.00 ± 00 to 51.45 ± 0.29 nmol for the tolerant cultivar (Table 3), and the relative abundance of the oxidized glycerolipids in the stem ranged between 0.00 ± 00 to 67.13 ± 4.46 nmol for the susceptible cultivar and 0.00 ± 00 to 24.22 ± 0.47 nmol for the tolerant cultivar (Table 4). Notably, the levels of seven primary oxylipins in the root and stem were significantly increased in the tolerant cultivar relative to the non-inoculated controls, but significantly reduced in susceptible cultivar in response to P. sojae infection and colonization. Contrarily, two primary oxylipins that were microbial origin, 12(S)-HpETE and 16,17-EpDPE were significantly increased in infected susceptible cultivar after 48 h, 72 h and 96 h post-infection but no changes were observed in non-infected control of both cultivars and infected tolerant cultivar after infection with the pathogen (Tables 1, 2). The behavioral response differentiating primary oxylipins and oxidized glycerolipids in this study demonstrated that oxidized glycerolipids exhibit indirect physiological activities by acting as precursors for synthesis of primary oxylipins, while primary oxylipins exhibit direct strong antimicrobial activities to mitigate plant infection and colonization caused by pathogens.





Phyto-oxylipin induction in susceptible and tolerant soybean cultivars in response to P. sojae infection

Analysis of primary oxylipins demonstrated significant changes in the root and stem phyto-oxylipins between and within the two soybean cultivars during interaction with the oomycete P. sojae. Figures 5A–C,  6A–C show the levels of oxylipin alterations that occurred during soybean-P. sojae interactions. The model quality (Q2) generated from PLS-DA explains 65% variability in the root and 60% variability in the stem. Heat maps (Figures 5A, 6A) were prepared for both oxidized glycerolipids and primary oxylipins with important loadings representing the cultivar and treatment separation to further categorize the treatments based on the alterations observed in response to P. sojae infection. Meanwhile, no significant differences were observed between the time points for the control treated plants, therefore, averaged results were used in the heat map. The cut-off score for variables important in projection (VIP) results was defined as >1 (Ravipati et al., 2015; Nadeem et al., 2020). The 21 phyto-oxylipins in the root (12 oxidized glycerolipids and nine primary oxylipins) and 22 phyto-oxylipins in the stem (13 oxidized glycerolipids and nine primary oxylipins) were selected based on VIP results. The outcome from the heatmap demonstrated four distinct clusters of the soybean root and stem oxylipins following inoculation with P. sojae (Figures 5A, 6A).




Figure 5 | Changes in phyto-oxylipins biosynthesized in root of both soybean cultivars infected with P. sojae relative to non-infected plants. (A) Heat map showing clusters of oxylipins in susceptible (OX760-6) and tolerant (Conrad) inoculated or non-inoculated with P. sojae. Each soybean cultivar and treatment were clustered independently using ascendant order clustering established on Euclidian distance at 0.15 interquartile range. The left columns represent the cluster-separated root phyto-oxylipins, whereas the top columns separated the cultivars established on similarities in abundance of phyto-oxylipins. Red, black, and green colors denote lower, intermediate, and higher abundance of root phyto-oxylipins. Group 1 and 2 (G1 and G2) are induced phyto-oxylipins that were responsible cluster patterns in the heat map used to determine differences between susceptible and tolerant cultivars; (B) Line graphs showing significant changes in oxidized glycerolipids in the root of both cultivars following inoculation over 96 hours and (C) Line graphs showing significant changes in primary oxylipins in the root of both cultivars following inoculation for over 96 hours. The phyto-oxylipins observed to be significantly different in each group (G1 and G2) of the heat map are displayed in the line graphs. Values represents mean nanomole percent with n = 4 per time point. No detectable response was observed at 24 h of inoculation (data not shown).






Figure 6 | Changes in phyto-oxylipins biosynthesized in stem of both soybean cultivars infected with P. sojae relative to non-infected plants. (A) Heat map showing clusters of oxylipins in susceptible (OX760-6) and tolerant (Conrad) inoculated or non-inoculated with P. sojae. Each soybean cultivar and treatment were clustered independently using ascendant order clustering established on Euclidian distance at 0.15 interquartile range. The left columns represent the cluster separated stem phyto-oxylipins, whereas the top columns separated the cultivars established on similarities in abundance of phyto-oxylipins. Red, black, and green colors denote lower, intermediate, and higher abundance of stem phyto-oxylipins. Group 1 and 2 (G1 and G2) are induced oxylipins that were responsible cluster patterns in the heat map used to determine differences between susceptible and tolerant cultivars; (B) Line graphs showing significant changes in oxidized glycerolipids in the stem of both cultivars following inoculation over 96 hours and (C) Line graphs showing significant changes in primary oxylipins in the stem of both cultivars following inoculation for over 96 hours. The phyto-oxylipins observed to be significantly different in each group (G1 and G2) of the heat map are displayed in the line graphs. Values represents mean nanomole percent with n = 4 per time point. No detectable response was observed at 24 h of inoculation (data not shown).



The heatmap ordinate root and stem phyto-oxylipins into two major groups (G), G1 and G2 (Figures 5A, 6A). The susceptible and resistant cultivars could be distinguished at each time point and by inoculation status (Figure 5A). Differences were observed in phyto-oxylipins in both soybean cultivars, corresponding to G1, where the relative abundance of five oxidized glycerolipids, PA34:3+O, PC36:5+2O, PC36:6+2O TG(54:2+O), TG(54:8+3O), and seven primary oxylipins, 9-HpODE, 12,13-DiHOME, 9,10-DiHODE, 13-HOTrE, 12-OPDA, 13-KODE, and 9-KOTrE significantly increased in the tolerant cultivar at 48 h, 72 h and 96 h after infection with the pathogen, but contrarily, these oxylipins were significantly decreased in the susceptible cultivar at 48 h, 72 h and 96 h (Figure 5A). Though, 9-HpODE significantly increased when both the susceptible and the tolerant cultivars were challenged with P. sojae for 48 h, but were reduced at the 72 h and 96 h time points (Figure 5A). In G2, the relative abundance of seven oxidized glycerolipids, TG(50:3+O), PE38:6+O, PE38:6+2O, TG(52:6+O), PI28:3+3O, TG(54:8+2O) and TG(54:6+Ox significantly increased in the tolerant cultivar at 48 h, 72 h and 96 h after infection with the pathogen, but contrarily, these oxidized glycerolipids were significantly decreased in the susceptible cultivar at 48 h, 72 h and 96 h (Figure 5A). Two primary oxylipins, 12(S)-HpETE and 16,17-EpDPE that were microbial origin was significantly increased in infected susceptible cultivar after 48 h, 72 h and 96 h but no changes were observed in non-infected control of both cultivars and infected tolerant cultivar after infection with the pathogen. These results were supported by the relative abundance of the oxidized glycerolipids (Figure 5B) and the concentration of primary oxylipins (Figure 5C) in the root of both soybean cultivars. In a similar manner, the heat map groupings differentiated the stem oxylipins in the susceptible cultivar from the tolerant cultivar based on time of inoculation (Figure 6A). Differences were observed in phyto-oxylipins in both soybean cultivars, corresponding to G1, where the relative abundance of two primary oxylipins that were microbial origin, 12(S)-HpETE and 16,17-EpDPE were significantly increased in infected susceptible cultivar after 48 h, 72 h and 96 h post-infection but no changes were observed in non-infected control of both cultivars and infected tolerant cultivar after infection with the pathogen while seven primary oxylipins, 9-KOTrE, 9-HpODE, 12,13-DiHOME, 9,10-DiHODE, 13-HOTrE and 13-KODE, 12-OPDA were significantly increased in the tolerant cultivar but not in the susceptible cultivar at the 48 h, 72 h and 96 h after infection with P. sojae. Meanwhile, five oxidized glycerolipids (PE38:6+2O, PC36:5+2O, TG[54:9+O], TG[60:10+6O] and PE38:6+O) were generally significantly increased in the tolerant cultivar but not in the susceptible cultivar at the 72 h and 96 h time points, but their concentration were reduced in tolerant cultivars while increased in susceptible cultivar at 48 h after infection with P. sojae (Figure 6A). Oxylipins belonging to G2 consisted of only one primary oxylipin, 12-OPDA which was significantly increased in the tolerant cultivar but not in the susceptible cultivar at the 48 h, 72 h and 96 h after infection with P. sojae. Eight oxidized glycerolipids (PC36:6+2O, TG[52:6+O], TG[54:8+3O], TG[54:8+2O], PA34:3+O, TG[54:2+OX], TG[60:9+5O] and TG[60:8+5O]), we observed significant increases in these oxidized glycerolipids at all time points in the tolerant cultivar relative to the non-inoculated control while the same lipids were reduced in the susceptible cultivar at all three time points relative to the control in response to the pathogen infection (Figure 6A). These results were supported by the relative abundance of the oxidized glycerolipids (Figure 6B) and the concentration of primary oxylipins (Figure 6C) in the stem of both soybean cultivars. Generally, these results demonstrated that the levels of primary oxylipins in root and stem significantly increased in the tolerant soybean cultivar but were significantly reduced in the susceptible cultivar following inoculation with P. sojae.





Spearman’s correlation between oxidized glycerolipids and primary oxylipins in soybean cultivars in response to P. sojae infection

Spearman’s correlation coefficients of 12 oxidized glycerolipids and nine primary oxylipins are shown in Figure 7A. The correlation coefficient (r) was strongly positive for the relationships between 16,17-EpDPE, 13-HOTrE, 12,13-DiHOME, 9,10-DiHODE, 12-OPDA, 13-KODE, 9-KOTrE, 12(S)-HpETE, 9-HpODE and PA30:4+2O, PC36:5+2O, PC36:6+2O TG(54:2+O), TG(54:8+3O), TG(50:3+O), PE38:6+3O, PE38:6+2O, TG(52:2+O) and PI28:3+2O but strongly negative for TG(54:6+Ox) and TG(54:8+2O). The strongest significant positive correlation ranged between 0.455 to >1.000 for these relationships. Generally, strong positive correlations were observed between oxidized glycerolipids and primary oxylipins in the root of both soybean cultivars following inoculation with P. sojae infection (Figure 7A). Similarly, in the stems of both cultivars, strongly positive and negative correlations were observed in response to infection (Figure 7B). As demonstrated in Figure 7B, 12-OPDA was strongly positively correlated with oxidized glycerolipids with correlation ranging between 0.445 to > 0.818. The other primary oxylipins, 12,13-DiHOME, 9,10-DiHODE, 12(S)-HpETE, 9-KOTrE, 16,17-EpDPE, 13-KODE, 13-HOTrE, and 9-HpODE, exhibited significant positive correlation ranging between 0.273 to > 0.455 as well as significant inverse (negative) correlation ranging between -0.455 to > -0.273 with TG(60:8+5O), TG(60:9+5O) and TG(54:2+Ox).




Figure 7 | Spearman’s rank correlation coefficients heatmap between relative abundance of oxidized glycerolipids and primary oxylipins in the susceptible (OX760-6) and tolerant (Conrad) soybean cultivars. (A) Correlation between oxidized glycerolipids and primary oxylipins in the root of susceptible and tolerant soybean cultivars infected with pathogen relative to non-infected plants; (B) Correlation between oxidized glycerolipids and primary oxylipins in the stem of susceptible and tolerant soybean cultivars infected with pathogen relative to non-infected plants. Colors indicate the Spearman correlations’ ρ values, i.e. the correlation strength between oxidized glycerolipids and primary oxylipins. The ρ values between <-0.5 and > 0.5 have a significant value of P < 0.05. To generate the heatmap, cluster analyses were carried out using the group average method to cluster oxidized glycerolipids and primary oxylipins that have similar Spearman rank coefficients. 16,17-EpDPE = (4Z,7Z,10Z,13Z)-15-[3-[(Z)-pent-2-enyl] oxiran-2-yl] pentadeca-4,7,10,13-tetraenoic acid, 13-HOTrE = 10(E),12(Z),13S-hydroxy-9(Z),11(E),15(Z)-octadecatrienoic acid, 12,13-DiHOME = (Z)-12,13-dihydroxyoctadec-9-enoic acid, 9, 10-DiHODE = (12Z,15Z)-9,10-dihydroxyoctadeca-12,15-dienoic acid, 12-OPDA = 12-oxophytodienoic acid, 13-KODE = (9Z,11E)-13-Oxo-9,11-octadecadienoic acid, 9-KOTrE = 15(Z)-9-oxo-octadecatrienoic acid, 12(S)-HpETE = 12S-hydroperoxy-5(Z),8(Z),10(E),14(Z)-eicosatetraenoic acid, and 9-HpODE = 10(E),12(E)-9-hydroperoxyoctadeca-10,12-dienoic acid, oxidized phosphatidylcholine (Ox-PC), oxidized phosphatidylethanolamine (Ox-PE), oxidized phosphatidic acid (Ox-PA), oxidized phosphatidylinositol (Ox-PI), and oxidized triacylglycerol (Ox-TG), O = monoxide, 2O = dioxide, 3O = trioxide and Ox = oxidized.







Phyto-oxylipins network analysis

It was demonstrated that phyto-oxylipins significantly increase among the primary oxylipins at all time points in the tolerant cultivar relative to the non-inoculated control, while the same lipids were reduced in the susceptible cultivar at all three time points relative to the control in response to the pathogen infection. Selected root and stem oxylipins among the inoculated susceptible cultivar showed significant decreases compared to the reference group at 96 h (Figures 8, 9). Generally, almost all the primary oxylipins in the root, including 12-OPDA, 13-HOTrE, 12,13-DiHOME, 13-KODE, 9-KOTrE, 9-HpODE and 9, 10-DiHODE, were significantly decreased in the susceptible cultivar at 48 h, 72 h and 96 h following inoculation with P. sojae relative to the non-inoculated control, except 16,17-EpDPE and 12(S)-HpETE which was increased after inoculated at 48 h, 72 h and 96 h. Contrary to susceptible cultivar, seven of the primary oxylipins in the root of the tolerant cultivar, which were 13-HOTrE, 12,13-DiHOME, 13-KODE, 9-KOTrE, 12-OPDA, 10-DiHODE and 9, 9-HpODE were significantly increased at all time points following inoculation relative to the non-inoculated control; the two exception were 16,17-EpDPE and 12(S)-HpETE which significantly decreased after 48 h, 72 h and 96 h inoculation (Figure 8). Similarly, almost all the primary oxylipins in stem, including 13-HOTrE, 12-OPDA, 12,13-DiHOME, 13-KODE, 9-KOTrE, 9-HpODE and 9, 10-DiHODE, were significantly decreased in the susceptible soybean cultivar at all time points following inoculation relative to the non-inoculated control, except 16,17-EpDPE and 12(S)-HpETE which increased after 48 h, 72 h and 96 h inoculation. Contrary to the susceptible cultivar, seven of the primary oxylipins in stem, which included 13-HOTrE, 12,13-DiHOME, 13-KODE, 9-KOTrE, 12-OPDA, 9-HpODE, and 9, 10-DiHODE were significantly increased in the tolerant cultivar at all time points following inoculation relative to the non-inoculated control, except 16,17-EpDPE and 12(S)-HpETE which decreased after 48 h, 72 h and 96 h inoculation. Notably, there were fold increase in 9-HpODE, 13HOTrE, 13-KODE, 9,10-DiHODE, 9-KOTrE and 12,13-DiHOME in the root and stem control but decreased in the infected root and stem of susceptible cultivar at 48 h, 72 h and 96 h time points. In contrast, fold increase of these oxylipins were observed in the infected root and stem but decreased in control root and stem of tolerant cultivar at 48 h, 72 h and 96 h time points (Figures 8, 9). Similarly, 12-OPDA was found to be decreased both in the control and infected root and stem of susceptible cultivar at 48 h, 72 h  and 96 h time points but fold increase were observed in the infected root and stem of tolerant cultivar at 48 h, 72 h  and 96 h time points (Figures 8, 9).




Figure 8 | Oxylipin network displaying differences in root phyto-oxylipins in susceptible and resistant soybean cultivars following P. sojae inoculation relative to non-inoculated plants. (A) Control and inoculated susceptible soybean root (ORC and ORI), and control and inoculated tolerant soybean root (CRC and CRI) at 48 h time point, (B) control and inoculated susceptible soybean root (ORC and ORI), and control and inoculated tolerant soybean root (CRC and CRI) at 72 h time point, (C) control and inoculated susceptible soybean root (ORC and ORI), and control and inoculated tolerant soybean root (CRC and CRI) at 96 h time point. The network of phyto-oxylipins demonstrate fold changes in nine root primary oxylipins following infection with P. sojae. Lipid SMILES identifiers were applied to determine PubChem molecular fingerprints and phyto-oxylipin similarity structure. Mapped structural networks showing significance of fold changes in phyto-oxylipins were calculated for all comparisons. The network visualizes the phyto-oxylipins with connections established on structural Tanimoto similarity ≥ 0.8 (edge width: 0.8-1.0). Node size shows fold changes of means between comparisons and color demonstrates the direction of alteration compared to control (yellow: increased; blue: decreased; gray: statistical contrast). Node shape shows phyto-oxylipin structural type (gray circle: control, rounded gray: inoculated; rounded yellow: Conrad (tolerant soybean cultivar) and rounded black: OX760-6 (susceptible soybean cultivar), brown = positive correlation and blue = negative correlation. Oxylipins displaying significant differences between treatment groups (p-value ≤ 0.05) are denoted with rounded yellow.






Figure 9 | Oxylipin network displaying differences in stem phyto-oxylipins in susceptible and resistant soybean cultivars following P. sojae inoculation relative to non-inoculated plants. (A) Control and inoculated susceptible soybean stem (OSC and OSI), and control and inoculated tolerant soybean stem (CSC and CSI) at 48 h time point, (B)control and inoculated susceptible soybean stem (OSC and OSI), and control and inoculated tolerant soybean stem (CSC and CSI) at 72 h time point, and (C) control and inoculated susceptible soybean stem (OSC and OSI) and control and inoculated tolerant soybean stem (CSC and CSI) at 96 h time point. The network of phyto-oxylipins demonstrates fold changes in nine stem primary oxylipins following infection with P. sojae. Lipid SMILES identifiers were applied to determine PubChem molecular fingerprints and phyto-oxylipin similarity structure. Mapped structural networks, showing significance of fold changes in phyto-oxylipins were calculated for all comparisons. The network visualizes the phyto-oxylipins with connections established on structural Tanimoto similarity ≥ 0.8 (edge width: 0.8-1.0). Node size shows fold changes of means between comparisons and color demonstrates the direction of alteration compared to control (yellow: increased; blue: decreased; gray: statistical contrast). Node shape shows phyto-oxylipin structural type (gray circle: control, rounded gray: inoculated; rounded yellow: Conrad (tolerant soybean cultivar) and rounded black: OX760-6 (susceptible soybean cultivar), brown = positive correlation and blue = negative correlation. Oxylipins displaying significant differences between treatment groups (p-value ≤ 0.05) are denoted with rounded yellow.








Discussion

Plant-pathogen interaction is a complicated process, induced by the pathogen- and plant-derived molecules which majorly involve sugars, lipids, proteins and lipopolysaccharides (Gupta et al., 2015; Abdul Malik et al., 2020). Secreted molecules, obtained from the pathogens, are the main factors which regulate their pathogenicity and permit successful host colonization and infection (Gupta et al., 2015). These plant derived molecules are implicated in the recognition of pathogens in order to activate the defense response (Adigun et al., 2020). The initial interaction between the plants and pathogens take place in the apoplast and is induced by the recognition of pathogen elicitors through plant’s receptor proteins (Gupta et al., 2015; Abdul Malik et al., 2020). These pathogen elicitors are known as pathogen-associated molecular patterns and are recognized by the membrane-localized pattern recognition receptors of plants (Abdul Malik et al., 2020). These membrane localized pattern recognition receptors are particularly susceptible to alteration in membrane lipidome, and plant immunity mediated by fatty acids such as oxylipins. Generally, pathogen appears to overtake the immune system of susceptible soybean by modulating their cell surfaces by releasing proteins to degrade plant immunity conferring cell structures (e.g. reinforced epidermal walls) as well as the pathogen producing its own oxylipins mediate signal induction factors that adversely modulated the plant immune response cascade resulting in catabolism of endogenous morphological structures such as biogenic crystals post infection limiting the plant ability to circumvent colonization and infection by the pathogen (Vailleau et al., 2007).

Phytophthora root and stem-rot is one of the major destructive soybean diseases and the causal agent is oomycete P. sojae resulting in global annual crop losses of 10-20 $US (Wrather et al., 2010; Chi et al., 2021; Giachero et al., 2022). Environmentally sustainable agricultural practices are now embraced to prevent phytopathogen attack in plants and to enhance plant health. Higher plants possess sophisticated strategies by which to defend against stresses from infectious pathogens. Some defense mechanisms used by higher plants include remodulation of membrane lipidome (Adigun et al., 2021) and production of bioactive compounds has been shown to be effective response strategies to limit pathogen infection (Thomas et al., 2007; Adigun et al., 2020). For instance, biosynthesis of oxygenated PUFAs generally called oxylipins, is one of the early mechanisms of plant’s defense responses against pathogenic bacterial and fungal infection (Blée, 2002; Howe and Schilmiller, 2002).

Based on the limited understanding of the biochemical and physiological properties of oxylipins, a comprehensive study of oxylipins was generated from the root and stem of tolerant and susceptible soybean cultivars challenged with P. sojae to examine the alterations in oxylipin levels across three time points. All identified primary oxylipins generated from both soybean cultivars demonstrated significant alterations in response to infection, and oxidized glycerolipids generated from membrane lipids following oxidation of PUFAs. These PUFAs are predicted to serve as substrates for the biosynthesis of primary oxylipins following P. sojae infection. At 48 h, 72 h and 96 h post infection by P. sojae, compare to controls, we observed that oxylipins significantly decreased in the root and stem of susceptible soybean while they significantly increased in the root and stem of tolerant soybean. The results obtained from our studies are in agreement with the responses observed for different classes of oxylipins reported in literature. For instance, studies have shown that application of synthetic JA to tomato foliage triggers a systemic effect that allows the plant to resist root-knot nematode invasion (Cooper et al., 2005). This was accompanied by the production of JA to enclose and limit nematode invasion at to the initial area of infection, thereby inhibit nematode infection (Poveda et al., 2020). Also, other studies have demonstrated the effects of JA-induced defense responses on pathogenic organisms and the use of exogenous MeJA was observed to induce systemic resistance in the root of oats and spinach against pathogenic nematodes (Soriano et al., 2004). It has been well established that jasmonates play active roles during foliar and root defense responses to infection (Smith et al., 2009).

Similarly, several studies have implicated LOXs and their derivatives in the plant defense response against diverse pathogens (Kolomiets et al., 2001). For instance, a novel cyclopentenone, 10-oxo-11-phytodienoic acid synthesized through 9-LOX activities, and which is an isomer of 12-OPDA, the precursor of jasmonate, was isolated from young tubers and stolons of potato (Solanum tuberosum). It is possible that 9-LOX may play a role during jasmonate biosynthesis to control tuber growth and also function in the defense response against pathogenic attack (Kolomiets et al., 2001). Moreover, the application of some hydroperoxide derivatives of oxylipins have been demonstrated to inhibit conidial germination and elongation of germ-tube of the rice blast pathogen Pyricularia oryzae (Naor et al., 2018), and C18:2 hydroperoxides have demonstrated toxic effects on Saccharomyces cerevisiae (Naor et al., 2018). Furthermore, it was demonstrated that following pathogenic attack of the moss Physcomitrella patens by various microbial pathogens including Pectobacterium carotovorum, Pectobacterium wasabiae and Botrytis cinerea, the host induces a defense response by elevating the levels of endogenous FFAs and activating gene transcription encoding various LOXs, AOS, and OPDA acid reductase (Ponce De León et al., 2007; Ponce De León et al., 2012). In these pathosystems, the 13-/12-LOX pathways were suggested to be activated after pathogen attack. The transcript levels of PpLOX1 and PpLOX6 were increased following infection by Pythium cinerea and Botrytis cinerea respectively, and the concentrations of OPDA increased in response to both pathogens (Oliver et al., 2009; Ponce De León et al., 2012). In the present study, we found that primary oxylipins 9-HpODE, 12,13-DiHOME, 9,10-DiHODE, 12-OPDA, 9-KOTrE, 13-HOTrE, and 13-KODE were significantly decreased in the susceptible soybean cultivar in contrast to the significant increase observed in the tolerant soybean cultivar. These subclasses of oxylipins mediated tolerance to P. sojae infection in tolerant soybean as a function of time. Contrarily, 16,17-EpDPE and 12(S)-HpETE were observed to be significantly increased in the root and stem of the susceptible soybean cultivar, and they were known to be microbial-derived oxylipins associated with pathogenesis in susceptible soybean cultivar (Niu and Keller, 2019). Taken together, these results demonstrate that oxylipins participate in early defenses in soybean response to P. sojae infection.

The oxidized glycerolipid network analysis presents a significant challenge due to a lack of well-defined biochemical interaction databases and general lipid enzyme substrate promiscuity among FFA, membrane and neutral lipids. When lipid structures are known, estimates of similarities among lipid activities can be inferred based on structural similarities or mass spectra. Regularized correlations between lipid measurements were used to calculate primary oxylipin interaction networks for each of the three inoculation time points. All observed conditionally independent correlations between lipids were positive which can occur in cases where lipids are in homeostasis or share storage and sources of release (Demarsay, 2005). Lipid statistical contrasts between groups can be compared between time points to identify patterns of change. The network demonstrates the connectivity between the changes in phyto-oxylipins induction and the oxylipin biosynthesis pathway in the tolerant cultivar as defense response to P. sojae invasion. Generally, there is scarcity of information on the function of oxylipin induction to determine either compatible or incompatible interactions governing tolerance or susceptibility in the soybean-P.sojae pathosystem. The unique level of alterations in oxylipin induction between susceptible and tolerant cultivars showed that primary oxylipins 9-HpODE, 12,13-DiHOME, 9,10-DiHODE, 12-OPDA, 9-KOTrE, 13-HOTrE, and 13-KODE were significantly decreased in the root and stem of the susceptible soybean cultivar in contrast to the significant increase observed in the root and stem of the tolerant soybean cultivar (Figures 5, 6). Studies have demonstrated that these oxylipins play active roles during plant disease resistance, or are involved in plant defense strategies against pathogen invasion (Blée, 2002).

Biosynthesis of oxylipins has been characterized in other systems (Genva et al., 2019). Polyunsaturated fatty acids such as C18:3 and C18:2 may be hydrolyzed by one, two or four oxygen atoms through phospholipase A and undergo further enzymatic reactions to generate oxidized glycerolipids (Blée, 2002; Liu et al., 2019). Acyltransferases biosynthesize oxidized phospholipids (Domingues et al., 2008; Liu et al., 2019), and diacylglycerol acyltransferases biosynthesize oxidized triacylglycerol (Irshad et al., 2017). These oxidized glycerolipids could act as potential precursors of primary oxylipins by further conversions of hydroperoxides through the activities of LOX, AOS and CYP450 to produce phyto-oxylipins in soybean tissues (Figures 7, 10, 11). In the root and stems of both soybean cultivars, the strongest correlations were observed between glycerolipids and primary oxylipins (Figures 7, 10, 11). The levels of primary oxylipins produced in the tolerant cultivar were generally increased across the time points (48 h, 72 h and 96 h) but reduced in the susceptible cultivar, and it seems that it was signally pathway activated that may appear to be the route tolerance or protection achieved in tolerant cultivar (Figures 10, 11). Various groups of enzymes have been shown to participate in oxylipin formation, and radical pathways are also important (Blée, 2002). These enzymes, including LOX and α-dioxygenase, insert atoms of oxygen into FA chains and initiate pathways involving specialized cytochrome P450 monooxygenases that may be responsible for their downstream regulation (Blée, 2002; Griffiths, 2015). Furthermore, enzymes like AOS leading to JA signaling which may be responsible for synthesizing pathogen defensive volatiles, as well as POs and DESs that involved in producing antimicrobials may form part of the biochemical mediated response mounted by tolerant or resistant plants to limit pathogen infection (Prost et al., 2005; Griffiths, 2015). These oxylipin species could serve as biomarkers for disease susceptibility or tolerance by soybean cultivars when infected by pathogens (Figures 10, 11). Based on our knowledge, the study of phyto-oxylipins and their rapid induction in the root and stem of susceptible and tolerant soybean cultivars in response to P. sojae infection, has not been previously reported in the literature. However, further study needs to be done to assess the gene expression levels associated with the pathway activated to further validate the proposed mechanism.




Figure 10 | Proposed pathways demonstrating the mechanisms that may be connected with oxidized glycerolipid and primary oxylipin biosynthesis, and disease susceptibility or tolerance in both tolerant (OX760-6) and resistant (Conrad) soybean cultivars at 48 h, 72 h and 96 h after challenge with P. sojae. The most significantly altered phyto-oxylipins biosynthesized in root of susceptible and tolerant soybean cultivars following inoculation with P. sojae are presented in this diagram. We propose that following infection with P. sojae, polyunsaturated fatty acids (C18:3 and C18:2) from membrane complex lipids were hydrolyzed by phospholipase A followed by oxidation involving one, two or four oxygen atoms to synthesize oxidized glycerolipids. Acyltransferases biosynthesize oxidized phospholipids, and diacylglycerol acyltransferases biosynthesize oxidized triacylglycerol. These oxidized lipids appear to serve as potential precursor for the primary oxylipins forming the hydroperoxides based on the strong correlations between these oxidized glycerolipids and primary oxylipins. These hydroperoxides are further metabolized through enzymatic activities to produce various array of oxylipins catalyzed by LOX, CYP450 and AOS. The strongest correlations were observed between the following glycerolipids: PC36:6+2O, PC36:5+2O, PE38:6+O, PE38:6+2O, PA34:3+O, PI28:3+2O, TG50:3+O, TG52:6+O, TG54:2+O and TG54:8+3O and primary oxylipins, 9-HpODE, 12,13-DiHOME, 9,10-DiHODE, 12-OPDA, 9-KOTrE, 13-HOTrE and 13-KODE. The tolerant cultivar appears to produce several folds higher level of select oxylipins (jasmonates, diols, epoxides, hydroperoxides, ketones and hydroxides) in response to infection beginning at 48 h after inoculation over a 96 h time point. In contrast, these oxylipins are induced at lower levels in the susceptible soybean cultivars except 12(S)-HpETE and 16,17-EpDPE that appears to produce several folds higher level in infected susceptible cultivar. The levels of primary oxylipins produced in the root of tolerant cultivar were generally increased across the time points (48 h, 72 h and 96 h) but reduced in the root of susceptible cultivar and may be associated with the successful strategy used by tolerant soybean cultivar to limit P. sojae infection. These properties appear to be demonstrated from the phenotypic variation of both tolerant and susceptible soybean cultivars. AOS = allene oxide synthase, and CYP450 =cytochrome P450. 9-KOTrE = 15(Z)-9-oxo-octadecatrienoic acid, 13-KODE = (9Z,11E)-13-Oxo-9,11-octadecadienoic acid, 9-HpODE = 10(E),12(E)-9-hydroperoxyoctadeca-10,12-dienoic acid, 12(S)-HpETE = 12S-hydroperoxy-5(Z),8(Z),10(E),14(Z)-eicosatetraenoic acid, 13-HOTrE = 10(E),12(Z),13S-hydroxy-9(Z),11(E),15(Z)-octadecatrienoic acid, 12-OPDA = 12-oxophytodienoic acid, (9Z,11E)-13-Oxo-9,11-octadecadienoic acid (13-KODE), 16,17-EpDPE = (4Z,7Z,10Z,13Z)-15-[3-[(Z)-pent-2-enyl] oxiran-2-yl] pentadeca-4,7,10,13-tetraenoic acid, 9, 10-DiHODE = (12Z,15Z)-9,10-dihydroxyoctadeca-12,15-dienoic acid, and 12,13-DiHOME = (Z)-12,13-dihydroxyoctadec-9-enoic acid. The phenotypes of two soybean cultivars infected by P. sojae at all examined time points is shown in Figure S4. Control susceptible soybean root (ORC), inoculated susceptible soybean root (ORI), control tolerant soybean root (CRC), inoculated tolerant soybean root (CRI). Soybean roots and stems demonstrated the same variability in quantitative response levels in both tolerant and susceptible cultivars when challenged with pathogen infection.






Figure 11 | Proposed pathways demonstrating the mechanisms that may be connected with oxidized glycerolipid and primary oxylipin biosynthesis, and disease susceptibility or tolerance in both tolerant (OX760-6) and resistant (Conrad) soybean cultivars at 48 h, 72 h and 96 h after challenge with P. sojae. The most significantly altered phyto-oxylipins biosynthesized in stem of susceptible and tolerant soybean cultivars following inoculation with P. sojae are presented in this diagram. We propose that following infection with P. sojae, polyunsaturated fatty acids (C18:3 and C18:2) from membrane complex lipids were hydrolyzed by phospholipase A followed by oxidation involving one, two or four oxygen atoms to synthesize oxidized glycerolipids. Acyltransferases biosynthesize oxidized phospholipids, and diacylglycerol acyltransferases biosynthesize oxidized triacylglycerol. These oxidized lipids appear to serve as potential precursor for the primary oxylipins forming the hydroperoxides based on the strong correlations between these oxidized glycerolipids and primary oxylipins. These hydroperoxides are further metabolized through enzymatic activities to produce various array of oxylipins catalyzed by LOX, CYP450 and AOS. The strongest correlations were observed between the following glycerolipids: PC36:6+2O, PC36:5+2O, PE38:6+O, PE38:6+2O, TG54:8+3O, TG54:9+O, TG60:9+5O, TG60:10+6O and TG54:2+Ox and primary oxylipins, 9HpODE, 12,13-DiHOME, 9,10-DiHODE, 12-OPDA, 9-KOTrE, 13-HOTrE and 13-KODE. The tolerant cultivar appears to produce several folds higher level of select oxylipins (jasmonates, diols, epoxides, hydroperoxides, ketones and hydroxides) in response to infection beginning at 48 h after inoculation over a 96 h time point. In contrast, these oxylipins are induced at lower levels in the susceptible soybean cultivars except 12(S)-HpETE and 16,17-EpDPE that appears to produce several folds higher level in infected susceptible cultivar. The levels of primary oxylipins produced in the stem of tolerant cultivar were generally increased across the time points (48 h, 72 h and 96 h) but reduced in the stem of susceptible cultivar and may be associated with the successful strategy used by tolerant soybean cultivar to limit P. sojae infection. These properties appear to be demonstrated from the phenotypic variation of both tolerant and susceptible soybean cultivars. AOS = allene oxide synthase, and CYP450 =cytochrome P450. 9-KOTrE = 15(Z)-9-oxo-octadecatrienoic acid, 13-KODE = (9Z,11E)-13-Oxo-9,11-octadecadienoic acid, 9-HpODE = 10(E),12(E)-9-hydroperoxyoctadeca-10,12-dienoic acid, 12(S)-HpETE = 12S-hydroperoxy-5(Z),8(Z),10(E),14(Z)-eicosatetraenoic acid, 13-HOTrE = 10(E),12(Z),13S-hydroxy-9(Z),11(E),15(Z)-octadecatrienoic acid, 12-OPDA = 12-oxophytodienoic acid, (9Z,11E)-13-Oxo-9,11-octadecadienoic acid (13-KODE), 16,17-EpDPE = (4Z,7Z,10Z,13Z)-15-[3-[(Z)-pent-2-enyl] oxiran-2-yl] pentadeca-4,7,10,13-tetraenoic acid, 9, 10-DiHODE = (12Z,15Z)-9,10-dihydroxyoctadeca-12,15-dienoic acid, and 12,13-DiHOME = (Z)-12,13-dihydroxyoctadec-9-enoic acid. The phenotypes of two soybean cultivars infected by P. sojae at all examined time points is shown in Figure S4. Control susceptible soybean stem (OSC), inoculated susceptible soybean stem (OSI), control tolerant soybean stem (CSC), inoculated tolerant soybean stem (CSI). Soybean roots and stems demonstrated the same variability in quantitative response levels in both tolerant and susceptible cultivars when challenged with pathogen infection.



In conclusion, the results we present in this study demonstrated how phyto-oxylipin mediated plant immunity been regulated differently in both tolerant and susceptible soybean cultivars in the response to P. sojae infection. Knowledge of phyto-oxylipins in lipid mediate plant immunity has recently increased interest in the roles of phyto-oxylipin anabolism in plant defense responses against various infectious pathogens. Based on this, the assumed roles of phyto-oxylipins include activation of defense gene expression in plants, participation in plant defense by functioning as signaling molecules, directly serving as antimicrobial compounds, and regulating PCD. The exact contribution of these phyto-oxylipins in soybean defense against pathogen infection remains unknown. However, this study has shown unequivocally that most unique oxylipins including 9-HpODE, 12,13-DiHOME, 9,10-DiHODE, 12-OPDA, 9-KOTrE, 13-HOTrE, and 13-KODE were significantly upregulated after inoculation in tolerant soybean cultivar but downregulated in susceptible soybean cultivar, suggesting that these molecules may be a critical component of the defense strategies used in tolerant cultivar against P. sojae infection. In contrast, oxylipins that are microbial origin, 16,17-EpDPE and 12(S)-HpETE were upregulated in infected susceptible cultivar but downregulated in tolerant cultivar. In addition, the intact oxidized lipids that act as precursors for biosynthesis of primary oxylipins generally followed the same pattern as primary oxylipins in both soybean when challenged with P. sojae infection. Therefore, further study is required to better understand the role of both intact oxidized lipids and primary oxylipins as components of disease tolerance in tolerant soybean cultivars. Thus, genomic analysis and enzyme assays associated with both intact oxidized lipids and primary oxylipin biosynthesis may reveal the classes of genes distinctly upregulating the oxylipin mediated plant immunity in tolerant soybean cultivar during pathogen infection. This may identify targeted oxylipin biomarkers that are correlated with upregulated genes; therefore, the targeted genes could be a potential application to be used by breeders in pyramiding resistant soybean genotypes that could enhance resistance or higher tolerance to P. sojae. Therefore, this study has revealed novel evidence of various phyto-oxylipins mediated plant immunity and potential enzymatic pathways in soybean that may be leveraged to improve global soybean’s production as a strategy to reduce the over 10-20B USD in soybean crop losses.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Author contributions

OA performed laboratory analysis. OA, TP, DG, and MN worked on data analysis. OA drafted the manuscript. RT, LJ, MC, and LG planned and designed the research. All authors contributed to the article and approved the submitted version.




Acknowledgments

The authors appreciate Natural Sciences and Engineering Research Council of Canada (NSERC) for funding this research (Grant number: RGPIN-201604464) and Memorial University of Newfoundland for providing infrastructure support for this research. Dr. Mark Gijzen (Agriculture and Agri-Food, Canada, London Ontario) is also acknowledged for providing soybean seeds.





Conflict of interest

	Author DG was employed by company Creative Data Solution (CDS).

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1141823/full#supplementary-material




References

 Abdul Malik, N. A., Kumar, I. S., and Nadarajah, K. (2020). Elicitor and receptor molecules: Orchestrators of plant defense and immunity. Int. J. Mol. Sci. 21, 963. doi: 10.3390/ijms21030963

 Adigun, O. A., Nadeem, M., Pham, T. H., Jewell, L. E., Cheema, M., and Thomas, R. (2020). Recent advances in bio-chemical, molecular and physiological aspects of membrane lipid derivatives in plant pathology. Plant Cell Environ. 44, 1–16. doi: 10.1111/pce.13904

 Adigun, O. A., Pham, T. H., Dmitry, G., Nadeem, M., Jewell, L. E., Cheema, M., et al. (2021). Plant lipid metabolism in susceptible and tolerant soybean (Glycine max) cultivars in response to Phytophthora sojae colonization and infection. Res. square, 1–44. doi: 10.1101/2021.06.28.450227

 Blée, E. (2002). Impact of phyto-oxylipins in plant defense. Trends Plant Sci. 7, 315–321. doi: 10.1016/S1360-1385(02)02290-2

 Brodhun, F., Cristobal-Sarramian, A., Zabel, S., Newie, J., Hamberg, M., and Feussner, I. (2013). An iron 13S-lipoxygenase with an α-linolenic acid specific hydroperoxidase activity from fusarium oxysporum. PloS One 8, e64919–e64919. doi: 10.1371/journal.pone.0064919

 Cacas, J.-L., Vailleau, F., Davoine, C., Ennar, N., Agnel, J.-P., Tronchet, M., et al. (2005). The combined action of 9 lipoxygenase and galactolipase is sufficient to bring about programmed cell death during tobacco hypersensitive response. Plant Cell Environ. 28, 1367–1378. doi: 10.1111/j.1365-3040.2005.01369.x

 Chakraborty, S., and Newton, A. C. (2011). Climate change, plant diseases and food security: an overview. Plant Pathol. 60, 2–14. doi: 10.1111/j.1365-3059.2010.02411.x

 Chen, Z., Chen, X., Yan, H., Li, W., Li, Y., Cai, R., et al. (2015). The lipoxygenase gene family in poplar: identification, classification, and expression in response to MeJA treatment. PloS One 10, e0125526. doi: 10.1371/journal.pone.0125526

 Chi, J., Song, S., Zhang, H., Liu, Y., Zhao, H., and Dong, L. (2021). Research on the mechanism of soybean resistance to phytophthora infection using machine learning methods. Front. Genet. 12. doi: 10.3389/fgene.2021.634635

 Christensen, S. A., and Kolomiets, M. V. (2011). The lipid language of plant-fungal interactions. Fungal Genet. Biol. 48, 4–14. doi: 10.1016/j.fgb.2010.05.005

 Cooper, W. R., Jia, L., and Goggin, L. (2005). Effects of jasmonate-induced defenses on root-knot nematode infection of resistant and susceptible tomato cultivars. J Chem Ecol. 31(9):1953–67. doi: 10.1007/s10886-005-6070-y

 De León, I. P., Sanz, A., Hamberg, M., and Castresana, C. (2002). Involvement of the arabidopsisα-DOX1 fatty acid dioxygenase in protection against oxidative stress and cell death. Plant J. 29, 61–72. doi: 10.1046/j.1365-313x.2002.01195.x

 Demarsay, A. (2005). Anthracnose fuit rot of highbush blueberry: Biology and epidemiology (Rutgers: PhD).

 Domingues, M. R. M., Reis, A., and Domingues, P. (2008). Mass spectrometry analysis of oxidized phospholipids. Chem. Phys. Lipids 156, 1–12. doi: 10.1016/j.chemphyslip.2008.07.003

 García-Marcos, A., Pacheco, R., Manzano, A., Aguilar, E., and Tenllado, F. (2013). Oxylipin biosynthesis genes positively regulate programmed cell death during compatible infections with the synergistic pair potato virus X-potato virus y and tomato spotted wilt virus. J. Virol. 87, 5769–5783. doi: 10.1128/JVI.03573-12

 Gaulin, E., Pel, M. J. C., Camborde, L., San-Clemente, H., Courbier, S., Dupouy, M.-A., et al. (2018). Genomics analysis of aphanomyces spp. identifies a new class of oomycete effector associated with host adaptation. BMC Biol. 16, 43. doi: 10.1186/s12915-018-0508-5

 Genva, M., Obounou Akong, F., Andersson, M. X., Deleu, M., Lins, L., and Fauconnier, M.-L. (2019). New insights into the biosynthesis of esterified oxylipins and their involvement in plant defense and developmental mechanisms. Phytochem. Rev. 18, 343–358. doi: 10.1007/s11101-018-9595-8

 Giachero, M. L., Declerck, S., and Marquez, N. (2022). Phytophthora root rot: Importance of the disease, current and novel methods of control. Agronomy 12, 610. doi: 10.3390/agronomy12030610

 Göbel, C., Feussner, I., Hamberg, M., and Rosahl, S. (2002). Oxylipin profiling in pathogen-infected potato leaves. Biochim. Biophys. Acta (BBA) - Mol. Cell Biol. Lipids 1584, 55–64. doi: 10.1016/S1388-1981(02)00268-8

 Granér, G., Hamberg, M., and Meijer, J. (2003). Screening of oxylipins for control of oilseed rape (Brassica napus) fungal pathogens. Phytochemistry 63, 89–95. doi: 10.1016/S0031-9422(02)00724-0

 Grechkin, A. N., Brühlmann, F., Mukhtarova, L. S., Gogolev, Y. V., and Hamberg, M. (2006). Hydroperoxide lyases (CYP74C and CYP74B) catalyze the homolytic isomerization of fatty acid hydroperoxides into hemiacetals. Biochim. Biophys. Acta (BBA) - Mol. Cell Biol. Lipids 1761, 1419–1428. doi: 10.1016/j.bbalip.2006.09.002

 Griffiths, G. (2015). Biosynthesis and analysis of plant oxylipins. Free Radic. Res. 49, 565–582. doi: 10.3109/10715762.2014.1000318

 Gullner, G., Künstler, A., Király, L., Pogány, M., and Tóbiás, I. (2010). Up-regulated expression of lipoxygenase and divinyl ether synthase genes in pepper leaves inoculated with tobamoviruses. Physiol. Mol. Plant Pathol. 74, 387–393. doi: 10.1016/j.pmpp.2010.06.006

 Gupta, R., Lee, S., Agrawal, G., Rakwal, R., Park, S., Wang, Y., et al. (2015). Understanding the plant-pathogen interactions in the context of proteomics-generated apoplastic proteins inventory. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.00352

 Hartman, G. L., West, E. D., and Herman, T. K. (2011). Crops that feed the world 2. soybean–worldwide production, use, and constraints caused by pathogens and pests. Food Secur. 3, 5–17. doi: 10.1007/s12571-010-0108-x

 Howe, G. A., and Schilmiller, A. L. (2002). Oxylipin metabolism in response to stress. Curr. Opin. Plant Biol. 5, 230–236. doi: 10.1016/S1369-5266(02)00250-9

 Irshad, Z., Dimitri, F., Christian, M., and Zammit, V. A. (2017). Diacylglycerol acyltransferase 2 links glucose utilization to fatty acid oxidation in the brown adipocytes. J. Lipid Res. 58, 15–30. doi: 10.1194/jlr.M068197

 Kolomiets, M. V., Hannapel, D. J., Chen, H., Tymeson, M., and Gladon, R. J. (2001). Lipoxygenase is involved in the control of potato tuber development. Plant Cell 13, 613. doi: 10.1105/tpc.13.3.613

 Kovač, M., Müller, A., Milovanovič Jarh, D., Milavec, M., Düchting, P., and Ravnikar, M. (2009). Multiple hormone analysis indicates involvement of jasmonate signalling in the early defence of potato to potato virus YNTN. Biol. Plantarum 53, 195–199. doi: 10.1007/s10535-009-0034-y

 Liu, G.-Y., Moon, S. H., Jenkins, C. M., Sims, H. F., Guan, S., and Gross, R. W. (2019). Synthesis of oxidized phospholipids by sn-1 acyltransferase using 2-15-HETE lysophospholipids. J. Biol. Chem. 294, 10146–10159. doi: 10.1074/jbc.RA119.008766

 Marmey, P., Jalloul, A., Alhamdia, M., Assigbetse, K., Cacas, J.-L., Voloudakis, A. E., et al. (2007). The 9-lipoxygenase GhLOX1 gene is associated with the hypersensitive reaction of cotton gossypium hirsutum to xanthomonas campestris pv malvacearum. Plant Physiol. Biochem. 45, 596–606. doi: 10.1016/j.plaphy.2007.05.002

 Mcdonald, B. A., and Stukenbrock, E. H. (2016). Rapid emergence of pathogens in agro-ecosystems: global threats to agricultural sustainability and food security. Philos. Trans. R. Soc. London. Ser. B Biol. Sci., 371. doi: 10.1098/rstb.2016.0026

 Meinshausen, N., and Bühlmann, P. (2006). High-dimensional graphs and variable selection with the lasso. Ann. Stat 34, 1436–1462. doi: 10.1214/009053606000000281

 Mohammad Sohidul, I., Imam, M., Rafiqul, I., Kamrul, H., Hafeez, G., Moaz, H., et al. (2022). “Soybean and sustainable agriculture for food security,” in Soybean. Eds.  O. Takuji, T. Yoshihiko, O. Norikuni, S. Takashi, and T. Sayuri (Rijeka: IntechOpen).

 Mukhtarova, L. S., Lantsova, N. V., Khairutdinov, B. I., and Grechkin, A. N. (2020). Lipoxygenase pathway in model bryophytes: 12-oxo-9(13),15-phytodienoic acid is a predominant oxylipin in physcomitrella patens. Phytochemistry 180, 112533. doi: 10.1016/j.phytochem.2020.112533

 Nadeem, M., Thomas, R., Adigun, O., Manful, C., Wu, J., Pham, T. H., et al. (2020). Root membrane lipids as potential biomarkers to discriminate silage-corn genotypes cultivated on podzolic soils in boreal climate. Physiologia Plantarum 170, 440–450. doi: 10.1111/ppl.13181

 Naor, N., Gurung, F. B., Ozalvo, R., Bucki, P., Sanadhya, P., and Miyara, S. B. (2018). Tight regulation of allene oxide synthase (AOS) and allene oxide cyclase-3 (AOC3) promote arabidopsis susceptibility to the root-knot nematode Meloidogyne javanica. Eur. J. Plant Pathol. 150, 149–165. doi: 10.1007/s10658-017-1261-2

 Nelson, R. (2020). International plant pathology: Past and future contributions to global food security. Phytopathology® 110, 245–253. doi: 10.1094/PHYTO-08-19-0300-IA

 Niu, M., and Keller, N. P. (2019). Co-Opting oxylipin signals in microbial disease. Cell. Microbiol. 21, e13025–e13025. doi: 10.1111/cmi.13025

 Oliver, J. P., Castro, A., Gaggero, C., Cascón, T., Schmelz, E. A., Castresana, C., et al. (2009). Pythium infection activates conserved plant defense responses in mosses. Planta 230, 569–579. doi: 10.1007/s00425-009-0969-4

 Ponce De León, I., Oliver, J. P., Castro, A., Gaggero, C., Bentancor, M., and Vidal, S. (2007). Erwinia carotovora elicitors and Botrytis cinerea activate defense responses in Physcomitrella patens. BMC Plant Biol. 7, 52. doi: 10.1186/1471-2229-7-52

 Ponce De León, I., Schmelz, E. A., Gaggero, C., Castro, A., Álvarez, A., and Montesano, M. (2012). Physcomitrella patens activates reinforcement of the cell wall, programmed cell death and accumulation of evolutionary conserved defence signals, such as salicylic acid and 12-oxo-phytodienoic acid, but not jasmonic acid, upon Botrytis cinerea infection. Mol. Plant Pathol. 13, 960–974. doi: 10.1111/j.1364-3703.2012.00806.x

 Poveda, J., Abril-urias, P., and Escobar, C. (2020). Biological control of plant-parasitic nematodes by filamentous fungi inducers of resistance: Trichoderma, Mycorrhizal and Endophytic fungi. Frontiers in Microbiology, 11. doi: 10.3389/fmicb.2020.00992

 Prost, I., Dhondt, S., Rothe, G., Vicente, J., Rodriguez, M. J., Kift, N., et al. (2005). Evaluation of the antimicrobial activities of plant oxylipins supports their involvement in defense against pathogens. Plant Physiol. 139, 1902–1913. doi: 10.1104/pp.105.066274

 Rancé, I., Fournier, J., and Esquerré-Tugayé, M.-T. (1998). The incompatible interaction between phytophthora parasitica var. nicotianae race 0 and tobacco is suppressed in transgenic plants expressing antisense lipoxygenase sequences. Proc. Natl. Acad. Sci. 95, 6554–6559. doi: 10.1073/pnas.95.11.6554

 Ravipati, S., Baldwin, D. R., Barr, H. L., Fogarty, A. W., and Barrett, D. A. (2015). Plasma lipid biomarker signatures in squamous carcinoma and adenocarcinoma lung cancer patients. Metabolomics 11, 1600–1611. doi: 10.1007/s11306-015-0811-x

 Savary, S., Willocquet, L., Pethybridge, S. J., Esker, P., Mcroberts, N., and Nelson, A. (2019). The global burden of pathogens and pests on major food crops. Nat. Ecol. Evol. 3, 430–439. doi: 10.1038/s41559-018-0793-y

 Scala, V., Reverberi, M., Salustri, M., Pucci, N., Modesti, V., Lucchesi, S., et al. (2018). Lipid profile of xylella fastidiosa subsp. pauca associated with the olive quick decline syndrome. Front. Microbiol. 9. doi: 10.3389/fmicb.2018.01839

 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/gr.1239303

 Smith, J. L., De Moraes, C. M., and Mescher, M. C. (2009). Jasmonate- and salicylate-mediated plant defense responses to insect herbivores, pathogens and parasitic plants. Pest Manag Sci. 65, 497–503. doi: 10.1002/ps.1714

 Soriano, I. R., Asenstorfer, R. E., Schmidt, O., and Riley, I. T. (2004). Inducible flavone in oats (Avena sativa) is a novel defense against plant-parasitic nematodes. Phytopathology 94, 1207–1214. doi: 10.1094/PHYTO.2004.94.11.1207

 Stumpe, M., and Feussner, I. (2006). Formation of oxylipins by CYP74 enzymes. Phytochem. Rev. 5, 347–357. doi: 10.1007/s11101-006-9038-9

 Sugimoto, T., Kato, M., Yoshida, S., Matsumoto, I., Kobayashi, T., Kaga, A., et al. (2012). Pathogenic diversity of phytophthora sojae and breeding strategies to develop phytophthora-resistant soybeans. Breed Sci. 61, 511–522. doi: 10.1270/jsbbs.61.511

 TEAM, R. C (2014). R: A language and environment for statistical computing. MSOR connections, 1

 Thomas, R., Fang, X., Ranathunge, K., Anderson, T. R., Peterson, C. A., and Bernards, M. A. (2007). Soybean root suberin: Anatomical distribution, chemical composition, and relationship to partial resistance to phytophthora sojae. Plant Physiol. 144, 299–311. doi: 10.1104/pp.106.091090

 Tihlaříková, E., Neděla, V., and Shiojiri, M. (2013). In situ study of live specimens in an environmental scanning electron microscope. Microscopy Microanalysis 19, 914–918. doi: 10.1017/S1431927613000603

 Tijet, N., and Brash, A. R. (2002). Allene oxide synthases and allene oxides. Prostaglandins Other Lipid Mediat 68-69, 423–431. doi: 10.1016/S0090-6980(02)00046-1

 Vailleau, F., Sartorel, E., Jardinaud, M.-F., Chardon, F., Genin, S., Huguet, T., et al. (2007). Characterization of the interaction between the bacterial wilt pathogen Ralstonia solanacearum and the model legume plant Medicago truncatula. Mol. Plant-Microbe Interactions® 20, 159–167. doi: 10.1094/MPMI-20-2-0159

 Vincenti, S., Mariani, M., Alberti, J.-C., Jacopini, S., Brunini-Bronzini De Caraffa, V., Berti, L., et al. (2019). Biocatalytic synthesis of natural green leaf volatiles using the lipoxygenase metabolic pathway. Catalysts 9, 873. doi: 10.3390/catal9100873

 Vollenweider, S., Weber, H., Stolz, S., Chételat, A., and Farmer, E. E. (2000). Fatty acid ketodienes and fatty acid ketotrienes: Michael addition acceptors that accumulate in wounded and diseased arabidopsis leaves. Plant J. 24, 467–476. doi: 10.1046/j.1365-313x.2000.00897.x

 Wei, S., Bian, R., Andika, I. B., Niu, E., Liu, Q., Kondo, H., et al. (2019). Symptomatic plant viroid infections in phytopathogenic fungi. Proc. Natl. Acad. Sci. 116, 13042–13050. doi: 10.1073/pnas.1900762116

 Wrather, A., Shannon, G., Balardin, R., Carregal, L., Escobar, R., Gupta, G. K., et al. (2010). Effect of diseases on soybean yield in the top eight producing countries in 2006. Plant Health Prog. 11, 29. doi: 10.1094/PHP-2010-0102-01-RS

 Wu, J., and Baldwin, I. T. (2010). New insights into plant responses to the attack from insect herbivores. Annu. Rev. Genet. 44, 1–24. doi: 10.1146/annurev-genet-102209-163500

 Zachary, S., William, M. S., and Bo, Z. (2020). “Soybean production, versatility, and improvement,” in Legume crops. Ed.  H. Mirza (Rijeka: IntechOpen).

 Zhang, L., Zhu, J., Wilke, K. L., Xu, Z., Zhao, L., Lu, Z., et al. (2019). Enhanced environmental scanning electron microscopy using phase reconstruction and its application in condensation. ACS Nano 13, 1953–1960. doi: 10.1021/acsnano.8b08389

 Zhao, J., Luo, Q., Deng, H., and Yan, Y. (2008). Opportunities and challenges of sustainable agricultural development in china. Philosophical transactions of the royal society of London. Ser. B Biol. Sci. 363, 893–904. doi: 10.1098/rstb.2007.2190

 Zhao, T., Liu, H., Roeder, K., Lafferty, J., and Wasserman, L. (2012). The huge package for high-dimensional undirected graph estimation in R. J Mach Learn Res. 13, 1059–1062.




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Adigun, Pham, Grapov, Nadeem, Jewell, Cheema, Galagedara and Thomas. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




[image: image]


OPS/images/fpls.2022.1009747/fpls-13-1009747-g003.jpg
1 Asvies

("1 DRwFE






OPS/images/fpls.2022.1009747/fpls-13-1009747-g004.jpg
A B 200

O DF QEF QCs QAS !
OFF 0QC OBs OQc i
i
150 i
i
o ‘
i
T e T -10.0 ;
Ne, ® ;\? 8 ;\: i
2l © $ s o ‘ ‘
e i @ - hy |
§ ® 510'521 § - 210152 3 50 i ‘
2 g g 2 : 8 | = , i
20 -0 0 10 20 G0 40 2010 0 10 20 30 40 o @ -+~ DFI i
o] R s e
DF3
PC1 (81.29%) PC1 (73.51%) 3 !
2 EF2 i
3 EF3 i
QDF QFF 0Cs OAs 3 EFl i
OFF OQC OBS OQC ; i
Iy i
© 100 i
° R i
o 2 b i
- . i
X w0 O < 15.0
Pos | 8 s = & !
o8l [f@ R ° i
& g8 g ° 3 i
8 e 0E @, 0T i BS2 e
o ¢ = 8 ? o 200, i BS1 A—)
° = g o ' 7 9 i BS3 e
20 0 0 10 20 30 40 20 10 0 10 20 30 i §
%0 200 10,0 o 10.0 200 300
PC1 (81.00% PC1 (73.67%) s - i
( ) ( ) Principle Component 1 (61.90%)






OPS/images/fpls.2022.1009747/fpls-13-1009747-g005.jpg
i
i
i






OPS/images/fpls.2022.1009747/fpls-13-1009747-g006.jpg
Putative involvment in biotic stress

Putative involvment in biotic stress.

Proteolysis

7 Pathogen  pest attack

Respiratory burst]
al

& g )

R genes

Transcription factors J
I

‘Seoondary.

Ghtathione S-ransferase.

Signaing

MAPK

siojae; uogduasuer)

taboltes, Heat shock proteins

o

/ Pathogen pest attack

R genes

Respiratory burst]

Transu’ipﬂun factors
8

Secondary metaboites

DFvsEF

S10}28} LOjAUISUIL

‘550,15 1101q Ul JUSLIAIOAU| ANJRING

‘SS.15 J1101q U] WILIAIOAU| SNIEING

P e

e

Putative involvment in biotic stress

gfﬁ

ecognm.m

R
e
. j

e |
e
1
S e

R genes

Respiratory burst]

Transmpﬂnn factors L

QYN sccondery metevoites

s10)2ej uopduasuel |

S10}98} LORAUISURIL

5501 1101q U] JUDLIAIOAU| ANJRING

S35 (101q U JUDLIAIOAU| ANJEING






OPS/images/fpls.2022.1022686/table6.jpg
Gene Id

FO1_transcript_99
FO1_transcript_122
FO1_transcript_167
FO1_transcript_220
FO1_transcript_262
FO1_transcript_26721
FO1_transcript_39199
FO1_transcript_52963
FO1_transcript_53446
FO1_transcript_55406
FO1_transcript_55652
FO1_transcript_56703
FO1_transcript_57784
FO1_transcript_60257
FO1_transcript_62452
FO1_transcript_63261
FO1_transcript_65017
FO1_transcript_65208
FO1_transcript_71347
FO1_transcript_71372
FO1_transcript_73753
FO1_transcript_76958
FO1_transcript_81781
FO1_transcript_82646
FO1_transcript_8233
FO1_transcript_84527
FO1_transcript_85194
FO1_transcript_86030

Amino acid

1193
1477
1534
1521
1510
541
323
58
258
79
249
703
842
300
527
335
849
136
847
925
227
648
515
1284
713
664
549
702

Molecular weight

132880.43
165097.73
170475.56
168710.71
169161.94
60562.35
35158.61
6137.11
27961.67
8842.3
27871.01
77694.42
95163.46
32993.37
58960.39
36996.86
95556.08
15138.8
95243.66
102557.98
25544.12
73634.65
58204.12
143871.86
79390.58
74358.91
60920.56
78101.28

Theoretical pI

6.15
7.86
8.16
7.65
8.09
5.65
7.02
7.98
571
6.04
6.60
9.23
873
8.07
6.20
10.37
8.55
8.00
9.11
6.68
9.86
7.96
5.39
8.64
845
5.64
6.24
5.63





OPS/images/fpls.2022.1009747/crossmark.jpg
©

2

i

|





OPS/images/fpls.2022.1009747/fpls-13-1009747-g001.jpg
:
1)
}

I
i

L

S % 5 3 % 8 3 3 1





OPS/images/fpls.2022.1009747/fpls-13-1009747-g002.jpg
A

seed

fruit

Description

Description

ASvsBS

Phenylalanine metabolism

Biosynthesis of secondary metabolites ... |
Pyruvate metabolism

Peroxisome

Glycolysis / Gluconeogenesis

beta-Alanine metabolism

Propanoate metabolism

Phenylpropanoid biosynthesis

MAPK signaling pathway - plant

Cutin, suberine and wax biosynthesis
Alanine, aspartate and glutamate metabolism
Sesquiterpenoid and triterpenoid biosynthesis
Flavonoid biosynthesis |

Pentose phosphate pathway 4

Gircadian rhythm - plant

Valine, leucine and isoleucine degradation
Fatty acid degradation

Galactose metabolism

Arginine biosynthesis

alpha-Linolenic acid metabolism

°
o
L]
°
®
.
L ]
®
L ]
L]
(]
[
L]
(]
0.01 0.02

GeneRatio

DFvsEF

GeneRatio

> @ Xt

padj
1.00

0.75
0.50
0.25
0.00

Count
® 10

@ 20
@ 30

Count
@ 50
@ 100
@ 50

padj

0.75

0.50

0.00

Description

Description

Alanine, aspartate and glutamate metabolism {

ASvsCS

Glycolysis / Gluconeogenesis

Ribosome biogenesis in eukaryotes
Nitrogen metabolism

Cutin, suberine and wax biosynthesis
Galactose metabolism
alpha-Linolenic acid metabolism
Circadian rhythm - plant

beta-Alanine metabolism

Pyruvate metabolism

Flavonoid biosynthesis

Biosynthesis of unsaturated fatty acids
Gilutathione metabolism
Phenylpropanoid biosynthesis {

Fatty acid biosynthesis

Glycerolipid metabolism

Glyoxylate and dicarboxylate metabolism
Fatty acid metabolism

Fatty acid degradation

Ribosome

T
0.025 0.050

GeneRatio

DFvsFF

Isoquinoline alkaloid biosynthesis

Carbon fixation in photosynthetic organisms
Ubiquinone and other terpenoid-quinone ...
Phenylalanine metabolism

Pyrimidine metabolism

Glycine, serine and threonine metabolism 4
Citrate cycle (TCA cycle)

Glyoxylate and dicarboxylate metabolism -
Protein processing in endoplasmic reticulum
Purine metabolism

Pantothenate and CoA biosynthesis

Valine, leucine and isoleucine biosynthesis
Fatty acid biosynthesis

Biosynthesis of secondary metabolites ...
Galactose metabolism

Cysteine and methionine metabolism
Biosynthesis of amino acids

Glycolysis / Gluconeogenesis

Carbon metabolism

Pyruvate metabolism {

0.02

[
L]
[ ]
[ ]
0.04
GeneRatio

Phenylalanine metabolism{ ~ ©
Glutathione metabolism @
Starch and sucrose metabolism ®
Isoquinoline alkaloid biosynthesis{
Arginine biosynthesis °
Pyruvate metabolism 4 { ]
Valine, leucine and isoleucine biosynthesis{  ©
Valine, leucine and isoleucine degradation ®
Carbon metabolism
Biotin metabolism4 *
Fatty acid biosynthesis L 2
2-Oxocarboxylic acid metabolism ®
Alanine, aspartate and glutamate metabolism ®
Ribosome
Glycine, serine and threonine metabolism °
Propanoate metabolism L]
Tyrosine metabolism e
Oxidative phosphorylation o
Protein processing in endoplasmic reticulum
Pyrimidine metabolism 4 °
0.02
180
150
1204
90
60
| .
30
W ] n @
u u
P VO VS N G A WO (Al SN Y (N O O
‘oﬁ&&"& RS ﬁ&’%ﬁi&“&@@%&é\&gq‘&&%\:&i 5
S S STy s

& ¥
SEL ST

e

X
K *
) @ ’
X
o ¥ 2 %
“ *
*
2 o & o
TN ST
Fr o F S FH S
@7,\0 SIS &S e‘.@e.\o‘s&
o S ARG NN
P P SO
. $ & & O N
LKL E S S S TFE S
& TS T S S FF S
SHCFCIIRE S FTE &
& O @‘§\@ -¢°\ & &
R F&HE
£a0 <

Count
® 20

@ 40

[ X

padj
1.00
075
050
025

0.00

Count
® 25

@ 50
[ X3
@ o

padj
1.00

0.75
0.50
0.25

0.00

C

Description

Description

BSvsCS

Starch and sucrose metabolism 4

Valine, leucine and isoleucine degradation {
Protein processing in endoplasmic reticulum 4
Glycolysis / Gluconeogenesis {

Galactose metabolism -

Aminoacyl-tRNA biosynthesis 4

RNA polymerase

Biosynthesis of unsaturated fatty acids
Arginine biosynthesis

Citrate cycle (TCA cycle) |

Glycerolipid metabolism

Pyruvate metabolism 4

beta-Alanine metabolism

Fatty acid biosynthesis {

Fatty acid metabolism {

Circadian rhythm - plant 4

Ribosome biogenesis in eukaryotes
Glyoxylate and dicarboxylate metabolism
alpha-Linolenic acid metabolism

Fatty acid degradation

0.01

®
{ ]
o
°
[ J
{ ]
(]
0.02 0.03
GeneRatio

EFvsFF

Phenylalanine, tyrosine and tryptophan ...
2-Oxocarboxylic acid metabolism 4
Cysteine and methionine metabolism
Galactose metabolism -
Carbon fixation in photosynthetic organisms
Sphingolipid metabolism 4
Biosynthesis of amino acids |
beta-Alanine metabolism 4
Glycolysis / Gluconeogenesis |
Phagosome 4
Arginine and proline metabolism +
Fatty acid metabolism
Phenylalanine metabolism 4
Pyruvate metabolism
Selenocompound metabolism
Propanoate metabolism 4
Terpenoid backbone biosynthesis {
Oxidative phosphorylation |
Protein processing in endoplasmic reticulum {

Ribosome -

58t
66V

124
EFvsFF

37t
36V

0.04
GeneRatio

116
EFvsDF

Count

® 20
® 30
@ 40
@ s
[ X
[ X

padj
1.00

0.75

0.50

0.00

Count
® 40
@ 30
@ 20
@ 50

padj
1.00

0.75
0.50
0.25

0.00





OPS/images/fpls.2022.1022686/table4.jpg
#DEG-Set

CK Ist day vs T Lst day
CK 5th day vs T 5th day
CK 5th day vs T 5th day

Annotated

37,850
42,757
46,179

Nr

37760
42655
46076

30458
34333
37119

COG

17029
19179
20583

KEGG

16161
18186
19605

KOG

24268
27404
29516

Pfam

32348
36333
39074

Swiss-prot

28398
31983
34593

Egg-Nog

37272
42108
45453





OPS/images/fpls.2022.1022686/table5.jpg
#DEG-Set All-DEG Up-regulated Down-regulated

CK 1st day_vs_T 1s t day 38,658 18,602 20,056
CK 5th day vs T 5th day 43,705 20,270 23,435
"CK 10th day vs T 10th day" 47,292 22,456 24,836





OPS/images/fpls.2022.1072621/fpls-13-1072621-g001.jpg
—— maximum temperature

o
4

N

—— minimum temperature

o
™

o)
—
=}

=
o
o)
o
£
0]

Q
o)
o)
o
)
>
®

o o
AN ~

(n,) aimesadwa]

1 202-d9S-0¢
120Z-des-¢2
120Z-des-91
1202-des-6
1202-des-2
1202-bny-92
120Z-bny-61
120Z-bny-z1
1202-Bny-g
1202-INr-62
1202-Inr-22
1202-INr-G 1
120Z-Inr-8
L20zZ-Inr-1
1202-unp-4g
L20g-unp-/1
120Z-unr-0lL
L20g-unp-¢
1202-RelN-2¢
1202-AelN-02
LZ0z-AeN-¢1L
1202Z-AeN-9
1202-1dv-62
1202-1dv-Z2
1202-1dv-GL
1202-1dv-8
1202-1dy-|
1202-1e|N-G2
L20Z-1eN-8L
LZ0Z-1elN-LL
120Z-1eN-v
1202-994-G2
1202-094-81
1202-994-LL
1202-994-v
1Z20Z-uer-gz
LZ0z-uer-1.g
1Z0Z-uer-y1
1Z0Z-uer-,
020Z2-99Q-L€
0202-99Q-+2
020Z-90Q-Ll
020Z-92Q-0l
020Z-99Q-¢
020Z-AON-9Z
0Z20Z-AON-61
0Z0Z-AON-Z|
0Z20Z-AON-G
0202-1°0-62
0202-120-22
0202-100-G1
020Z2-1°0-8
0202-1°0-1





OPS/images/fpls.2022.1072621/crossmark.jpg
©

2

i

|





OPS/images/fpls.2022.1018646/table1.jpg
Name

Faba beans (Vicia
faba)

Pumpkin
(Cucurbita pepo L.).

‘Tomato (Solantum
Iycopersicum)

Cabbage (Brassica
oleracea)

Summer
savory (Satureja
hortensis L.)

Potato (Solanum
tuberosum)

Cow pea (Vigna
unguiculata (L.)
Walp))

(Brassica oleracea
var.
capitata)

Tomato (Solanum
Iycopersicum)

Lettuce (Lactuca
sativa L)

Stress type and level;
experiment type

Drought stress (100, 80, and 60%
evapotranspiration; field
experiment

Drought stress (60%, 75%, and
90%); field experiment

Deficit irrigation and partial oot
drying

Drought stress (100% and 50%
irrigation); pot experiment

Salt stress (0, 3, 5, and 7 dS m™");
pot experiment

Salt stress; field experiment

Salt stress; 10 dS m™; pot
experiment

Salt stress; 0 and 150 mM NaCl;
pot experiment

Metal contaminated soil; Field
experiment

Copper contaminated soil; pot
experiment

Feedstock and concentration used

3:100 (w/w) combination of citric acid, and
citrus wood biochar; 0, 5, or 10 ton ha™*

Maize-straw biochar 0, 5, 10 and 20 ton
biochar ha™

Mixture of rice husk and shell of cotton seed
biochar; 0% and 5% by weight

Commercial biochar comprising 60% sewage
sludge and 40% domestic wastes; 0%, 5%, or
10%

‘Woody branches of Morus alba L; 0, 1% and
2% of total pot

Rice husk; 825 kg/ha

Mango wood biochar; plastic pots (150 mm x
90 mm) filled with peat

moss having biochar

(25 g per pot)

60%
sewage sludge and 40% domestic wastes; 0%,
2:5%, and 5% by soil weight

Maize stalks biochar; 0, 5, or 10 ton ha™

Orchard pruning feedstock based commercial
biochar; 1% biochar (w/w)

Pyrolysis temperature

Information not mentioned

350°C
For 7 days

400°C

Ist stage reactor was kept at 150°C under 5-8 bar
Pressure; 2nd

stage reactor (hydrolysis)

(250°C) and

pressure (50 bar); 3rd stage reactor (cracker): 550°C),

530°C
temperature for 14 h

Pyrolyzed in an oven at 350°C for 24 h

500°C for 30 min

Depolymerization at 150 °C under 5-8 bar pressure; Hydrolysis at

high temperature (250°C) and pressure (50 bar), cracker stage at
550°C

Muffle furnace, set at a heating rate of 15°C
min™" for 2.5 h at a peak temperature of 450°C.

550°C, slow-pyrolysis

Functions under stress

Improved plant growth and
physiological responses
Enhanced contents of N, P, K,
and Ca.

Increased chlorophyll
Enhanced uptake of nutrients
Reduced oxygen
species

reactive

Improved photosynthesis

Enhanced  relative  water
content and water use
efficiency

Improved fruit yield and
quality

Decreased membrane stability
index
Decreased ABA content.

Recovered plant growth
Improved leaf gas exchange
traits

Reduced MDA, H,0, proline,
and sucrose content
Enhanced  mineral
content of leaf and root

fresh

nutrient

Improved
biomass
Improved root morphological
traits

Enhanced leaf SPAD value
Increased proline content
Decreased membrane injury
Reduced Na" and CI contents

and dry

Improved plant growth
Enhanced leaf gas exchange
traits

Enhanced gibberellic acid and
decreased abscisic acid

Improved shoot length, root
length, plant biomass and leaf
area

Improved chlorophyll contents,
amylase activity, total soluble
sugars

Decreased Na+ uptake, MDA,
and

Improved plant growth and
biomass

Enhanced chlorophyll
Decreased MDA,
sucrose and proline
Enhanced  leaf
elements

Decreased Na and CI content
in plant

nutrient

Improved chlorophyll contents

Improved yield and fruit
quality
Decreased uptake of ~heavy

metals in both plant parts and
fruits

Restored antioxidant _activity
and flavonoids
Increased  total
phenolic acids and
anthocyanins

phenols,

References

Abd
El-Mageed
etal, 2021

Langeroodi
etal. (2019)

Akhtar et al
(2014)

Yildirim et al.
(2021)

Mehdizadeh
et al. (2020)

Mahmoud
etal. (2022)

Farooq et al.
(2020)

Ekinci et al.
(2022)

Almaroai and
ssa (2020)

Quartacci
etal. (2017)





OPS/images/fpls.2022.1018646/fpls-13-1018646-g006.jpg
Abiotic Stresses

Temperature stress g « Drought stress )" K4 Heavy metal stress ©O® Salinity stress

| w. - OO ..O I

s+ Increases overall

= Improves photosynthetic
plant growth ( pigments
. Increases Improves chloroplast Improves efficiency Increases chlorophyll

......... s sliistraaine ol PSIE ses chlor

f.....p Increasesosmo-  Increases sugar Reducereactive ~ Maintains cell
i protectants contents oxygen species integrity

Increases proline
contents
Biochar Improves produce Alters phyto-hormones 0
\ quality —» levels C')LOH
3 NH

------- » Improves soil health NIl bk Increases soil EC Increases nutrient

water content uptake

{  Alters the soil physio- ~ P ,. ' - Mummiethe kst

i chemical properties : ansportation o

i Beops As heavy metals from root-
shoot

-» Minimize heavymetal | &9 A & @\ N\ N e =)  Increases root length
uptake e______J

and biomass






OPS/images/fpls.2022.1018646/fpls-13-1018646-g005.jpg
photosynthesisand
plantgrowth

Increase leaf pigment,

Increase tolerance of
stresses (heat, cold,
drought, and disease

Improve media physical
and chemical properties
and microbial diversity

Reduce nutrients, such
as nitrogenand
phosphorusleaching






OPS/images/fpls.2022.1018646/fpls-13-1018646-g004.jpg
Properties of biochar & its potential application in soils

Porous Carbon & Large surface
structure ~ Nutrients source  area & charge

£§->8 > =

Biochar application
improves soil properties

Physical properties

ﬁ

Chemical properties

ﬁ

Biological properties

ﬁ

Soil structure
Bulk density

Soil porosity

Soil infiltration
Aggregate stability

Soil CEC

Soil pH

Soil WHC
Nutrient storage
& availability

SOM production

* Microbial activity
o Mycorrhizal

colonization






OPS/images/fpls.2022.1018646/fpls-13-1018646-g003.jpg
i,

R /1 e
Rice Straw

> (B G

Pine Bark Pine Bark Biochar





OPS/images/fpls.2022.1018646/fpls-13-1018646-g002.jpg
Moderates organic & Improves soil nutrients,
inorganic contaminants fertility & health

Improves seed

Mitigates climate germination &

Application of
change 1 X crop growth
: biochar in P&
horticulture
Adsorbes Controls
cations pathogens
Enhances soil

capacity






OPS/images/fpls.2022.999403/fpls-13-999403-g003.jpg
@ Exon

[R—Er—

NINPF5.9  E——E8 -

NINPF5.10 + - -

NiNPF5.11 ——@—ame - -

NINPF5.12 8———@0—am- — - - = - =
NINPF5.13 @IS————o—am = - - =

NINPF5.14 +———s—@-am - — e — e
NINPF5.15 F———0—an-amm - — e — o ma--
NINPF5.16 e —E. ..
NINPF5.17 i - — s -
NINPF5.18  F + —an L -
NINPF5.19 —+—® — ==

NINPF5.1 @ . 2 - —— ..

NINPF52  ————@— - — = e
NINPF5.3 ¢——@B-EID - - - ..
NNPF54  +—0—@-am - — = e
NINPF55 4 -

NINPFsS o= - — = e
NINPFS7  ——4-am—am - —-. - -
NtNPF5.8 - 8—am—+ 4 - ...
NINPF5.20 —o——@—am — e . -—-—
NINPF521 ———@——@ - — e e
NINPF5.22 —am—a R e
NiNPF5.23 ———@B—an - -
NINPF5.24 S — - e e =
NINPF5.25 . g - —— ..

NINPF7.1 oo - — e — — eEmm
NtINPF7.2 +—— o L - .
NNPF73  —— e

[ NiNPF74 H-ED-8-8 L L= -

_{ NINPF7.5  ————H-a—a - — e — o Emw
NiINPF7.6  H—ED—amn L . -
NNPF77 e L — e — o Em
NINPF7.8  —F -+ .- .- - ..
NiINPF7.9  —EB-G0 —— ..

L NtNPF7.10 +— - +— & - - e -
NINPF7.11 - - — e —
NINPF8.1 +o- o—e - e — .-
NINPF82  HB- - — ...
NINPFE3 @ - -
NiINPF8.4  H-GD-aB L . -
NINPF85  H-am-amm C— e — o Emm—
NiNPF86 H—E—@D - ..
NiNPFE7  H—E—a - — o — e e
NiINPF8.8  H-0—EmD —— ..

y NINPFBO _—
NINPF8.10 H-+—88 — ..

s NINPFB.11 —o—en—m - — e — e
NINPF8.12 ———@—am .- - ..
NINPF8.13 H—o-E0—am - — e — e e
NINPFB.14 o—am - — e — .

N NiNPF6.1  -+H—E—amn - -
NiNPF62  H—En—am - — e — ..

Ly NiNPF6.3 -+H—@B—amn L - .
NINPF64  H——am - — - — -

I NiNPF6.5 -+ e L e -

] NiNPFeS e - — e — o owamw

L NiNPF6.7 -+ 08— — ...

NiNPFog  +—S-@—0-0 —_— — = - .-

_ NiINPF6.9 - -—a - - -

NINPF6.10 H-—0—am» L — e — s e
— NiNPF6.11 HH+—@———— — ..

[ nieroaz ——m———am .
NiNPF6.13 —+——@———an L -

o — nwereta @ —— =

— NINPF6.15 ———@————@n - - .-
H [— NINPF6.16 H—+——@B — =
— NINPF6.17 —+——@B — .-
—— niprets @ ———
NINPF6.10 @9—0—mmm— —_— — = — -
NiNPF6.20 @-GB—@— L - -
—— NNPFA1 S —o® - — e — - =
[— NiNPF42  —@@D — ...
—— NNPF43  ——o———m» - — . e
L—— NiNPF44 +H—H—@— @B —— S,
NINPF45  +—0—@—+—a - — e — e e
NiNPF46  —0—@——amn - e -
NtNPF4.7 - —-
[ —— NiNPFag +H——@-amn - Lo -
L— nwpras e - e — e Em e
NINPF4.10 - - e e L S
[L— niveratt - = L — e — e
I NINPF4.12 4 oo e T -
S NiNPF4.13 & 8- - .- -5,
—— NINPF414 —————— - — m— s ..
_ NiNPF4.15 —&- o—an - L -5,
[ NINPF4.16 +—+———@B- - — & =
[l— NiNPF4.17 +——@————an . -
—— NiNPF4.18 @ ——-—
NiNPF4.19 +H—@-—amn - -
NINPF420 +—0—+——amm - e — o amm
NiNPF421 +9-8@—— @D L ..
NINPF422 —H—@— — -
—— NiNPF423 @S- ———— B . L - i -
L— nipra2s e — - — e — =
NINPF3.1  HE—— —— ..
NINPF32 - - ° - — e — = emw
NINPF3.3 - - - e ms— ..
NINPF3.4  H- -G~ - S — -
NINPF23 - - 3 - — e — e w
1 NiINPF2.4 4 - +——a L - - -
M NINPF25 -0 - e —-—
| NtNPF2.6 +—O-- 40 .- . 5. L
L— nwer27 —omm—————+——o - e —
NINPF28  8— —-
NiNPF2O @ — —Em—
[ NiNPF2.10 o—@n—amn L - ..
L nipr2tt o—e—emm - — e — e
| ——— NiNPF212 +—H+@ - ..
[L—— NiNPF213 +——@— —-.—-—
H L— nwer214 —n —_— —
NINPF2.15 ®0 -
— NiNPF1.1 ¢—@—@B ..
m NINPF12 @B —a—a—
NINPF1.3  HF- - - - - - .
M NINPF14  H————0-amn - .
—— NNPF15 e —_— — e - aE -
— NiINPF16  H-EB-E0 L o -
i NINPF17  H-am-am - — e — ==
—— NiNPF18  H-@-GD — ..
I NINPF19 - —— - —— = = e — - — — -
_ NtINPF1.10 ——8—0—8- - +——oEm - - . - L
H —— NNPFLH - - — e — .
I—— NiNPF1.12 ——@—@ L L - ..
U — nwprias ———— o — — s — s Em
[L— NiNPF114 +—t—— e — ..
U — neriis reemm — — e Emw—
L NipFi1e @ -
e | { NINPF1.17  H————— L L -
NINPF1.18 H——————m— - — e ..
_{ NINPF1.10 Ho——ammn - e — e e
NINPF1.20 H——m - — — = -
NiNPF2.16 H—EB-amD - - - ..
[ NINPF2.17 ———————— —-—
—— NiNPF2.18 H—EB-GED - - -
NINPF2.10 H-0-am - — e — e .-
[ NiNPF220 H—E—84—9 — ..,
L— nwpr221 o—o—o -—— — e——m
— NiNPF222 H-E———@D L L -
L nipr22s H-m——emm L — e — o Eww
— NiNPF224 —ommmm . -
L nivpr22s to—mmmm L — e — s Em
NINPF2.1 - - =0 - - - ..
—— NiNPF22 _+—¢—@—@B - - - ..
5 v 5 E
o e e R R T R R T Fr e L % iw© % W 000
Legend: Legend:

B MOTIF1 B MOTIF2 W MOTIF3 100 MOTIF4 B MOTIF5S © MOTIF6 B MOTIF7 B MOTIFS B MOTIFO B MOTIF10





OPS/images/fpls.2022.999403/fpls-13-999403-g004.jpg
MPNNHHOS

EENENERY

92uanbas You-1V x N
Ue,

Q625204 %,

wm%ﬁ&&

o i
b
P NCQ
x ,
o
h
A
G
T

3 AF[bTir\]i ngt;t E

TGACG;

Box I
MRE_T
&
&
@
=y
RS
25

&

)é

RacMA
-motif

JoWrTlY

AuxRR-;

TC-rich repeats

AMACmolit
. f
I t

ATC-motif
b%x

ox
AE-
02-site A

_—
TC-box

&
&
S
So Sk
VRS
G,
X N
K
LRI

ian

ISA-like
-mot
2

~

circa

CAT-box GA-motif

1
GTGGC-motif

MBS

TCCC-motif

chs-CMA2a
GCN4_motif

GT

<
2%
O

GARE-motif
Gap-box
BSI ! R
CGTCA
&S0 &
SO P

S
o

—y— ATCT-motif

Yy—
-+
o
==
|_
O
I_

NtNPF1
NtNPF2
NtNPF3
NtNPF4
NtNPF5
NtNPF6
NtNPF7
NtNPF8

Sress responsiveness

Plant growth and development Phytohormone responsiveness





OPS/images/fpls.2022.999403/fpls-13-999403-g005.jpg
R-CK R-12h R-3d

R-7d

LXK 112k

L-3d

L-7d

NtNPF1.11
NtNPF1.12
NtNPF4.21
NtNPF4.22
NtNPF6.7
NtNPF6.6
NtNPF6.4
NtNPF6.3
NtNPF6.5
NtNPF6.8
NtNPF3.3
NtNPF5.14
NtNPF3.4
NtNPF5.25
NtNPF5.8
NtNPF8.11
NtNPF5.7
NtNPF8.2
NtNPF8.1
NtNPF8.3
NtNPF2.22
NtNPF2.23
NtNPF5.12
NtNPF5.11
NtNPF6.11
NtNPF7.4
NtNPF6.12
NtNPF6.9
NtNPF6.17
NtNPF6.14
NtNPF6.16
NtNPF6.18
NtNPF6.13
NtNPF6.15
NtNPF8.12
NtNPF5.1
NtNPF6.10
NtNPF5.2
NtNPF7.9
NtNPF7.10
NtNPF7.11
NtNPF4.3
NtNPF4.4

2.0
15
1.0
=05
= 0.0

-1.0





OPS/images/fpls.2022.1009747/im1.jpg





OPS/images/fpls.2022.999403/crossmark.jpg
©

2

i

|





OPS/images/fpls.2022.999403/fpls-13-999403-g001.jpg
1l

A
com ZZE?—;’”;;? RS
T ) z O
L 2252 RTRRRAT o
%ZZ 1131151\3 '03“"") o

Zes R o
225
[

o0 'Y ( 14 e

Xt ARE

NPF7





OPS/images/fpls.2022.999403/fpls-13-999403-g002.jpg
w0 &N
0NN ©
R { A 2 N ) Ly
S - 4 OO O OUIEN W ©
P Y Py O O]
o $0EE EEELEE EEEL ro o feo
2<% %8S 328222 2228 LF fordo
0% 4% § %22 322232 2252 o 4dang o
.»\, &W?ﬂ NNN NNMNNPF Ny

vé. :
VWW, ))N
& & : o
,o 2
o My S
o % :
e ww,,\a\% %cwwm &

SN, ﬂ%ﬁmm@i
&L 8, -

: NN
gy WPFe©
Pe3an;

2lgy, "
d
0z Eabuq z.za%m.ﬁ..\
g n\.».o NtNPF6.1
8L'Z4dNIN
EPAdNIN
6'84dNIN
1'Z3dNIN
NINPF4.11 1o
G 8'PAdNIN
3 SZ'ZAANIN
9L Z4dNiN
6L b
Zﬂﬂmsm . i
ﬂwz_uﬂm.)m m:. o
aNPFEA :h. i
ZpZﬂmﬂm\_.w 00 mu&ZE
NP
ﬂfzﬂﬂ e
: 6
ziﬂﬁ A ,fq\se
i :
. )
w«qeu»we
w¥e W
Ak/

o
=X3
< <, 5
s¢ % 3% *
N ; s 27
SN = 7
£8F Eobst Bey %77
££2 za%at 22 % “
£52 g2292 2z %
3 NNMN z





OPS/images/fpls.2022.1009747/fpls-13-1009747-g007.jpg
CK

YZ1

Y74

YZ5

YZ8

Y79

YZ10

o

Enzyme activity
(U-g'min’")

cold

U
Y YY Y

POD

CK YZ1 YZ4 YZ5 YZ8 YZ9 YZ10
mcold ®RT ®Wheat

RT

CcCEC eCC O

Concentration

citric acid

heat B cold RT heat

- 24 a 75 a

§ d b c

g d

8 _16 ¢ 50 1 f 1

= &0
9 b d g

208 25 0.5

=}
g e e
< | | n

FLPPHEL ‘_{\}Q FLPLEL 44,\° FHLPHED ‘ﬂ,\“
75
s I anthocyanin
g gso a B glucose
88 |z &£ 2 I fructose
g =25 B sucrose
s A iiliii lIl[
0 B cold
N ) L) o X 4% AP RT
FPHPPEE 0 0*10 PP Vg WS FP PP Vg o = o
cold RT heat
malic acid

CK

YZ1 YZ4 YZ5 YZ8 YZ9 YZ10
mcold ®RT ®heat

a
a
ba a ap
b &b ¢ acb "
c C b
b
c c
CK YZI YZ4 YZ5 YZ8 YZ9 YZI0 CK YZ1 YZ4 YZ5 YZ8 YZ9 YZI0
D Hemicellulose Pectin E Cellulose

“_ e

500

2 YZ9 600
. it o

500
000
500
000
3500
3000

" Told RT heat cold RT heat

cold RT heat





OPS/images/fpls.2022.1009747/fpls-13-1009747-g008.jpg
Relative Expression

- FaPL, Lol
- [ P
8 Fasar FaQR Fagxp2
1 J-. oo FaOMT— 2 x
1 o + FaCHI1
0.6 ? FaNEST
520
0.4 §
0.2 §40
T S SN S W 3 Foo
o O (o o T o T o8 gl 0 e S e 3
7 FaBAL1
ﬁl — ed . - & nellen I“ ¥

0940 120 100

80 60 40 20 00
Principle Component 1 (49.31%)

05

0.0
AV S (v NN T RN v 3 g (v Y SO ST SRRV S o)
ot o o §oF ol P 0 o o™ o o

3
E § 'f}?

27 |t

o |
B L. . L

1) suoduwioD ejdioud

i 7
a2
0.4 . L e
Lo l P
00 . 7

\% S \3 2 W ) S 4 13 \! (0 R sl 13 A9 39 hY A 2
B R T R PR Ly o gl W W o Princple Component 1 (8167%)





OPS/images/fpls.2022.1009747/fpls-13-1009747-g009.jpg





OPS/images/fpls.2022.1022686/fpls-13-1022686-g001.jpg
[
05+

04

03~

log1O(F KAL)

02+

"

@0~
l

B Ry
Samples





OPS/images/fpls.2022.1022686/fpls-13-1022686-g002.jpg
CK1d_Vs_T1d CK5d_Vs_T5d

CK10d_Vs_T10d

Size of each list

CK1d_Vs_T1d CK10d_Vs_T10d
CK5d_Vs_T5d

Number of elements: specific (1) or shared by 2, 3, ... lists






OPS/images/fpls-13-993130/fpls-13-993130-g007.jpg
CFU g1 dry mass

6.0E+05 M rhizosphere  Eroot shoot flowers

PsJN MN-17 MN-54 Consortia

5.0E+05 |

4.0E+05 [

3.0E+05 [

2.0E+05 [

1.0E+05 F
ef

==

0.0E+00





OPS/images/fpls-13-993130/fpls-13-993130-g008.jpg
A
RS Qq\%g XN @\}Q)i\’ & & e &g 62\%\:0 &
0000000000000 00000
VPP 0 000000000
HP Q00 000000000000
PN @ O 0000000000000
RP ...............
OO OHE
SUBST Q..Q. e

PR ..
& I ]
DPHH ...

FD ..
PN @






OPS/images/fpls-13-993130/fpls-13-993130-g009.jpg
Variables - PCA

Individuals - PCA

A

1.0-
0.5-

i
05-
1.0~

(%8'G) ZwIg

08

€052

06
04

o

o
(268'g) zunQq

Dim1 (85.7%)

Dim1 (85.7%)





OPS/images/fpls.2022.1022686/crossmark.jpg
©

2

i

|





OPS/images/fpls-13-993130/fpls-13-993130-g003.jpg
O O N o
- <4 A oS4 © 9 9 g9

-
0 - - - - - - -
o o Qo o o o o

0.18

m(;-S .W OZH |oWw) 32UL}INPUOD |BJRLWIOLS

0

Xe) (Tp) < o o~ i

< (;-S ;- OZH |Joww) 3ajeu jeuoljesidsuel )

0

C
I c

-
R 8 R S 2 o
~ ~d L | —
O (dwn) (19) z0D |erewoss gns
-
d
-
-
-
Ty} o Ty} o Ty} o Ty} o
o o ~ ~d — i

O (;-s 2w zQD Jow w) ayes anayjuAsoloyd

MN-17 MN-54 Consortia

PsIN

Control

MN-54 Consortia

MN-17

PsJN

Control





OPS/images/fpls-13-993130/fpls-13-993130-g004.jpg
350
00
50

s 5 &

(;-8 8w sjuajuod plouone|4

8 8 8 8 8 8

M~ (e LN < 18] ~

< (-8 8w) sjuajuod d1jouayq

(9%) 1amod Sujdnpay

(&

(- 8rl) sjuajuod uiayoud

F 80

(%) HHdQ

80

E

(%) SNdd jo Ayijerion

MN-17 MN-54 Consortia

PsIN

Control

MN-54 Consortia

MN-17

PsIN

Control





OPS/images/fpls-13-993130/fpls-13-993130-g005.jpg
bc

b

0 W = ~N O 00 W =

(=]
N ™= = = = -
[11]

(;-8 8w ;Jujw jowu) 1O

C

b

bc

d

A 35

o LN - (N p) o
o o~ o~ i —

(;-8w quiw jowu) Xdv

Ny

0

C

0

-
-
-
S 8 83 I8 I F A
~ [ | [ | [ | — —
A (-2 8w quiw jowu) gos

b

MN-17

L=

Control

o
P~

(&)

o o o o o o
w0 Ny <r o o~ i

(:-8 3w [ Jujw jowu) Xdo

0

MN-17 MN-54 Consortia

PsIN

Control

MN-54 Consortia

PsIN





OPS/images/fpls-13-993130/fpls-13-993130-g006.jpg
>

Hemolytic activity (%)

Plant P (%)

23

1.5

0.5

0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

Control

PsIN

H
- I c c c i
D
¢
b
c
d
E I

MN-17

MN-54 Consortia

Plant N (%)

Plant K (%)

6

5

Nt

w

M

1

0

Control

b
-
d I
b
c
d I

PsIN

MN-17

d

I I
d

b I

MN-54 Consortia






OPS/images/fpls.2022.1022686/table3.jpg
Sample

CK1
CK5
CK10
T1
T5
T10

Total Reads

29,895,001
31,768,485
21,654,490
23,328,452
20,475,210
26,325,333

Uniquely mapped reads %

29.02%
28.64%
27.33%
31.61%
34.45%
3531%

% of reads mapped to multiple loci

51.03%
49.46%
49.66%
44.63%
45.01%
44.81%

% of reads mapped to many loci

6.81%
6.91%
7.68%
7.39%
4.28%
3.04%





OPS/images/fpls.2022.1022686/fpls-13-1022686-g008.jpg
AT1G30420
AT1G30410
AT2G07680
'AT4G39850
B.wo_m»umo






OPS/images/fpls.2022.1022686/fpls-13-1022686-g009.jpg
—&— Log2 fold change

qRT PCR

SsABCc6

adue pjoj z80) o28uep pjoj z8ol o28uey poj 230 ~28ue pjoj z207 o 28uep pjoj 7207
w e =1 ") <) - o < O

- = w» o W WV T NO

o =) =) =) =)
= = = ] =
>~ > > > >
o o o b b
a a o (=) o
g e 2 Q2 2
2

o
3 a8 8 8 3
- - - o o
> > > > >
il il pad o o
o' 83 O S o
o O - ©0
g 3 2 g
] o
888§ ° 3ReRweve gmaowro $RARVRVS FR 8 R
n %] n
doa.mlu ._nwam omm_wz © uossaidxd aane|dy uossa1dxd aanejdy uorssaidxd aaney uoissaidxa annejay
aduey pjoj Nmo._ o28uey pjoj z807 adueyd pjoj 201 o d3uey pjoj z207 Oawcacu pIoj 2801
T M N - - O 0 N O o < o~ o - 0 O T N O -
=) o =) =) =)
= = - = o
3 3 z z 3
o a (=) (=) o
% % 5 % 2
a (=] (=) (=1 o
-t - - - -
> > > > >
o
g &n 8. g S
o o o
g g 2
v (=] v
R2R8R88° 38R4vsve @ 3B L8 -°
uoIssaIdxd dANePY U uoIssaIdXa dAneRY n 1 uorssaidxa ey
afueyp u_o_ 2801 a8ue pjoj z801 adueyd pjoj 2801
© < =} < ~ ) Yo 0o m o S a8uew ploj Nw@
9 e S S
9 S
Z 0w z 2
2 2 2 2
o < < ol
a [=) ) o
- - - -
> > > >
) TN ) )
o oq ” O o
o ~ (-]
3 3 3
gqugugwe M% 2 g © Mwu9630 MH9630
uorssaidxa aanedy V) uoissaidxa aAnedy V) UoISSaIdXI dANR|DY V1 uoISSIdXd dANR|IY






OPS/images/fpls.2022.1022686/table1.jpg
Gene 1D

FO1_transcript_122

FO1_transcript_167

FO1_transcript_262

FO1_transcript_57784

FO1_transcript_65017

FO1_transcript_70595

FO1_transcript_71372

FO1_transcript_84527

FO1_transcript_86030

FO1_transcript_62452

FO1_transcript_39199

FO1_transcript_81781

FO1_transcript_53446

FO1_transcript_56703

FO1_transcript_8233

Gene Name

SsABCc2

SsABCc3

SsABCc6

SsABCc9

SsABCcl1

SsABCc13

SsABCcl5

SsABCcl7

SsABCcl19

SsABCc73

SsABCd1

SSABCfL

SsABCgL

SsABCg2

SsABCg5

Primers

F CGGGACTGTTGCCTATGTTT
R TGCTTCTGACCACCACTGAG
F CTGCAAGCTTGGGAGGATAG
R TTGGAGGATCCTGAAAGTGG
F TGTGAGTGGCTATGCCTCAG
R AAACCGGTGAAAGCAATGTC
F GGGCTTGAGGTTGTCATGTT
R TTTTGTGCCCATCAATACGA
F TGAAGAAGGGCAAGGAGAAA
R TTCCGCTGGCAGAAGAGTAT
F CAGGTTAGGTATCGCCCAAA
R TTGAGGAATGATCCCAAAGC
F GTTTCGAGCACCAATGTCCT
R TTTCTGCATCCACAAGCAAG
F CTTGTTTCGCCTGGTAGAGC
R CCTCAACAACCTCTCGAAGC
F ATTGCAGGGTTGGCAGTAAC
R TCAATACGGAAGGGAGATGC
F AGCGAAGCCCCTGAAATAAT
R GCTCTACCAGGCGAAACAAG
F GACTCTCCGAAGCTCCTCCT
R CAACACTGCCCCCTGTAACT
F TGTGGGTGGTCGTGAACTTA
R GCTGCGTTCTTTCAATGTCA
F TCCTCTGAGCGAGACCTTGT
R CCCATTAGTGCCGTGAAACT
F GTGGTGGGGAGCATAAGAGA
R GTTTCACCGCCCGATAGTAA
F GTGGGATCAGTGGAGGAGAA
R TTTGCCTCCAGAAAGCAAGT





OPS/images/fpls.2022.1022686/table2.jpg
Treatment time

1 day
5 day
10 day
1 day
5 day
10 day

Replicates

CK1
CK5
CK10
Tl
TS5
T10

Read number

23,876,897
25,589,463
20,404,241
23,321,945
20,469,957
22,696,113

Base number

7,114,912,142
7,628,579,546
6,079,274,534
6,955,239,038
6,102,017,436
6,772,220,786

GC content

47.04
45.97
45.74
47.18
45.80
46.16

%2Q30

94.64
94.45
94.90
94.88
94.85
94.61





OPS/images/fpls.2022.1022686/fpls-13-1022686-g004.jpg
A
Statistics of Pathway Enrichment

Statistics of Pathway Enrichment

Protein processing in endoplasmic reticulum - ® m‘m“j.
Porphyrin and chiorophyll metabolism . Plant hormone signal transduction < ©
mRNA surveillnce pathway - © Peroxisome - .
Lysine degradation - . Monoterpenid biosynthesis -
Glycolysis / Gluconeogenesis - . gene_number Glycolysis / Gluconeogenesis - & gene_number
Fatty acid metaboliem | b * 200 Glutathione metabolism ~ . . 250
Fatty acid degradation . ® 400 Fructose and mannose metabolism - . ® 500
Biosynthesis of amino acids - @ ® 600 Fatty acid metabolism - ® 750
Arachidonic acid metabolism - @ 800 Citrate cycle (TCA cycle) - . @ 1000
Amino sugar and nucleotide sugar metabolism - ® Carbon fixation in photosynthetic organisms | ©
Fructose and mannose metabolism - . % Biosynthesis of amino acids - @ quaks,
Carbon metabolism - () 0.75 Arachidonic acid metabolism ~ N 0.75
Carbon fixation in photosynthetic organisms - L4 050 Amino sugar and nucleotide sugar metabolism ~ . 050
Nitrogen metabolism - = AminoacyANA biosynthesis - .
Spliceosome . 25 Fatty acid biosynthesis - . 025
Citrate cycle (TCA cycle) * 0.00 Porphyrin and chiorophyll metabolism - . 0.00
Pyruvate metabolism - .
Cyancamino acid metabolism .
Carbon metabolism - @)
Photosynthesis - v
12 13 14 y 12 ¥
Rich factor Rich factor
(o] Statistics of Pathway Enrichment
Phenylpropancid biosynthesis -
Giycolysis  Gluconeogenesis - &
Fatty acid metabolism -+
Ether lipid metabolism ~
Cysteine and methionine metabolism =+ gene_number
Cyancamino acid metabolism . * 250
Ascorbate and akdarate metabolism |+ ® 500
Amino sugar and nucleotide sugar metabolism - ® ® 750
AmincacyHRNA biosynthesis * @ 1000
Plant hormone signal transduction -
Cirate cycle (TCA cycle) | aualue,
Fructose and mannose metabolism 075
Glutathione metabolism ~
Carbon fixation in photosynthetic organisms ~ . 050,
Arachidonic acid metabolism ~ 025
Monoterpenoid biosynthesis ~ 0.00
Biosynthesis of aminoacids | @
Photosynthesis -

12

13

14

Rich factor





OPS/images/fpls.2022.1022686/fpls-13-1022686-g005.jpg
PC3 (13.57%)

-04 0.2 0.0 0.2 04

-0.6

@®
S

T
-08 -06 -04 -02 00 02

PC1 (25.56%)

PC2 (16.94%)

04 06 08





OPS/images/fpls.2022.1022686/fpls-13-1022686-g006.jpg
LMD -

D -

€D -

LMD -

21D -

€D -
LOLAD -

204D -

€OLID -

LLL-

ClL-

€Ll -

1S -

eslL+

esl =

LOLL -
2011 -

- FO1_transcript_57299
- FO1_transcript_33644
- FO1_transcript_94932
- FO1_transcript_80605
- FO1_transcript_153047
- FO1_transcript_102226
- FO1_transcript_162724
- FO1_transcript_139821
- FO1_transcript_107511
- FO1_transcript_88376
- FO1_transcript_120390
- FO1_transcript_53558
- FO1_transcript_123244
- FO1_transcript_157618

) - FO1_transcript_80623

€oLL -

- FO1_transcript_151736
- FO1_transcript_60673
- FO1_transcript_154704
- FO1_transcript_155248
- FO1_transcript_88069
- FO1_transcript_53446
- FO1_transcript_31302
- FO1_transcript_71167
- FO1_transcript_93796
- FO1_transcript_65872
- FO1_transcript_79015
- FO1_transcript_65017
- FO1_transcript_66841
- FO1_transcript_262

- FO1_transcript_86030
- FO1_transcript_125893
- FO1_transcript_80073
- FO1_transcript_136308
- FO1_transcript_70595
- FO1_transcript_5095

- FO1_transcript_99880
- FO1_transcript_51102
- FO1_transcript_20650
- FO1_transcript_20654
- FO1_transcript_59006
- FO1_transcript_116761

-20





OPS/images/fpls.2022.1022686/fpls-13-1022686-g007.jpg
1081

€01

oL

z °
(1+und))zBo| posoyed

2

0LL

LY

L





OPS/images/fpls.2022.1022686/fpls-13-1022686-g003.jpg
B

01d @5d §10d

B1d @5d §10d

Cellular Component

Molecular function

Jaquiny 3u3D

25000

Jaquinu 3usY

©1d @5d §10d

Biological process

s
B o, %,
NGRS

{22

% %,

el o, %, %

8 8
g B

25000

g
§ 3 8

Jaquinu 3usy





OPS/images/fpls-13-993841/fpls-13-993841-g006.gif
R 4 ¥ ::; Ao %
b i/ 3* « & oo
& a > o3

909
Al . 000
74 R 154 .





OPS/images/fpls-13-993841/fpls-13-993841-g007.gif
&
;
.A'II





OPS/images/fpls-13-993841/fpls-13-993841-g008.gif
H
Els
i ”m‘ WW
/..\

1

1S





OPS/images/fpls-13-993841/fpls-13-993841-g002.gif
oo dme (B}





OPS/images/fpls-13-993841/fpls-13-993841-g003.gif
Smal

S

S

| e

s






OPS/images/fpls-13-993841/fpls-13-993841-g004.gif
3 [y
conet
Lt
150

f 154





OPS/images/fpls-13-993841/fpls-13-993841-g005.gif





OPS/images/fpls-13-989959/fpls-13-989959-g007.jpg
PAL —C4H—> 4CL
_CpCHS

6‘3 CHI—>F3H—FLS
& Flavonol

CHS(EC 2.3.1.74) Seed
Over 4 -Germination

Expression Rl
Elongation

. Drought
resistance

Chinese cherry OE tobacco





OPS/images/fpls-13-993841/crossmark.jpg
(®) Check for updates





OPS/images/fpls-13-993841/fpls-13-993841-g001.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Abiotic and biotic stress in horticultural crops: Insight into recent advances in the underlying tolerance mechanism



		Editorial: Abiotic and biotic stress in horticultural crops: insight into recent advances in the underlying tolerance mechanism



		Introduction



		Studies addressing factors affecting abiotic stress responses in horticultural crops



		Studies addressing factors affecting biotic stress responses in horticultural crops



		Conclusions and perspectives



		Author contributions



		Conflict of interest



		References









		Genome-wide characterization of chalcone synthase genes in sweet cherry and functional characterization of CpCHS1 under drought stress



		Introduction



		Materials and methods



		Plant material



		Sweet cherry CHS identification and analysis



		RNA isolation and gene cloning



		Vector construction and genetic transformation



		Assays for drought treatment



		Measurement of indices of drought tolerance



		Expression pattern of related genes in transgenic plants



		Statistical analysis









		Results and discussion



		Sweet cherry CHS gene characteristic



		Expression profile of PavCHSs and flavonoids content in Chinese cherry fruit



		Overexpression of CpCHS1 enhances seed germination in drought stress



		CpCHS1 enhances drought tolerance in tobacco









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material









		Lilium pumilum stress-responsive NAC transcription factor LpNAC17 enhances salt stress tolerance in tobacco



		Introduction



		Results



		Identification of the LpNAC17 gene in L. pumilum



		Expression of the LpNAC17 gene in L. pumilum under abiotic stress



		Generation of transgenic tobacco lines overexpressing LpNAC17



		The effect of the overexpressed LpNAC17 on salt tolerance



		The effect of the overexpressed LpNAC17 on photosynthetic capacity under salt stress



		The effect of the overexpressed LpNAC17 on ROS levels and ROS scavenger activities under salt stress



		The effect of the overexpressed LpNAC17 on expression levels of stress-related genes NtSOD, NtPOD, NtCAT, NtHAK1, NtPMA4, and NtSOS1 under salt stress









		Discussion



		Conclusion



		Materials and methods



		Gene cloning and sequence analysis



		Tobacco transformation and analysis of transgenic tobacco lines



		Plant abiotic stress treatment



		Real-time RT-PCR analyses



		Assays of photosynthetic parameters in tobacco under salt stress



		Determination of physiological indexes of transgenic tobacco under salt stress









		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References









		WRKY41/WRKY46-miR396b-5p-TPR module mediates abscisic acid-induced cold tolerance of grafted cucumber seedlings



		Introduction



		Materials and methods



		Plant materials and growth conditions



		Experimental design



		Prediction of the target genes of miR396b-5p



		5’ RNA ligase-mediated rapid amplification of cDNA ends (5’ RLM-RACE)



		Construction of MIR396b-5p and TPR overexpression plants



		Yeast one-hybrid assay



		Dual-luciferase assay



		RNA isolation and qPCR analysis



		Measurement of biomass, proline, malondialdehyde content, REL, and Fv/Fm



		Determination of ABA content



		Histochemical staining analysis of GUS



		Statistical analysis









		Results



		Figleaf gourd rootstock improved cold tolerance of grafted cucumber



		Differentially expressed miR396b-5p mediated cold stress tolerance



		Overexpression of cucumber TPR in Arabidopsis thaliana reduced cold tolerance



		Cucumber WRKY41 and WRKY46 bound to the promoter of MIR396b-5p to induce its expression



		ABA induced WRKY 41 and WRKY46 to regulate cold tolerance of grafted plants









		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References









		Alleviation of postharvest chilling injury in sweet pepper using Salicylic acid foliar spraying incorporated with caraway oil coating under cold storage



		Introduction



		Materials and methods



		Preparation of caraway oil



		Effect of caraway oil on the mycelium growth of fungus



		Pepper fruit and experimental treatments



		Chilling injury evaluation



		Weight loss



		Firmness



		pH, total soluble solids (TSS), and titratable acidity (TA)



		Color



		MDA content and electrolyte leakage



		Total phenolic content



		Antioxidant enzyme activities



		Decay incidence



		Capsaicin content



		Statistical analysis









		Results and discussion



		Effect of caraway essential oil on the mycelium growth of fungus



		Chilling injury (CI)



		Weight loss



		Firmness



		Total soluble solids (TSS), titratable acidity (TA), and pH



		Color



		MDA content and electrolyte leakage



		Total phenolic content



		Antioxidant enzymes



		Decay incidence



		Capsaicin content



		Correlation study









		Conclusion



		Data availability statement



		Author contributions



		Conflict of interest



		Publisher's note



		References









		Plant-endophyte mediated improvement in physiological and bio-protective abilities of marigold (Tagetes patula)



		Introduction



		Results



		Plant growth parameters



		Endophytic bacteria extend the vase life



		Photosynthetic parameters and SPAD index



		Biochemical and antioxidant parameters



		Nematicidal and hemolytic activities



		Plant mineral contents



		Enumeration of endophytic bacteria in the rhizosphere, root, shoot, and flowers



		Pearson correlation and principal component analysis









		Discussion



		Endophytes improve the growth attributes of French marigold plants



		Endophytes improve physiological attributes of French marigold plants



		Endophytes improve the vase life of French marigold flowers



		Endophytes improve biochemical and antioxidant attributes of flowers extract



		Endophytes improve the nematicidal activity of French marigold flowers extract









		Materials and methods



		Preparation of endophytic bacterial inoculum



		Seed bacterization



		Pot experiment and treatment plan



		Assessment of growth parameters and vase life



		Physiological parameters



		Estimation of total flavonoid, phenolic acid, and protein contents



		DPPH radical scavenging and antioxidant power assays



		Hemolytic and nematicidal activities



		Plant analysis



		Persistence of endophytic bacteria in the rhizosphere, root, shoot, and flowers



		Statistical analysis









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References









		Reprisal of Schima superba to Mn stress and exploration of its defense mechanism through transcriptomic analysis



		1 Introduction



		2 Materials and methods



		2.1 Plant materials



		2.2 RNA extraction, library construction and sequencing



		2.3 Bioinformatics analysis



		2.3.1 RNA Seq quality assessment and genome mapping



		2.3.2 Gene-level quantification



		2.3.3 GO and KEGG enrichment of differentially expressed genes



		2.3.4 Comparative Phylogenetic and multiple sequence alignment analysis



		2.3.5 Promoter analysis



		2.3.6 Real time PCR analysis









		2.4 Data analysis









		3 Results



		3.1 Illumina sequencing and quality control



		3.2 Alignment and In silico analysis



		3.3 Functional annotation and enrichment analysis of differentially expressed transcripts



		3.4 Statistics and profiling of differential gene expression



		3.5 Gene ontology and KEGG analysis of DEGs



		3.6 Evaluation of sample variation



		3.7 Classification of ABC genes in S. superba



		3.8 Physiochemical properties of ABC genes



		3.9 Hierarchical cluster analysis and expression pattern of transport-related genes



		3.10 Promoter Cis-acting analysis



		3.11 Gene ontology annotation of ABC genes



		3.12 qRT-PCR analysis of DEGs









		4 Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Transcriptomic and metabolomic profiling of strawberry during postharvest cooling and heat storage



		Introduction



		Materials and methods



		Plant materials and treatments



		Transcriptomic analysis



		Transient expression levels of key genes



		Determination of physiological and biochemical parameters



		qRT-PCR Analysis



		Metabolomic profile detection and analysis



		Statistical analysis









		Results



		Postharvest cooling and heat changed transcriptome profile in strawberries



		GO enrichment and KEGG pathway analysis of DEGs



		Multiple stress pathways responding to heat and cold treatments



		Metabolic profiling of strawberry under different storage temperature modes



		Correlation analysis between transcriptome and metabolome



		Response of related genes to defense system under heat and cold treatments



		Metabolic response of YZs-overexpressing fruits under different storage temperatures









		Discussion



		Postharvest response of strawberry is dependent on the temperature fluctuation



		Temperature sensing pathways monitor postharvest quality in strawberry









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Genome-wide identification and characterization of NPF family reveals NtNPF6.13 involving in salt stress in Nicotiana tabacum



		Introduction



		Materials and methods



		Identification of NPF genes in tobacco



		Phylogenetic analysis of NtNPF proteins



		Chromosomal localization and syntenic analysis of NtNPF genes



		Gene structure and conserved motifs analysis of NtNPF gene family



		Cis-regulatory element analysis of NtNPFs



		Plant materials and salt treatment



		RNA isolation and qPCR analysis



		RNA-sequencing and transcriptomic analysis



		Subcellular localization of NtNPF6.13



		Generation of NtNPF6.13 knockout lines and salt treatment



		Determination of chloride content in roots









		Results



		Genome-wide identification and characterization of tobacco NPF genes



		Phylogenetic tree of NtNPF gene family in tobacco



		Chromosomal locations and synteny analysis of NtNPF genes



		Gene structure and conserved motifs of NtNPF genes in tobacco



		Cis-acting elements in the promoters of NtNPF genes



		Transcriptional profiles of NtNPF genes under salt stress



		Subcellular localization of NtNPF6.13



		Knockout of NtNPF6.13 reduces Cl- content in root









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Effect of temperature on yellow leaf disease symptoms and its associated areca palm velarivirus 1 titer in areca palm (Areca catechu L.)



		Introduction



		Materials and methods



		Plant materials



		Inoculation of APV1



		Plant sampling and symptoms recording in the field



		Plant sampling and symptoms recording under controlled conditions



		Total RNA extraction



		cDNA synthesis and qRT-PCR analysis



		Enzyme-linked immunosorbent assay















		Results



		YLD symptoms severity in different seasons in the field



		qRT-PCR and ELISA for analysis of APV1 titer accumulation in different seasons



		Transmission of APV1 via mealybugs/inoculation of APV1



		YLD symptoms severity at different temperatures under controlled conditions



		qRT-PCR and ELISA for analysis of APV1 titer accumulation under different temperatures in the laboratory









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		References









		Comparative transcriptome profiling reveals the role of phytohormones and phenylpropanoid pathway in early-stage resistance against powdery mildew in watermelon (Citrullus lanatus L.)



		1 Introduction



		2 Materials and methods



		2.1 Plant materials, race identification, inoculation and sample collection



		2.2 Microscopic observation and defense hormone quantification



		2.3 Comparative transcriptome analysis



		2.3.1 RNA extraction, sequencing and transcriptome profiling



		2.3.2 Differentially expressed genes identification



		2.3.3 Gene ontology and functional enrichment analysis









		2.4 Quantitative real-time PCR and expression validation



		2.5 Data analysis









		3 Results



		3.1 Interaction phenotypes of P. xanthii race ‘2F’ on contrasting watermelon lines



		3.2 Quantification of endogenous phytohormones post-inoculation



		3.3 RNA-seq, de novo assembly and annotation



		3.4 Comparative study of differential expression of assembled transcripts in response to PM post-inoculation



		3.5 GO and KEGG analysis of identified DEGs in different groups



		3.6 Expression profile of DEGs associated to phytohormone signaling and transduction pathways



		3.6.1 Differential expression pattern of auxin related genes during incompatible and compatible interaction



		3.6.2 Expression analysis of genes related to ABA (abscisic acid) and BR (brassinosteroid) biosynthesis



		3.6.3 DEGs related to phytohormones and defense signaling









		3.7 Differential abundance and induced expression of DEGs associated with lignin biosynthesis in response to PM invasion



		3.7.1 Lignin biosynthesis pathway associated differential genes in assembled transcripts



		3.7.2 Regulation of peroxidase (PRXs) and β-glucosidase related DEGs in compatible and incompatible reaction









		3.8 Reliability of RNA-seq data by quantitative real-time PCR









		4 Discussion



		4.1 Phytohormone and signal transduction pathway in relevance to resistance response against PM invasion



		4.2 Lignin biosynthesis pathways related genes shows distinct responses to PM



		4.3 Peroxidase and in early-stage defense reaction against PM









		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Transcriptional and biochemical profiling of defense enzymes in Citrus sinensis during salicylic acid and cinnamon mediated suppression of green and blue mold



		1 Introduction



		2 Materials and methods



		2.1 Fungal cultures



		2.2 Fruit



		2.3 Preparation of plant extracts



		2.4 Antifungal assay



		2.5 In Planta assay



		2.6 Transcriptional analysis of defense enzymes



		2.7 Enzyme activities assessment



		2.8 Post-treatment fruit quality analysis



		2.9 Statistical analysis









		3 Results



		3.1 Antifungal assay



		3.2 In Planta experiment



		3.3 Transcriptional analysis of defense enzymes



		3.4 Defense enzyme activities assessment



		3.5 Post-treatment quality analysis of the fruit









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Conflict of interest



		References









		Transcriptome profiling revealed salt stress-responsive genes in Lilium pumilum bulbs



		Introduction



		Materials and methods



		Plant materials and salt stress treatment



		RNA extraction, cDNA library construction, transcriptome sequencing and de novo assembly



		Differential expression analysis



		Prediction of co-expression network



		Quantitative real-time reverse transcription-PCR









		Results



		Transcriptome sequencing and assembly



		Functional annotation of all non-redundant unigenes



		Identification of DEGs related to salt stress responses



		Prediction of co-expression network and identification of putative hub genes



		Validation of transcriptome data through qRT-PCR









		Discussion



		Conclusion



		Additional file



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Genome-wide transcriptome profiling revealed biological macromolecules respond to low temperature stress in Brassica napus L



		Introduction



		Materials and methods



		Plant materials, growth conditions, and treatments



		RNA preparation and deep sequencing



		Differential expression analysis



		Gene functional annotation



		Physiological and biochemical analysis



		qRT-PCR validation









		Results



		Physiological and biochemical response to LT stress



		RNA-seq and data quality control analysis



		Annotation of the B. napus transcriptome



		Identification and analysis of DEGs



		Transcription factors’ response to LT stress



		Analysis of DEGs related to potential pathways



		Interaction network between B. napus LT-stress-related genes



		Validation of transcriptome data by qRT-PCR analysis









		Discussion



		Sugar metabolism, source of energy, and keeping osmotic homeostasis



		Antioxidant defense system: A cellular cushion against LT stress



		Plant hormone signal network to encounter LT stress



		Transcription factor: efficient regulators of genomes in response to LT stress



		Role of photosynthesis system in LT stress response



		Protein–protein interaction networks in LT stress response









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Rhodospirillum sp. JY3: An innovative tool to mitigate the phytotoxic impact of galaxolide on wheat (Triticum aestivum) and faba bean (Vicia faba) plants



		Introduction



		Materials and methods



		Isolation and morphological and biochemical characterization of the isolated strain



		Molecular identification



		Molecular phylogenic identification was done using 16s rDNA amplification









		Experimental setup and preparation of plant materials



		Growth rate and photosynthetic measurements



		Determination of oxidative stress markers



		Determination of molecular antioxidants



		Determination of reactive oxygen species scavenging enzymes



		Detoxification metabolism



		Lignin content and lignin biosynthetic enzymes



		Statistical analysis









		Results



		Rhodospirillum sp. JY3 inoculation alleviated the adverse effects of HHCB on the biomass and photosynthesis of both faba beans and wheat



		Inoculation with Rhodospirillum sp. JY3 reduced the oxidative damage caused by HHCB



		Interactive effect of HHCB and Rhodospirillum sp. JY3 on the levels of antioxidant metabolites in both faba beans and wheat



		Coinoculation with Rhodospirillum sp. JY3 differently improved antioxidant enzyme activities, particularly under the challenge of galaxolide contamination



		Detoxification metabolism was increased in wheat and faba beans in response to the inoculation with Rhodospirillum sp. JY3 under HHCB stress



		Lignin metabolism was increased in HHCB-stressed wheat and faba beans in response to Rhodospirillum sp. JY3 inoculation









		Discussion



		Rhodospirillum sp. JY3 greatly mitigated the phytotoxic effect of HHCB on the growth and photosynthesis of both wheat and faba beans



		Rhodospirillum sp. differentially mitigated the phytotoxic impact of HHCB via relieving the oxidative damage in wheat and faba beans



		How Rhodospirillum sp. JY3 reduces HHCB-induced oxidative stress by augmenting the antioxidant enzymes



		Rhodospirillum sp. JY3 quenched the detoxification system of both wheat and faba beans to cope with the challenge of HHCB



		Rhodospirillum sp. JY3 and lignin metabolism in wheat and faba beans under treatment with HHCB









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Screening of short-day onions for resistance to Stemphylium leaf blight in the seed-to-bulb stage (stage I) and bulb-to-seed stage (stage II)



		Introduction



		Materials and methods



		Isolation, identification, and purification of pathogens



		Field screening (seed-to-bulb stage) through artificial inoculation and experimental layout



		Morphological and biochemical traits under stage I



		Screening the bulb-to-seed stage under controlled conditions (stage II)



		Inoculation of fungus S. vesicarium under field and controlled conditions



		Disease assessment (scoring the incidence of disease)



		Biochemical characterization under stage II



		Total foliar phenol content



		Pyruvic acid



		Catalase



		Guaiacol peroxidase



		Protein content



		Statistical analysis









		Results



		Symptomatology and morphological and molecular identification of Stemphylium vesicarium



		Morphological and biochemical traits (stage I)



		Analysis of variance and estimates of genetic parameters



		Screening the seed-to-bulb stage under field conditions (stage I)



		Pearson’s correlation coefficient under stage I



		Screening the bulb-to-seed stage under controlled conditions (stage II)



		Correlation studies between PDI and biochemical parameters (stage II)



		Change in PDI between two stages (seed to bulb versus bulb to seed)









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Biochar: An emerging recipe for designing sustainable horticulture under climate change scenarios



		Introduction



		Biochar application sequestrates greenhouse gases, improves soil properties, and reduces peat moss use in substrates



		Sequestration of greenhouse gases



		Improved soil physical, chemical, and biological properties



		Biochar as a component of container substrates









		Biochar improves seed germination of horticultural crops



		Biochar regulates plant water, nutrient relations and enhances root growth of horticultural crops



		Biochar alters phytohormones and improves the photosynthesis of horticultural crops



		Altering phytohormones in horticultural crops under normal and stressed conditions



		Influencing biosynthesis of photosynthetic pigments



		Improving leaf gas exchange characteristics









		Biochar improves horticultural crop growth, yield, and produce quality



		Biochar enhances the stress tolerance of horticultural crops



		Enhancing drought tolerance



		Enhancing salt tolerance



		Enhancing tolerance to heavy metals



		Enhancing tolerance to acidic soils









		Biochar improves plant disease resistance



		Conclusions and prospects



		Author contributions



		Conflict of interest



		References









		Comprehensive resistance evaluation of 15 blueberry cultivars under high soil pH stress based on growth phenotype and physiological traits



		Introduction



		Materials and methods



		Plant materials



		Plant cultivation and experimental design



		Growth and leaf phenotypic indices



		Chlorophyll and photosynthetic characteristic indices



		Physiological indices



		High soil pH adaptability analysis



		Gene expression analysis



		Statistical analysis









		Results



		Plant growth index of blueberry



		Blueberry leaf morphological features



		Blueberry leaf physiological characteristics



		Blueberry leaf photosynthetic and physiological characteristics



		Correlation analysis



		PCA of 16 physiological growth indices



		Comprehensive evaluation of high soil pH stress tolerance









		Discussion



		Conclusions



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		Abbreviations



		References









		Chitosan treatment reduces softening and chilling injury in cold-stored Hami melon by regulating starch and sucrose metabolism



		1 Introduction



		2 Materials and methods



		2.1 Melon fruit



		2.2 Chitosan treatment and sample collection



		2.3 Measurements of firmness, chilling injury, weight loss, and SSC



		2.4 Extraction and determination of cell wall components



		2.5 Determination of fructose, glucose, sucrose, and starch content



		2.6 Enzymes activities



		2.7 Gene expression analysis



		2.8 Statistical analysis









		3 Results



		3.1 Effects of chitosan treatment on the fruit firmness, weight loss, chilling injury, and SSC in postharvest cold-stored melon



		3.2 Effect of chitosan treatment on cell wall polysaccharide composition in postharvest cold-stored melon



		3.3 Effects of chitosan treatment on enzyme activities and gene expressions related to melon fruit softening



		3.4 Effect of chitosan treatment on the starch, sucrose, glucose, and fructose contents in postharvest cold-stored melon



		3.5 Effect of chitosan treatment on enzyme activities and gene expressions related to starch and sucrose metabolism



		3.6 Correlation analysis









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Preparation, biocontrol activity and growth promotion of biofertilizer containing Streptomyces aureoverticillatus HN6



		1. Introduction.



		2. Materials and methods.



		2.1. Composting methods.



		2.1.1. Fermentation solution preparation.



		2.1.2. Determination of physicochemical parameters of the fertilizer.



		2.1.3. Determination of enzyme activity in the substrate.



		2.1.4. Determination of base material.









		2.2. Test of .Streptomyces HN6 response surface



		2.3. Application of biological bacterial fertilizer.



		2.3.1. Growth-promoting effect of biological bacterial fertilizer on cowpea.



		2.3.2. Determination of bio-fertilizer efficacy against cowpea blight.









		2.4. Statistical analysis.









		3. Results.



		3.1. Temperature variation of different composting.



		3.2. Effect of physicochemical parameters of different composting.



		3.3. Effect of enzyme activity in the substrate.



		3.4. Effect of the degree of maturity of the base material.



		3.4.1. The infrared spectrum of the composting leachate.



		3.4.2. Seed germination index of compost leachate.









		3.5. Model stabilization.



		3.6. Response surface and contours analysis.



		3.7. Model validation.



		3.8. Application of bio-fertilizer.



		3.8.1. Effect of bio-fertilizer on morphological indicators of cowpea.



		3.8.2. Effect of bio-fertilizer on several key enzymes in the soil.



		3.8.3. Effectiveness of bio-fertilizer on cowpea blight prevention.















		4. Discussion.



		5. Conclusion.



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Efficient native strains of rhizobia improved nodulation and productivity of French bean (Phaseolus vulgaris L.) under rainfed condition



		Introduction



		Materials and methods



		Experimental details



		Sources of rhizobia



		Pot experiment



		Root and nodular properties, leaf nitrogen content, growth rate, and photosynthetic activity



		Soil analysis



		Field experiment



		Demonstrations in farmers’ fields



		Climatic condition



		Statistical analysis









		Results



		Pot experiment



		Crop growth



		Photosynthetic activity



		Leaf nitrogen and chlorophyll content



		Root characteristics



		Nodular characteristics



		Productivity and relative agronomic efficiency



		Farmers’ field demonstration















		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Conflict of interest



		References









		Natural resistance of tomato plants to Tomato yellow leaf curl virus



		1 Introduction



		2 TYLCV symptoms in tomato plants



		3 Methods for identifying resistance to TYLCV in tomato



		3.1 In vivo infection



		3.1.1 Natural whitefly field infection



		3.1.2 Whitefly inoculation in cages



		3.1.3 Non-whitefly-mediated inoculation









		3.2 In vitro infection/agroinoculation









		4 Natural resources resistant to the TYLCV in tomato



		5 Natural genes resistant to TYLCV in tomato



		5.1 Ty-1



		5.2 Ty-2



		5.3 Ty-3



		5.4 Ty-4



		5.5 ty-5



		5.6 Ty-6









		6 Molecular markers for resistance to TYLCV in tomato



		7 Mechanism of natural resistance to the TYLCV in tomato



		8 Challenge and prospects



		9 Conclusions



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Abbreviations



		References









		Combined application of plant growth-promoting bacteria and iron oxide nanoparticles ameliorates the toxic effects of arsenic in Ajwain (Trachyspermum ammi L.)



		1 Introduction



		2 Materials and methods



		2.1 Experimental setup



		2.2 Analysis of samples and data collection



		2.3 Determination of photosynthetic pigments and gas exchange characteristics



		2.4 Determination of oxidative stress indicators



		2.5 Determination of antioxidant enzyme activities and relative gene expression



		2.6 Determination of non-enzymatic antioxidants, sugars, and proline contents



		2.7 Determination of nutrient content



		2.8 Determination of root exudates analysis and arsenic concentration



		2.9 Transmission electron microscopy



		2.10 Statistical analysis









		3 Results



		3.1 Ameliorative effects of iron oxide nanoparticles and Providencia vermicola on growth and photosynthetic efficiency under arsenic stress



		3.2 Ameliorative effects of iron oxide nanoparticles and Providencia vermicola on oxidative stress and antioxidant capacity under arsenic stress



		3.3 Ameliorative effects of iron oxide nanoparticles and Providencia vermicola on sugar and nutrient uptake under arsenic stress



		3.4 Ameliorative effects of iron oxide nanoparticles and Providencia vermicola on organic acids, transmission electron microscopy, and arsenic uptake under arsenic stress









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Effect of foliar application of nano-nutrients solution on growth and biochemical attributes of tomato (Solanum lycopersicum) under drought stress



		Introduction



		Methods



		Results and discussion



		Introduction



		Materials and methods



		Experimental design, treatments and sampling



		Plant biomass and growth parameters



		Leaf water status



		Measurement of photosynthetic pigments



		Biochemical parameters



		Leaf oxidative damage and electrolyte leakage



		Secondary metabolites



		Activity of antioxidant enzymes



		Statistical analysis









		Results



		Growth attributes



		Relative water content (RWC)



		Leaf pigments



		Biochemical analysis



		Electrical conductivity and malondialdehyde content



		Secondary metabolites



		Antioxidant enzymes









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Effect of Glomus intraradices on root morphology, biomass production and phosphorous use efficiency of Chinese fir seedlings under low phosphorus stress



		Introduction



		Methods



		Results and Discussion



		1 Introduction



		2 Materials and methods



		2.1 Plant materials and experimental design



		2.2 Data collection and statistical analysis









		3 Results



		3.1 Infection rate of Gi in the root system of Chinese fir seedlings



		3.2 Root morphological plasticity



		3.3 Plant biomass production and allocation



		3.4 Phosphorous use efficiency and cortical tissue dissolution









		4 Discussion



		5 Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Phytohormones regulate the abiotic stress: An overview of physiological, biochemical, and molecular responses in horticultural crops



		Introduction



		Effects of abiotic stress on horticultural crop performance



		Phytohormones: Key mediators of plant responses to abiotic stresses



		Brassinosteroids



		Melatonin



		Salicylic acid



		Jasmonates



		Strigolactones



		GABA



		Future outlook



		Author contributions



		Conflict of interest



		References









		Comparative analysis of physiological variations and genetic architecture for cold stress response in soybean germplasm



		Introduction



		Material and methods



		Plant material and growth conditions



		Cold stress treatment



		Data collection



		Estimation of PSII photosynthetic efficiency studies



		Chlorophyll fluorescence



		Identification of GmPOD, GmSOD and GmTPS genes and their sequence data retrieval



		Expression patterns of GmPOD, GmSOD and GmTPS family genes based on transcriptome sequencing data



		Quantification of POD and SOD enzymes activities, H2O2 content, and MDA level



		Prediction of the 3D protein structure of photosynthesis and GmSOD proteins



		Prediction of putative miRNA targeting GmPOD, GmSOD and GmTPS genes and GO annotation analysis



		Selection index for cold tolerance



		RNA extraction and qRT-PCR analysis









		Results



		Principal component analysis of phenological and physiological traits



		Genetic variation for cold tolerance at the seedling stage in soybean



		Evaluation of chlorophyll fluorescence qL parameter in soybean



		Evaluation of chlorophyll fluorescence parameter Fv/Fm in soybean



		Evaluation of chlorophyll fluorescence NPQt parameter in soybean



		Evaluation of leaf injury index and leaf thickness in soybean



		Evaluation of SPAD values in soybean



		Major differences for phenological and physiological traits in cold tolerant and sensitive varieties



		The expression differences of photosynthesis-related genes in V100 and V45



		The role of antioxidant SOD, related genes and their post-transcriptional regulators in V100 and V45



		The role of antioxidant POD, related genes and their post-transcriptional regulators in V100 and V45



		The role of trehalose (TPS) related genes and their post-transcriptional regulators in V100 and V45



		Induced H2O2 and MDA levels in cold stressed soybean seedlings



		Effect of cold stress on the expression levels of cold-related marker genes in V100 and V45









		Discussion



		Evaluation of soybean germplasm for physiological traits under control and cold stress



		Physiological, biochemical and genetic differences between V100 and V45 under cold stress



		Role of posttranscriptional regulators and cold marker genes under cold stress in soybean









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Characterizing stomatal attributes and photosynthetic induction in relation to biochemical changes in Coriandrum sativum L. by foliar-applied zinc oxide nanoparticles under drought conditions



		1 Introduction



		2 Materials and methods



		2.1 Experimental location and climatic data



		2.2 Properties of irrigated water and soil



		2.3 Growth conditions and experimental design



		2.4 Assessment of eco-physiological features



		2.5 Measurement of chlorophyll and ABA content



		2.6 Quantification of total soluble sugar, phenolic, and flavonoid production



		2.7 Evaluation of stomatal micrographs



		2.8 Statistical analysis and assessment









		3 Results



		3.1 Evaluation of photosynthetic response



		3.2 Determination of chlorophyll content



		3.3 Estimation of ABA



		3.4 Quantification of TSS, TPC, and TFC



		3.5 Assessment of stomatal attributes



		3.6 Interpretation of PCA









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Effect of boron deficiency on the photosynthetic performance of sugar beet cultivars with contrasting boron efficiencies



		Introduction



		Materials and methods



		Plant material and growth indices



		Measurement of gas exchange parameters



		Measurement of chlorophyll pigments



		Transmission electron microscopy



		Measurement of ChlF traits



		Statistics analysis









		Results



		Effect of B deficiency stress on growth parameters of sugar beet seedlings with contrasting B efficiency



		Effect of B deprivation on photosynthetic and chlorophyll indices of different cultivars of sugar beet



		Effect of B deprivation at the ultrastructural level



		Effect of B-deprivation on the leaf OJIP transients and energy allocation parameters of PSII of sugar beet with contrasting B efficiency



		Principal component analysis and correlation among the photosynthetic parameters









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		References









		Combatting insects mediated biotic stress through plant associated endophytic entomopathogenic fungi in horticultural crops



		1 Introduction



		2 Fungal entomopathogens as endophytes



		3 Mechanism of successful colonization through EEPF offense vs. plant defense



		4 Consequences of multitropic interactions of EEPF in the trophic chain



		4.1 Trophic level one: EEPF and plant



		4.2 Trophic level two: EEPF and herbivore



		4.3 Trophic level three: EEPF and natural enemy



		4.4 Effect of EEPF colonised plants on insect-natural enemy interaction through production of secondary metabolites



		4.5 Impact of climate change on EEPF and its interaction with tropic levels









		5 Constraints associated with EEPF colonization in plants and their artificial inoculation



		6 Integrated omics approaches to understand EEPF-host plant- insect interaction



		6.1 Genomics approaches



		6.2 Transcriptomics approaches



		6.3 Proteomics approaches



		6.4 Metabolomics approaches









		7 Conclusion and future perspectives



		7.1 Qualitative and quantitative alteration of host plant nutrients



		7.2 Enhancing nutritional quality of plants



		7.3 Increasing constitutive and induced plant defense



		7.4 Constraints in wider application



		7.5 Lesser explored areas



		7.6 EEPF study beyond omics









		Author contributions



		Conflict of interest



		References









		Structural modifications in Bermuda grass [Cynodon dactylon (L.) Pers.] ecotypes for adaptation to environmental heterogeneity



		Introduction



		Methods



		Results and Discussion



		Introduction



		Material and methods



		Collection sites



		Soil analysis



		Light microscopy analysis



		Statistical analysis









		Results



		Soil physico-chemical characteristics



		Root microscopic analysis









		Stem microscopic analysis



		Leaf sheath microscopic analysis



		Leaf microscopic analysis



		Specific anatomical modifications



		RDA analysis



		Discussion



		Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		The evolution and expression of stomatal regulators in C3 and C4 crops: Implications on the divergent drought tolerance



		Introduction



		Material and methods



		Plant growth and drought challenge



		Stomatal assay



		Constructing phylogenetic trees and analyzing protein structure



		RNA extraction, cDNA synthesis and Q-PCR









		Results



		Stomatal development and response to drought stress in C3 and C4 plants



		Stomatal response to drought stress in drought-tolerant oil palm and sugarcane



		Genetic divergence of stomatal regulators SPCH, MUTE and FAMA in C3 and C4 plants



		Divergent expression of SPCH in response to drought stress



		The structural difference of SPCH in C3 and C4 plants









		Discussion



		Stomatal development of C3 and C4 plants in response to drought stress



		SPCH homologs undergoes differential evolution in C4 plants



		Regulation of SPCH expression at transcriptional and post-translational level



		Crosslinks of gene expression, stomatal development and drought tolerance









		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Wheat Selenium-binding protein TaSBP-A enhances cadmium tolerance by decreasing free Cd2+ and alleviating the oxidative damage and photosynthesis impairment



		Introduction



		Materials and methods



		Wheat materials, seedling cultivation and Cd treatment



		RNA-seq and RT-qPCR



		Subcellular localization



		Overexpression of TaSBP-A in Saccharomyces cerevisiae



		Overexpression of TaSBP-A in Arabidopsis and wheat and Cd stress treatment



		Measurements of chlorophyll, malondialdehyde and H2O2 content, SOD activity and chlorophyll fluorescence



		Measurement of total Cd content in yeast cells and plant extracts



		Measurement of Cd2+ fluxes and Cd microscopic imaging



		Overexpression of TaSBP-A/ΔTaSBP in E. coli and purification of the recombinant proteins



		In vitro Cd2+ binding shift and binding ratio measurement



		Thermodynamic parameters determined by isothermal titration calorimetry and secondary structure characterization by circular dichroism



		Genetic transformation of TaSBP-A and ΔTaSBP-A in wheat protoplasts and viability comparison under Cd treatment









		Results



		Phylogenetics and structural characterization of TaSBPs



		Expression and subcellular localization of TaSBP-A



		Cd stress response of TaSBP-A in wheat and overexpressed yeast cells



		The constitutive heterologous expression of TaSBP-A alleviated the oxidative stress and photosynthesis impairment triggered by Cd treatment in Arabidopsis



		Net fluxes and state of over-accumulated Cd2+ in transgenic Arabidopsis



		Overexpressing TaSBP-A enhanced Cd tolerance by inhibiting the transfer of Cd from root to leaf in wheat seedlings



		Determination of Cd-binding site in TaSBP-A



		Thermodynamic parameter analysis of the Cd2+ interactions with TaSBP-A and the impact of Cd2+-binding on TaSBP-A’s secondary structure



		In vivo validation of Cd-binding CXXC motif in wheat protoplasts









		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Grapevine bZIP transcription factor bZIP45 regulates VvANN1 and confers drought tolerance in Arabidopsis



		Introduction



		Materials and methods



		Plant materials and growth conditions



		Phenotypic analysis



		Vector construction



		RNA isolation and RT-qPCR analysis



		Histochemical β-glucuronidase (GUS) assay



		Subcellular localization of VvANN1



		Recombinant VvANN1-His protein purification and Ca2+-binding activity



		Yeast one-hybrid assay



		Luciferase reporter assays



		Chromatin Immunoprecipitation-qPCR assays



		Detection of H2O2 and O2·- in situ



		Measurement of antioxidant enzyme activity and MDA contents









		Results



		Characterization and expression of VvANN1



		VvANN1 is responsive to osmotic stress and drought stress



		VvbZIP45 binds to the promoter of VvANN1 and activates its expression



		VvANN1 improved the ROS scavenging ability of transgenic Arabidopsis under drought stress









		Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Parthenium hysterophorus alleviates wilt stress in tomato plants caused by Ralstonia solanacearum through direct antibacterial effect and indirect upregulation of host resistance



		Introduction



		Materials and methods



		Plant and pathogen source



		Preparation of plant extract and powder



		Evaluation of antibacterial activity



		Phytotoxicity test



		Greenhouse test



		Disease severity and pathogen population in soil



		Field test



		Evaluation of resistance induction



		Statistical analysis









		Results



		Antibacterial activity of different medicinal plant extracts against R. solanacearum



		Concentration-dependent antibacterial activity and cellular destruction



		Phytotoxicity test



		Greenhouse and field study



		Pathogen population in soil



		Disease severity



		Plant growth and yield



		Resistance induction















		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		The transcription factor MebHLH18 in cassava functions in decreasing low temperature-induced leaf abscission to promote low-temperature tolerance



		Introduction



		Materials and methods



		Plant material



		Low-temperature stress experiment and physiological index determination



		Gene subcellular localization



		Phylogenetic analysis



		Real-time polymerase chain reaction



		Population genetic analyses



		Measurement of leaf abscission rate induced by low temperatures



		Plasmid construction and cassava transformation



		Promoter sequence analysis



		Transient expression assay of promoter activity



		Histochemical staining and detection of ROS



		Statistical analysis









		Results



		The levels of reactive oxygen scavengers vary significantly in different cassava genotypes with low temperature-induced leaf abscission



		MebHLH18 expression in the root is highly related to POD expression in the root and leaf in low temperature-induced leaf abscission process in cassava



		MebHLH18 is a bHLH family member



		Overexpression of MebHLH18 in cassava decreases the low temperature-induced leaf abscission rate by increasing POD levels



		Natural variation in the promoter of MebHLH18 is associated with leaf abscission in cassava under low temperature









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Salicylic acid had the potential to enhance tolerance in horticultural crops against abiotic stress



		Introduction



		Impact of climate-related extremities on the growth and yield of horticultural crops



		SA is a safeguarding and signaling molecule for horticultural crops under abiotic stress



		Involvement of salicylic acid in the reduction of oxidative injury



		Salicylic acid improves salt tolerance by scavenging toxic ROS, MDA, and H2O2



		Salicylic acid and osmolytes activities



		Hormonal regulation with exogenous SA application



		Conclusion and future concerns



		Author contributions



		Funding



		Conflict of interest



		References









		Amelioration of cold-induced sweetening in potato by RNAi mediated silencing of StUGPase encoding UDP-glucose pyrophosphorylase



		1. Introduction.



		2. Materials and methods.



		2.1. Development of .StUGPase:RNAi gene construct



		2.1.1. Target selection.



		2.1.2. Development of hpRNA .StUGPase construct and binary vector cassette for potato transformation









		2.2. Potato transformation.



		2.3. Screening and selection of putative transgenic lines.



		2.4. Net house trial of .in-vitro grown UGPase-RNAi transgenic lines



		2.5. Evaluation of cold chipping attributes of potato pre and post-cold-storage.



		2.6. Sugar estimation.



		2.7. Molecular characterization of the selected transgenic potato lines.



		2.7.1. Southern hybridization analysis.



		2.7.2. Northern hybridization analysis.



		2.7.3. Quantitative real time-PCR.















		3. Results.



		3.1. Development of hpRNA .StUGPase gene construct and binary vector cassette(s) for potato transformation



		3.2. Potato transformation.



		3.3. Net house trial.



		3.4. Evaluation of processing attributes.



		3.4.1. Chip color.



		3.4.2. Soluble sugar content.









		3.5. Molecular characterization of selected transgenics.



		3.5.1. Southern analysis.



		3.5.2. Small RNA Northern blot analysis.



		3.5.3. Real-time PCR.















		4. Discussion.



		5. Conclusion.



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Two different strategies of Diversispora spurca-inoculated walnut seedlings to improve leaf P acquisition at low and moderate P levels



		Introduction



		Materials and methods



		Plant culture



		Experimental design



		Determinations of variables



		Statistical analysis









		Results



		Changes in root AMF colonization and soil hyphal length



		Plant growth responses



		Responses of leaf chlorophyll component concentrations



		Responses of leaf gas exchange



		Responses of leaf sugars



		Responses of leaf P concentration



		Responses of leaf PTs and PAPs expressions









		Discussion



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Deciphering the antimicrobial activity of multifaceted rhizospheric biocontrol agents of solanaceous crops viz., Trichoderma harzianum MC2, and Trichoderma harzianum NBG



		1 Introduction



		2 Materials and methods



		2.1 Isolation and selection of rhizospheric biocontrol fungus



		2.2 Characterization and identification of potent rhizospheric fungi



		2.3 Study of antimicrobial properties of the potent rhizospheric fungi



		2.3.1 Antibiosis test for the production of volatile inhibitory compounds



		2.3.2 Antibiosis test



		2.3.3 Qualitative assay of enzymes secreted by the rhizospheric microbes



		2.3.3.1 Cellulase assay



		2.3.3.2 Amylase assay



		2.3.3.4 Proteolytic assay









		2.3.4 Characterization of antimicrobial compound profile through LCMS









		2.4 In planta experiment



		2.4.1 Root colonization studies by electron microscopy









		2.5 Statistical analysis









		3 Results



		3.1 Isolation and screening of rhizospheric microbes



		3.2 Identification of the potent rhizospheric microbes



		3.3 Antimicrobial activity of the potent rhizospheric microbes



		3.3.1 Inhibition of radial growth of phytopathogens



		3.3.2 Effect of volatile compounds on target pathogens



		3.3.3 Effect of non-volatile compounds on target pathogens



		3.3.4 Qualitative assay of extracellular enzymes



		3.3.5 Analysis of antimicrobial compounds through LCMS



		3.3.6 Biocontrol assessment of T. harzianum MC2 and T. harzianum NBG in controlling bacterial wilt in field experiments



		3.3.7 Scanning electron microscopic observations















		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Physiological response of CmWRKY15-1 to chrysanthemum white rust based on TRV-VIGS



		1 Introduction



		2 Materials and methods



		2.1 Plant materials and vectors



		2.2 Reagents and culture medium



		2.3 pTRV2-CmWRKY15-1 instantaneous silencing system establishment of ‘China Red’



		2.4 Acquisition and identification of transgenic plants



		2.5 Verification of disease resistance function of CmWRKY15-1



		2.6 Data processing and statistical analysis









		3 Results



		3.1 Construction of pTRV2-CmWRKY15-1 vector



		3.2 Identification of instantaneous silenced transgenic plants



		3.3 Silencing of CmWRKY15-1 reduced the activity of protective enzymes in chrysanthemum under the infection of CWR



		3.4 Silencing of CmWRKY15-1 reduced the expression of defense-related genes in chrysanthemum under the infection of CWR









		4 Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		References









		Exogenous calcium: Its mechanisms and research advances involved in plant stress tolerance



		Introduction



		Advances in application of exogenous Ca2+ under abiotic stresses



		Drought stress



		Flooding stress



		Salt stress



		High temperature stress



		Low temperature stress



		Heavy metal stress



		Acid rain stress



		Some perspectives on future research









		Mechanisms of the role of exogenous Ca2+ in plant resistance against abiotic stresses



		Stabilization of cell wall and membranes



		Regulation of the Na+/K+ ratio



		Regulation of hormone levels in plants



		Maintenance of photosynthesis



		Regulation of plant respiratory metabolism and improvement of root activities



		Induction of gene expressions and protein transcriptions for the stress resistance









		Summary and outlook



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		References









		Primary plant nutrients modulate the reactive oxygen species metabolism and mitigate the impact of cold stress in overseeded perennial ryegrass



		1 Introduction



		2 Materials and methods



		2.1 Study site and experimental operations



		2.2 Sampling and quantification of biochemical analysis



		2.3 Crude enzyme extraction and the determination of soluble protein, enzymatic antioxidants, and proline content



		2.4 Determination of EL, MDA, and H2O2



		2.5 Quantification of photosynthetic pigments



		2.6 Experimental design and statistical analysis









		3 Results



		3.1 Influence of N, P, and K application on MDA, EL, and H2O2 contents under cold stress



		3.2 Soluble protein, enzymatic antioxidants (SOD, POD, and CAT), and proline content



		3.3 Photosynthetic pigments (Chl a, Chl b, T.Chl, and Car)



		3.4 Correlation analysis









		4 Discussion



		4.1 MDA, EL, and H2O2



		4.2 Soluble protein, SOD, POD, CAT, and proline content



		4.3 Photosynthetic pigments









		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Responses of differential metabolites and pathways to high temperature in cucumber anther



		Introduction



		Materials and methods



		Plant material and sampling



		Cytological observation



		Metabolomics experiments and data analysis









		Results



		Phenotype of pollen on high-temperature stress



		Overview of metabolomics profiling



		Differential metabolites under high-temperature stress









		Discussion



		Conclusions



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		GWAS reveals novel loci and identifies a pentatricopeptide repeat-containing protein (CsPPR) that improves low temperature germination in cucumber



		Introduction



		Materials and methods



		Plant materials



		Low temperature germination ability evaluation



		Statistical analysis



		Genome-wide association analysis and linkage disequilibrium analysis



		Identification of QTLs and candidate gene analysis



		Promoter cis-elements analysis and prediction of the CsPPR protein–protein interaction network



		RNA extraction and qRT-PCR verification



		Analysis of transgenic A.thaliana plants under low temperature stress









		Results



		Diversity of the RGR, RGE, RGI and RRL traits among the core cucumber germplasm



		D-value evaluation and clustering analysis



		Genome-wide association analysis of low temperature resistance at germination



		Candidate gene analysis at the novel and stable loci for LTG



		GWAS revealed CsPPR as a regulator of LTG in cucumber



		CsPPR of gLTG1.2 ectopic expression confers enhanced LT resistance during seed germination in A. thaliana









		Discussion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Supplementary material



		References









		Phyto-oxylipin mediated plant immune response to colonization and infection in the soybean-Phytophthora sojae pathosystem



		Introduction



		Methods



		Results and discussion



		Introduction



		Materials and methods



		Planting and inoculation of soybean cultivars



		Sample preparation for scanning electron microscopy



		Extraction of oxidized glycerolipids and primary oxylipins from soybean tissues



		Analysis of oxidized glycerolipids and primary oxylipins from susceptible and tolerant soybean cultivars



		Oxylipin network mapping from susceptible and tolerant soybean cultivars



		Data analysis









		Results



		Histological alterations in the root of susceptible and tolerant soybean cultivars infected with Phytophthora sojae



		Phyto-oxylipin profiling in susceptible and tolerant soybean cultivars in response to P. sojae infection



		Phyto-oxylipin induction in susceptible and tolerant soybean cultivars in response to P. sojae infection



		Spearman’s correlation between oxidized glycerolipids and primary oxylipins in soybean cultivars in response to P. sojae infection



		Phyto-oxylipins network analysis









		Discussion



		Data availability statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Supplementary material



		References























OPS/images/fpls-13-989959/fpls-13-989959-g001.jpg
-

;;l






OPS/images/fpls-13-989959/fpls-13-989959-g002.jpg
050
o

50
100
150

200

PavCHSLlike

o0

PavCus

PavCHS2

PavCHSI

Flavonoid content(mg/g DW)

PavCHS2

PavCHS1-ike






OPS/images/fpls.2023.1212982/im1.jpg





OPS/images/fpls-13-989959/crossmark.jpg
(®) Check for updates






OPS/images/fpls-13-989959/fpls-13-989959-g005.jpg
W1 __OE9 OE6 OES = WI _OEY OE6 OES (G)

FW)

SOD activity(Ulg

H é
0

g

E
)
g2
®
g
a
£

-
= or
=P
=P






OPS/images/fpls-13-989959/fpls-13-989959-g006.jpg
Relative expression

Relative expression

PAL W

% = 45
CJoks 40
CJoes o
S3s
2
230
&
Z 25
320
£1s
£u
)
& 1.0
0.5
0.0
0d 5d 10d 15d od 5d 10d 15d
| L4 ERwT
4CL ok CHI Eors
1.0 CJoxs 16 CJoEs
% [Joks % % CJoEs
0.8
0.6
0.4
0.2
0.0 -tz

0d 5d 10d 15d g 0d 5d 10d 15d





OPS/images/fpls-13-989959/fpls-13-989959-g003.jpg
«
=
=]
Z 0.10
2
2
B.0.08
w
]
© 0.06
] .
= 0.04
&
0.02
0.00 -
WT OE5  OE6  OE9
D ab ab
b b
a b ab
_ 100 fab -
s b | |
T 80 M| |=oes
= [oks
= Joro
E 60
o
£ 4
g
b
32
0
0 100 200 300

Mannitol





OPS/images/fpls-13-989959/fpls-13-989959-g004.jpg
B
T
Eloks
Coes
0.025 m A oes
* d
550020 b °
E |_‘—_|| b
=2
-5 0.015
B
g 0010
I
=]
0.005
0.000

0 nl.lM 100 mM 200 mM 300 mM

C ;s y Mannitol
= -
2 Eoes
= oes
okl oes
20
5o
=
215
o}
S
S
05
0.0

OmM  100mM 200 mM 300 mM
Mannitol





OPS/images/fpls.2023.1212982/crossmark.jpg
©

2

i

|





OPS/images/fpls-13-999518/fpls-13-999518-g005.gif
A 0S0CO 0S0C1 @seC2 @S1Co mSIC1 #51C2 85200 @s2C1 08202
0 333333338

ST
s | 82520

& e eecd]
mig

‘
ettt

885883888 ounbuB

oy
=

EY
0
w
®
- ®
IS
»
»
0
o

Time (dsy)





OPS/images/fpls-13-999518/fpls-13-999518-g006.gif
Electolyte leskage (%)

MDA content (yumol g-1)

vsnsEEs

w3

050C0 050C1 BS0C2

KkkkkkKkK

SICO WSICI BSIC2 BS2C0 0S2C1 @S2C2

09
s
o7
05
05
0s
03
02
o1

o

[EEEEIENY]

g

Bl

o






OPS/images/fpls-13-999518/fpls-13-999518-g007.gif
Total phenolics (mg 100 g-1 FWV')

10

0
0
150
%0
130
i)
1m0
100

©$0C0 OSOC] BSOC2 MSICO MSIC1 @S1C2 BS2C0 8S2C1 BS2C2

iiiiiiiii

o 0 0 ©
Time (day)





OPS/images/fpls-13-999518/fpls-13-999518-g008.gif
A 3 0S0C00S0CI @SOC2 @SICOMSICI BS1C2 BS2C0 BS2C1 BS2C2

ity U FW)
8

o5 | cecececee o

POD a

sagaass

SOD sctvity (Ug Fi¥)

)
Time (dsy)





OPS/images/fpls-13-999518/fpls-13-999518-g001.gif
[rer——

Bouytiscineren

s o
Concenaion (46






OPS/images/fpls-13-999518/fpls-13-999518-g002.gif





OPS/images/fpls-13-999518/fpls-13-999518-g003.gif
DS0CO DSOC1 @S0C2 WS1CO WSICI BSIC2 BS200 @201 HS2C2

nn

20






OPS/images/fpls-13-999518/fpls-13-999518-g004.gif
A, OSICO OSICI BSOCI BSICO WSICI OSIC2 BS2CO BSICH DS

s
g
2,
3
22
s
o
B
s Z
. < s
25 § .
i i
Lo ?
£as | =
i =
’ | =
1 | =
: ; ;

)

Time ()





OPS/images/fpls-13-1012439/fpls-13-1012439-g008.jpg
miR396b-5p
proMIR396b-5p

@—— _C
I\
&

Root
ABA
synthesis - -





OPS/images/fpls-13-999518/crossmark.jpg
(®) Check for updates





OPS/images/back-cover.jpg
Frontiers in
Plant Science

Cultivates the science of plant biology andits
applications.

journal, which

ed plant scien
ing of plant biology for

y, functional ecosystems

and human health.

Discover the latest
Research Topics






OPS/images/fpls-13-993130/fpls-13-993130-e001.jpg
No of colonies (CFU g~" dry weight) = 1/dilution factor
xnumber of colonies/dry weight ~ (2)





OPS/images/fpls-13-993130/fpls-13-993130-g001.jpg
b

C

d

'
d

0

~ ~ — —

30

m (:-ueld 8)1ysiam jooys

18
6
4
2
0
8
6
4
2
0

(w>d) y3iay jue|d

o N < " ~

1
0

a  (;ued 8)ysiam jooy

MN-54 Consortia

14
2
0

o0 Vs L= o ~

0

(w3) ya8ua| ooy

C

0
5
0
5
0
15
10
5
0

aonjea gvds

o
—
LLl

M 00 N W N T M N - O
;ued Jamoyy Jo Jaquunpy

MN-17 MN-54 Consortia

PsJN

Control

MN-17

PsIN

Control





OPS/images/fpls-13-993130/fpls-13-993130-g002.jpg
Control

Consortia

i
b
C C
d I I

(@

Flower diameter (mm)

Control PsIJN MN-17 MN-54 Consortia Control PsJN MN-17 MN-54 Consortia





OPS/images/fpls-13-999518/fpls-13-999518-t002.jpg
CI
Weight loss 0965
Firmness ~0872+
1SS 0810
TA ~0.749"
pH 0712
L ~0.799"
Chroma 0892
AE 0.908°

MDA content 0.867
clectrolyte leakage 0.918"
Total phenolic 0.877*

CAT —0.231
POD 039"
SOD 0.191%

Decayincidence  0.909°

Capsaicin content —0.810%"

Weight
loss

—0.869"
0883
~0.826"
0.746*
~0.799"
0892
0.908*
0918*
0949
0914
~0299"
0.175™
—0.182"
0850
~0.801*

Firmness

—0925*
0.946°
—0.840%
09417
0863+
—0943+
0953+
—~0946*
—0962+
—~0.069™
~0396*
0.01™
—0.768*
0.822°

TSS

~0905+
0811%
~0.0888°
0.829°
0.888*
0.904%
0989
0912°
0.050™
0373
—0.84™
0772
—0.831%

ignificantly of correlation at the 1 and 5%, respectively. ns i

TA

—0.867°%
0958+
—0.853*
—0.904*
—0.930%
—0.878"%
—0915*
0.038™
~0.565"%
0177
—0.693*
0798

—0.811"
0762+
0.779*
0.794%
0.763*
0793
0017
0.459*
0.020™
0,685

—0739*

icate insignificantly of correlati

L

—0.843 7
—0.934**
—~0.0932°* 0,925
—0.910"
0942+
0.066™
~0.410"
—0.0211"
—0.775%
0.832°

Chroma AE

0,934

0,978

0929 0987°
0902 0,982+
—0346" ~0.174™
0299 0223
—0.062"  0.03"
0788 0.846*
—0780"* —0.852

MDA

content

0973
0977
—~0.130"
0313+
0.028™
0.804°
0831

electrolyte
leakage

0.986*
—0.122"
0.188"
—0.063"
0842+
—~0.838*

Total
phenol

—0.064"
0250°
—~0.005"
0822
0843+

CAT

0.156"™
0339
—0.187"

0.079"

POD SOD

0267°
—0.076" —0.150"
—0.0147" 0.064™

Decay
incidence

—0.874™





OPS/images/fpls-13-999518/math_1.gif
Decay (%) = number of fruit decayed/total number of fruits
« 100





OPS/images/fpls-13-993130/cross.jpg
@ Check for updates.





OPS/images/fpls-13-993130/fpls-13-993130-e000.jpg
AS
DPPH inhibition (%) = [AC~ 21 x 100 (1)





OPS/images/fpls-13-999518/fpls-13-999518-g009.gif
Decay incidence (%)
o5B8858388E

1000 OSOC1 BS0C2 @$1C0 WSICL BS1C2 =52C0 BS2C1 BS22

e
Pannnnnn

o






OPS/images/fpls-13-999518/fpls-13-999518-g010.gif
Osoco  OsoCt @S0C2  @siCo @Sl

oss
ST PR

5 i :

Sty ccm 99,0440

025 4 -]
‘ g
02 i =
015 . =
; : -
il z :
il . -
i =
[} Lk &






OPS/images/fpls-13-999518/fpls-13-999518-t001.jpg
Storage time (days) Treatments

Control (S0C0)
PH
0 5150
20 573 %015
40 620 0,07
60 6830012
TA
0 3104
20 28054 0.83%
0 13.36 £ 201
60 7.27£0.83
TSS
0 6.00"
20 7330
40 8.66 4 0%
60 9,664 028"

Means with the same letters within row are not significantly different at p < 0.05 using Duncan. Control (S0C0), $,C0 (1.5 mM SA foliar sprayed fruit),
SICI (1.5 mM SA foliar sprayed fruit + 0.3 % caraway oil coated fruit), SIC2 (1.5 mM SA foliar sprayed fruit + 0.6 % caraway oil coated fruit), S2C1 (3mM SA foliar sprayed fruit +0.3 % caraway ol coated fruit), and S2C2 (3 mM SA

oil coated fi
foliar sprayed fruit + 0.6 % caraway oil coated fruit).

S1Co

515
5.56 =+ 0.09"
636 % 0.064"
658 0,094

3108
28.30  0.50°
16.25 £ 1.00°
829+ 098"

600"
7.66 % 0.58
8.000.28%
876 0!

$2C0

5.1
59401187
642025
6550.520¢

3104
23.72%055¢
15.03 £070¢
8.6 1.28%

6.00"
72400
7.66 £ 0.578"
8.80 4 0.28%¢

SoC1

515
538 4 0.03%
6.1540.11%
677 £ 0.17°

3040
26.92 % 0.64%
15.82 £096¢
814097

6.00m
7.16 £ 0
8.00 4 0.28%
9,16 0,28

S0C2

515

5.31 40055
624 % 0,09
660 0,184

3108
29.71 4023
15.95 £ 0.88¢
8,64 116"

6.00"
7.16 £0.28"
8.00 4 0.28%
881028

S1C1

515
5.77 £ 0.170
6264 0.18¢F

6574 0.08*¢

31040
26534 0.32%
15.11 £0.64%
8814 118¢

6.00"
7.16 £ 0.28"
783+ 028¢
890 0.5%¢

S1C2

515
5.48 4 0.05%
620 0.45%

650 0.12%¢

3108

27.09 % 0.61%
16,59 +0.25¢
8.9942.02¢

600"
7.13£0.28Y
7.73 4058

883 £ 028>

s2C1

5.15
5.68 % 0.16"
624009
6.47 £ 0.070¢

3104
25234 1.34%¢
15.36 £ 0.72¢
1056  1.09°

600"
7.16 £ 0.28"
7.66 4 0
8500

s2C2

515
5244 0.16

6.06 % 0.6

639007

3108
28204 092%
18.04 £ 0.65°
1070 % 1.12°

6.00™
7.00 £ 0.28%
8.00405%
850054

2C0 (3mM SA foliar sprayed fruit), C180 (0.3 % caraway oil coated fruit), €250 (0.6 % caraway





OPS/images/fpls.2023.1141823/fpls-14-1141823-g009.jpg
B 72h

OX760.6_control

OX780.6_control

OX780.6_noculated  X13HOTIE

conrad_inoculated 5
OX7606_inoculatod

°
X9 HpODE
0X760.6_control

OX760.6_noculated

OX760.6_control

conrad_inoculated

OX760.6_inoculated XIOTE

OX760.6_inoculated
X12.13.DiHOMI
OX760.6_control

conrad_inoculated conrad_inoculated OX760.6_control

A 48

©x760._contrl Treatment
X706 convol il Socieiad
ox780 & mocusied cllore controi
conrea._inociisug
' inoculated
xis
X760, comol
X T Fold Change
conrc ocuisad con i O increase
x12 Bron
o onsgo@emis © decrease
OX760 6_cantrol. e msox‘lw’mm!
conrad_inocuiated ‘w"“'. ol
ox7t08mocuited C9%h
G750, moculated
0X760.6_control X123 DIHOME

conrad_inoculated

conrag incculated OXT60.6_contiol

©X760.6_control

conrad_inoculated

©OX760 6_inceulnted

conrad_inoculited
o
OX760.6_incculated

0%760.6_control 100

conrad_inoculated

o
OX760.6_inoculatad  xg KOTYE

Genotype

o conrad

O 0x760-6

Relationship

 positive correlation

mm negative correlation
statistical contrast

conrad_inoculated

o
OX760.6 Inoculated

@

©OX760.6_control
conrad_inoculated

o
OX760.6_inoculated
HPETEOX760.6_control

°
conrad_inoculated

o
OX760.6_Inoculated

X12.13.DIHOMI

©X760.6_control

conrad_inoculated

conrad_inoculated @X760.6_control





OPS/images/fpls.2023.1141823/fpls-14-1141823-g008.jpg
A 48h Treatment Genotype

control conrad
soallio . o
x760.6 Ihocutacd ( inoculated Q) OX760-6

[ J
OX760.6_control

rad_inoculated
conrad_|
o
OX760.6_inoculated

Fold Change Relationship
g, . increase w positive correlation
mm negative correlation

OX760.6_inoculated

0X760.6_control

P XT817 EoD ° @ decrease -
conrad_noculated Sorehd Incouteed statistical contrast
o
OX760.6_inoculated OX760.6_inoculated
[ 4 X9,10.0iHOD * )
B 72h OX760.6_control - HPETEGX760.6_control C 9 h
0X760.8_control conrad_inoculated conrad_inoculated & OX760.6,_ control
0X760.6_sontrol conrad_inoculated 0X760.6_gontrol confad_inoculated
60 sg-xmm oxw:.n?pmunm
° OX760.6_inoculaled X9 KOTrE [}
conrag_inoculaied conrad_inoculated
o
OX780.5_inoculated [ J OX760.6_Inoculated
o OX760.6_control X1243 oHayE ) QX760 6_inoculated
OX760.6_inbeulated o P ® 0X760.6_indeulatod
X9.HpODE - conrad_inoculatod conrad_inoculated OX760.6_control L )
[} OX760.6_control (0X760.6_control
(OX760.6_control OX760.6_control
. X16.1 o X16.1
conrad_inoculated Sonfia_inoculaiad conrad_incculated conrad_inoculated
POA
o -] o o
OX760.6_inoculated 0x760.6_inoculated OX760.6_inocuated OX7606_inoculatod
X9.10.0 X9.10.DiH @
om’_mu “HPETEX760.6_control 0X760.6_control X12.5.HPETEQx760.6_control
conrad_inoculated ' conrad_inoculated conrad_inoculated conrad_inoculated
o )
OX7606_inoculated  xg KO OX7606_inoculated  xe KOTIE
X7t oinv.i o
@ g ey OX760.6_inoculated
X12.43.DIHOME
OX760.6_control ° ™ ® OX760.6_control .
conrad inoculated conrad_inoculated OX760.6_ conrad_inoculated conrad inoculated OX760.6_control





OPS/images/fpls.2023.1141823/fpls-14-1141823-g007.jpg
TG(54:8+30)
12(S)-HpETE
TG(54:6+0x)
T6(54:8+20)
PI28:3+20
T6(52:6+0)
9-KOTrE
PA34:340
13-KODE
16,17-EpDPE

T6(54:2+0)
PC36:6+20
9,10-DIHODE
12-0PDA
12,13-DIHOME
PE38:6+20
PE38:6+0
16(50:3+0)

TG(54:8+30)

TG(54:6+0x)

B 6(54:8+20)

9% ouiule
85288845
PEEESEE S S
FgeEfRgadn
om o
H o

T6(54:240)

PC36:6420

M 9.10-DiHODE

12-OPDA

PE38:6+20
PE38:6+40

-1->-0.818
-0.818 -> -0.636
-0.636 -> -0.455
-0.455 ->-0.273
-0.273 -> -0.091
-0.091 -> 0.091
0.091 ->0.273
0.273 -> 0.455
0.455 -> 0.636
0.636 -> 0.818
0818->1

16,17-EpDPE
13-HOTrE
12,13-DiIHOME
9,10-DIHODE
13-KODE
9-KOTrE
9-HpODE
12(5)-HpETE
12-0PDA
PA(34:3+0)
PC(36:6+20)
PC(36:5+20)
PE(38:6+20)
PE(38:6+0)
T6(54:240x)
T6(54:8+20)
16(54:8+30)
16(52:6+0)
T6(54:9+0)
T6(60:9+450)
T6(60:8450)
T6(60:10+60)

16,17-EpDPE

13-HOTrE

13-KODE
9.KOTrE
9-HpODE

12(5)-HpETE

PE(38:6+0)

g
5
$
s
2

g
3
b4
2
|

)
2
b
g

| |

g
@
3
I
2

g
@
8
g
|
[ ]
|
[ |
[ ]
u
u
[ ]
u
|

g
&
g
=
2

T6(60:10+60))

-1->-0.818
-0.818 ->-0.636
-0.636 ->-0.455
-0.455 ->-0.273
-0.273 ->-0.091
-0.091 ->0.091
0.091->0.273
0.273 ->0.455
0.455 ->0.636
0.636 ->0.818
0818 ->1






OPS/images/fpls.2023.1141823/fpls-14-1141823-g006.jpg
Gl

G2

16.17-€p0PE
12(5)-HpETE
PE(38:6920)
PC(36:5+20)
T6(54:9+0)
16(60:10460)
PE(38:6+0)
9-KOTrE
9-MpODE
2,13-DIHOME
9,10-DiHODE
13-HOTrE
13-X00E
PC(36:6420)
12.0P0A
T6{52:6+0)
16(54:8430)
16(54:8+20)
PA(34:340)
T6(54:240x)
T6(60:9+50)
16(60:8+50)

<1
“1--0.78
-0.78--0.56
0.56--0.33
“0.33--0.11
0.11-0.41
0.11-033
0.33.056
0.56-0.78
0.78-1

>1

oo et
~¥EBE¥RE

B
80
= @ osc
Egl § o
‘:‘su Z\.cu
gw
3 .
$20] o= 12} \
0 Gt = 050
-P'»R- L2 ¢°¢°'>°-P,,‘ otP«:P
K & o g g
& o"«%@ CSESI PSS
e . v
o o—o—e
$1gO0E o 12.43-DIHOME
— | ;’/
AVAIC RS
DR I ]
naone posy 13-K00E -
VA ER =

Inccuiaton tme (h)

Ins¢utaton tme (h)

b






OPS/images/fpls.2023.1141823/fpls-14-1141823-g005.jpg
B 60
@ ORC
= 50
°
E
E 40
s
8
530
°
H
320
PAIA:3+0 - - P
PC36:5020 * = 210
PC36:6420 -0 [N 2
76(54:240) -07s--05¢ [N 0
:::3:(,0) 056--033 N R |
Gl 33 65 DabME o301 $,,-9",1° 2, 0\ 50‘ <>\ © '\9 ,.0\ 'v°$_¢°;o*‘
,10-0iHODE oa-on e".,c“"qd’“@",\(,"‘ 0@‘,« S o" St
13.HOTrE oar-033 NN
‘lll—KODI 0.33-056 | ] C s $1p006 - 1213.0HOME - 9.10.0M00E
bveed Voot | 2 &
G -KOTrE ose-07s NN E *"‘ = g - :
16(50:3+0) 078-1 o= g:l | b
PEI6+0 prcesd et
1 = pos
PE3S:6020 > g —s s
16(52:6+0) e - e ¢
P128:3020 prome o
12($) HPETE frosed|
16,17.£p0PE boosed |
16(54:8+20) =
T6(54:690%) =
VUV VEEEEEEEEEEEEVUVUVUVEEEEEESsEEEE® . & * . * . ok
585555535553 823 80 COORANAFRRRAARA peore e
SI3III3I333 353332 2aa00 -] E—
EEEEEEBEEEES EEEEZEEEBEEE |

Rrm
<}

»l
W e—0—o o—o0—0
PR S— e =

Inoculated e () Inocuaton time () Inocdated e ()





OPS/images/fpls-13-993841/inline_6.gif





OPS/images/fpls-13-993841/inline_7.gif





OPS/images/fpls-13-993841/inline_2.gif





OPS/images/fpls-13-993841/inline_3.gif





OPS/images/fpls-13-993841/inline_4.gif





OPS/images/fpls-13-993841/inline_5.gif





OPS/images/fpls-13-993841/inline_1.gif





OPS/images/fpls-13-993841/inline_10.gif





OPS/images/fpls-13-993841/inline_11.gif





OPS/images/fpls-13-993841/inline_12.gif





OPS/images/fpls.2023.1141823/table3.jpg
Oxidized glycerolipids

Relative abundance (nmol)

Lipid class
ORI CRC

PC36:6+20* 9.65 + 0.88° 1247 £ 061° 0.00 = 00¢ 18.02 £ 0.10°
Phosphatidylcholine

PC36:5+420* 20.10 +0.78" 16.58 + 0.46° 0.00 = 00* 2334+ 021°

PE38:6+0* 1539 +0.28" 25.23 + 045" 0.00 = 00* 8.58 + 0.18°
Phosphatidylethanolamine

PE38:6+20* 9.65 + 0.88" 11.97 + 039 0.00 = 00* 8.79 £ 0.40°
Phosphatidic acid PA34:3+0* 10.67 £ 0.25° 6.48 = 0.38 0.00 £ 00° 10.85 + 0.26
Phosphatidylinositol PI28:3+20% 3.60 £ 021° 3.06 + 0.13° 0.00 = 00" 036 = 0.02°

TG50:3+0* 7.63 £0.17° 12.81 + 057 038 = 0.16* 6.49 + 0.23°

TG52:6+0" 533 £ 0.16* 3.97 £ 032 0.00 = 00* 0.75 £ 0.05°

TG54:2+0" 252 +0.20° 1.63 + 0.60° 0.12 0014 351 £ 0.20°
Triacylglycerol

TG54:8+20* 134 + 053¢ 5.05 + 0.25° 37.92 + 023" 19.63 £ 0.15°

TG54:8+30" 155 +0.41° 203 + 0.50° 031 £0.01° 212 £ 0.04°

TG54:6+0x* 038 + 0.20° 3.02 £ 0.13° 5145 + 0.29° 2456 + 041"

Summary of oxidized glycerolipids (nmol) in the roots of both soybean cultivars. Data represented are means + standard errors for four sample replicates. Means in the same row accompanied by
different superscripts represent significance differences (*) between the treatments, consisting of susceptible root control (ORC) and susceptible root inoculated (ORI); and tolerant root control
(CRC) and tolerant root inoculated (CRI) from 10-day old plants. Significance level assessed at o = 0.05. The oxylipins detected were oxidized phosphatidylcholine (Ox-PC), oxidized
phosphatidylethanolamine (Ox-PE), oxidized phosphatidic acid (Ox-PA), oxidized phosphatidylinositol (Ox-PI), and oxidized triacylglycerol (Ox-TG), O = monoxide, 20 = dioxide, 30 = trioxide

and Ox = oxidized.
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‘Summary of primary oxylipin (nmol) in the stems of both soybean cultivars. Data represented are means & standard errors for four sample replicates. Means in the same row accompanied by different superscripts represent significance differences (*) between the treatments,
consisting of susceptible stem control (OSC) and susceptible stem inoculated (OS1); and tolerant stem control (CSC) and tolerant stem inoculated (CSI) from 10-day old plants following post inoculation period of 48 h, 72 h or 96 h Significance level assessed at @< 0.05. The
oxylipins detected were 10(E), 12(E)-9-hydroperoxyoctadeca-10,12-dienoic acid (9-HpODE), 10(E)12(2), 135-hydroxy-9(2).11(E).15(2)-octadecatrienoic acid (13-HOTYE), and 125-hydroperoxy-5(2)8(2),10(E),14(2)-cicosatetraenoic acid (12(5)-HpETE), 15(2)-
octadecatrienoic acid (9-KOTFE) and (9Z,11E)-13-Oxo-9,11-octadecadienoic acid (13-KODE), 12-oxophytodienoic acid (12-OPDA), (122,152)-9,10-dihydroxyoctadeca-12,15-dienoic acid (9, 10-DIHODE), (2)-12,13-dihydroxyoctadec
(42,72,102,132)-15-[3-[(2)-pent-2-enyl oxiran-2-yl]pentadeca-4,7,10,13-tetraenoic acid (16,17-EpDPE).

oxo-
enoic acid (12,13-DiHOME), and
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‘Summary of primary oxylipin (nmol) in the roots of both soybean cultivars. Data presented are means + standard errors for four sample replicates. Means in the same row accompanied by diflerent superscripts represent significance differences (*) between the treatments,
consisting of suscepible root control (ORC) and susceptible root inoculated (ORI); and tolerant root control (CRC) and tolerant root inoculated (CRI) from 10-day old plants following a post-inoculation period of 48 h, 72 h or 96 h. Significance level assessed at o< 0.5, The
oxylipins detected were 10(E), 12(E)-9-hydroperoxyoctadeca-10,12-dienoic acid (9-HpODE), 10(E),12(2), 135-hydroxy-9(2),11(E).15(Z)-octadecatrienoic acid (13-HOTE), and 125-hydroperoxy-5(2),8(Z),10(E),14(2)-¢icosatetraenoic acid (12(5)-HpETE

octadecatrienoic acid (9-KOTFE) and (9Z,11E)-13-Oxo-9,11-octadecadienoic acid (13-KODE), 12-oxophytodienoic acid (12-OPDA), (1223152)-9,10-dihydroxyoctadeca-12,15-dienoic acid (9, 10-DIHODE), (2)-12,13-dihydroxyoctadec-9-enoic acid (12,13-DiHOME), and
(42,72,102,132)-15-[3-[(2)-pent-2-enyl oxiran-2-yl pentadeca-4,7,10,13-tetraenoic acid (16,17-EpDPE)
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Oxidized glycerolipid Relative abundance (nmol)

Lipid class
osl| Csc
PC36:6+20* 1.85 £ 0.07" 0.19 £ 0.07° 035 £ 0.20° 375 £ 020°
Phosphatidylcholine T
PC36:5+20" 1741 + 0.40° 20.18 + 0.58° 17.62 + 0.66" 19.75 + 0.16*
PE38:6+0% 2245 +031° 24.17 + 0.60° 21.81 +035° 20.96 + 0.36°
Phosphatidylethanolamine
PE38:6+20" 18.07 + 0.63 20.18 + 058" 17.63 + 0.60° 19.53 + 0.46
Phosphatidic acid PA34:3+0% 0.04 + 0.00° 0.05 +0.02° 1627  021° 640 +0.17"
TG54:8+20* 1.76 +0.32° 0.69 + 0.23¢ 9.79 + 2.00° 6.20 + 0.30°
TG54:8+30% 093 £ 0.02° 1.20 +0.90° 130 £ 0.30" 2.03 £ 0.90°
TG52:6+0% 0.62 £ 0.13° 033 £0.21° 1.81 £ 0.20° 2.87 £ 0.85°
TG54:9+0* 429 £ 1.55° 310 +0.72° 0.09  0.05° 049 £ 0.14°
Triacylglycerol ; | 1 |
TG60:9+50% 424 = 1.00° 637 £0.82° 2246 + 6.00° 24.22 + 047°
TG60:8+50% 0.47 £ 0.20° 235 £ L16° 17.90 + 5.00° 24.19 + 0.62°
TG60:10+60* 47.05 +031° 67.13 + 4.64° 017 £ 0.10° 0.00 £ 0.00°
TG54:2+0x* 0.00 £ 0.00° 0.00 £ 0.00° 526 + 2.00° 7.34 £ 047

Summary of oxidized glycerolipids (nmol) in the stems of both soybean cultivars. Data represented are means + standard errors for four sample replicates. Means in the same row accompanied by different
superscripts represent significance differences () between the treatments, consisting of susceptible stem control (OSC) and susceptible stem inoculated (OSI); and tolerant stem control (CSC) and tolerant stem
inoculated (CSI) from 10-day old plants, at a significance level assessed at ¢ < 0.05. The oxylipins detected were oxidized phosphatidylcholine (Ox-PC), oxidized phosphatidylethanolamine (Ox-PE), oxidized
phosphatidic acid (Ox-PA), and oxidized triacylglycerol (Ox-TG), O = monoxide, 20 = dioxide, 30 = trioxide, 40 = tetroxide, 50 = pentoxide, 60 = hexoxide and Ox = oxidized.
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AMF treatments P treatments Interaction

Root mycorrhizal colonization rate <0.0001 0.1234 0.1234
Soil hyphal length <0.0001 0.0008 0.0008
Plant height <0.0001 0.0016 0.1856
Stem diameter 0.0003 0.0004 0.8247
Total biomass <0.0001 0.0005 0.1455
Chlorophyll a 0.1826 0.0015 0.6505
Chlorophyll b 0.1988 0.2294 0.2518
Carotenoid 0.1124 0.1108 0.9261
Total chlorophyll 0.1291 0.0038 0.4066
Leaf photosynthetic rate 0.0187 <0.0001 0.1631
Leaf transpiration rate 0.0162 1 0.0708 [ 0.9161
Leaf stomatal conductance 0.0027 0.0341 0.9671
Leaf fructose [ 0.1184 0.8547 0.0036
Leaf glucose 0.3765 0.0185 0.0287
Leaf sucrose 0.5571 0.0009 0.1001
Leaf P 0.0029 0.0016 0.0540
Leaf JrPT3;1 <0.0001 <0.0001 <0.0001
Leaf JrPT3;2 0.0016 0.3693 0.0322
Leaf JrPAP10 <0.0001 <0.0001 <0.000

Leaf JrPAP12 <0.0001 <0.0001 0.0099
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ient solution composition

Ca(NOs),.4H,0 5 mM
KNO, 5 mM
MgS0,.7H,0 2 mM

| K,HPO, 0.18 mM
KH,PO, 0.20 mM
Fe-EDTA 10 UM
CuS0,.5H,0 031 UM
(NH,)sMO;0,4 0.44 UM
MnCl, 445 UM
ZnS0,7H,0 0.76 UM
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Representative Gene:

Coding gene: PLC, MIPS, PCD
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Plasma membrane proton pump gene: GmPHA1

Antioxidant enzyme-related gene: EnAPX, EnCAT2
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Leaf mass ratio (LMR) = leaf weight/total plant weight
Leaf mass fracton (LMF) = leafweight/plant weight ofshoot
Leaf area root mass ratio (LARMR)
= total leaf area/total root mass

Leaf specfic weight (SLW)
= specific leafarea/dry weigh of specific leaf weight
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Primer Sequence (5

CmWRKY15-1-F CGGAATTCTTCTGATGAGGAGGACAGCGA
CmWRKY15-1-R CGGGATCCGTTTCTTTGGGCTCGACTCGG
TRV2-F GGGCTAACAGTGCTCTTGGTG
TRV2-R CGGACCTCCACTCGCTGGAGG
Actin-F TCCGTTGCCCTGAGGTTCT
Actin-R GATTTCCTTGCTCATCCTGTCA
PAL-F ATGGCACCGAAGCAAGTCACAC
PAL-R GATACCCGAGTAACCCTGGAGGAG
CHI-F GGAGGTGCCCATTGTAACAGGAAG
CHI-F TCCCAACCCTTATCACACACTTTCTTC
SOD-F TTAACCCTCTCAGCCGCCTCAG
SOD-R AGTCCCTTTAAGCACAGCAACAGC
POD-F CTGGAGGTCCTTCTTGGAAAGTGC
POD-R GTCGGTTGGAGCAGGGATTTGAG

The underlined part is the restriction enzyme recognition site.
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Fluorescence parameters

Fy = Fsgys or Fy = Fague
F,=Fp

Vj = (Fams = Fo)/(Fyy — Fo)
Vi = (Fsoms = Fo)/(F,, = Fo)
W, = (F, - F)/(F; - Fy)

Wi = (F00 us — Fo)/(F; — Fo)

Vi = (Fso0 s = Fo)/(F,, = Fy)

Minimum fluorescence

Maximum fluorescence

Relative variable fluorescence at 2 ms

Relative variable fluorescence at 30 ms

Relative variable fluorescence for the normalization between Fy and F;
Ratio of variable fluorescence at K-step to the amplitude Fj - F,

Relative variable fluorescence at 300 s

DF g5 The driving force based on absorbing light energy
Plgs Photosynthetic performance index based on absorbed light energy
Pliytar Total PI, measuring the performance up to the PSI end electron acceptors
ABS/RC Absorption flux per RC Light energy absorbed by per unit reaction center (RC)
TR,/RC Trapped energy flux per RC at t = 0
ET,/RC Electron transport flux per RC at t = 0
DI,/RC Dissipated energy flux per RC at t = 0
ABS/CS,, Absorption flux per leaf cross section (t=tg,,)
TR,/CS,, Trapped energy flux per leaf cross section (t=tgy,)
ET,/CS,, Electron transport flux per leaf cross section (t=tg;,)
DI,/CS,, Dissipated energy flux per leaf cross section (t=tg,,)
RC/CS,, Number of active reaction sites per leaf cross section (t=tg;,)
Ppo Maximum quantum yield of primary photochemistry Maximum photochemical efficiency(t=0)
Pro Quantum yield for electron transport(t=0)
Quantum yield of electron transport from Qj to the PS1 end electron

i acceptors
5 Efficiency with which an electron can move from the reduced intersystem

Ro

electron acceptors to the PSI end electron acceptors

Probability (t=0) that a trapped exciton moves an electron into the electron transport chain beyond QA™
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Treatment  Treatment Disease Shoot No of No of Yield oot dry weight = Root dry weight

No. Description incidence length branches/ fruits/ (Kg/ (gram/plant) (gram/plant)
(%) (cm) plant plant plant)
T, Untreated 0.00 66.33 3133 32.00 326 35.00 1533
control
T, MC2* + NBG' 0.00 74.66 34.66 4033 445 37.66 16.66
Ts MC2 0.00 7233 34.66 35.66 378 3166 13.00
T, NBG 0.00 68.66 24.66 3266 353 26.33 12.00
Ts Inoculated 100 41.00 16.66 18.66 1.67 1533 02.66
control (RS")
Te NBG+RS 77.50 68.55 24.66 3266 353 2633 12.00
T MC2+RS 61.50 72.33 34.66 3566 378 31.66 13.00
Ty MC2 + NBG + 52.50 65.66 25.00 3333 3.67 26.33 11.00
RS
CD at 5% 191 234 495 241 313
+ SE (m) 0.62 0.76 161 0.79 1.02

* Trichoderma harzianum MC2, "Trichoderma harzianum NBG, *Ralstonia solanacearum, CD, Critical Difference at 5% (p< 0.05), SE (m), Standard Error of Mean.
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Treatment Description

TR FI

TR FI + ZnO NPs (100 ppm)

TR3 MDR

TR4 MDR + ZnO NPs (100 ppm)
TRS IDR (intensive drought regime)

TR6 IDR + ZnO NPS (100 ppm)
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A Significant metabolites derived from LCMS extract of T. harzianum NBG
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8. Significant metabolites derived from LCMS extract of T. harzianum MC2
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Treatments

First season
TR1

TR2

TR3

TR4

TR5

TR6
Second season
TR1

TR2

TR3

TR4

TR5

TR6

SL, stomatal length; SW, stomatal width; PL, pore length; PW, pore width; ABX, abaxial; ADX, adaxial.

SL (um)

ABX

28.5 +1.99d
30.9 +0.69cd
37.7 £0.51a
34.6 + 0.46b
38.8 £ 1.0la
32.8 + 1.54bc

27.8 £231c
32.5 + 1.16bc
38.1 + 3.84ab
392 £ 1.07a
36.1 + 1.89ab
35.6 + 2.63ab

ADX

31.1 £2.28b
314 £ 0.75b
33.5 + 3.20ab
385 + 1.43a
31.8 £ 1.20b
33.0 + 3.34ab

33.4 £ 2.07ab
299 + 1.61bc
36.8 £ 3.70a
33.2 + 1.80ab
34.2 + 0.28ab
27.8 £ 0.74c

SW (um)

ABX ADX
213 £1.21b 249 + 0.63a
25.6 £ 0.83a 242 + 1.04a
249 + 1.06a 25.1 + 0.81a
26.6 + 1.68a 26.4 + 0.85a
26.6 +£0.77a 27.06 + 1.85a
23.8 £ 0.89ab 27.0 £ 1.28a
22.1 £0.97¢ 23.5 £ 0.35bc
219 £ 0.97¢ 223+ 0.83¢
257 £ 1.41b 263 £ 1.55ab
26.4 + 0.89ab 25.3 + 0.83abc
28.8 + 1.60a 25.0 £ 1.33bc
24.2 + 0.75bc 28.6 + 2.41a

PL (um)
ABX ADX

14.9 + 0.88cd 16.7 + 1.22ab
13.0 + 1.26d 14.9 + 1.02b
19.3 + 1.35ab 16.0 + 0.92ab
21.2 + 1.18a 19.8 + 1.07a
16.8 + 1.72bc 15.2 + 1.23b
14.5 + 1.32cd 15.1 + 1.78b
16.0 + 0.91bc 18.6 + 0.99a
13.5 £ 1.55¢ 13.5 + 0.60b
20.6 £ 1.37a 18.7 + 1.69a
20.1 + 1.86ab 16.1 £ 0.75ab
15.8 + 1.09¢ 14.6 + 1.51b

17.0 + 2.53abc

13.9 £ 0.99b

PW (um)

ABX ADX
4.29 + 0.45b 3.76 + 0.52d
6.61 £ 0.50a 4.69 + 0.81cd
6.10 £ 0.52a 5.65 + 0.22bc
6.94 £ 0.78a 9.24 + 0.60a
5.78 + 0.58a 7.43 + 0.44ab
6.16 £ 0.21a 7.13 £1.22b
3.92 + 1.03b 5.25 + 0.19¢
5.96 + 0.83a 5.56 + 0.68bc
7.23 £0.12a 6.02 + 0.47bc
7.10 £ 0.78a 7.84 £ 0.55a
6.38 +0.82a 4.93 + 0.81c
6.01 £0.33a 6.80 + 0.62ab
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EC Cations Anions Na Ca+ Mg+ Ccr SO2 TDS CO3 HCO; SAR pH
(dS/m) (mEq/L) (mEq/L) +(mEq/ +(mEq/ +(mEq/L) (mEq/ (mEq/L) (ppm) (mEgq/L) (mEg/L)
L) L) L)

0.4 8.6 8.6 1.29 3.7 2.1 1.13 1.02 256 0 217 098 7.11

EC, Electrical conductivity.
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Treatment = Bioagents = Fusarium oxysporum f. Colletotrichum Rhizoctonia solani Ralstonia solanacearum

No. sp. lycopersicum gloeosporioides
Radial Inhibition Radial Inhibition Radial Inhibition Radial Inhibition
growth (%) growth (%) growth (%) growth (%)
(mm) (mm) (mm) (mm)
To Control | 90.00 0.00 90.00 0.00 90.00 0.00 90.00 0.00
T, ‘ JC1 043 9522 1.83 79.66 2.76 6933 31.66 3517
T, JjC3 1.63 81.88 1.86 79.33 3.46 6155 35.66 39.62
Ty MCG 1.66 81.56 213 76.33 3.10 6555 27.00 30.00
Ty MC2 030 96.00 1.40 84.44 2.56 7155 46.00 51.00
Ts NBG 023 97.00 033 96.33 0.40 9555 41.66 4629
Ts NC2 223 7527 3.16 64.88 3.00 66.66 34.80 38.66
T, NC1 216 76.00 2.00 77.77 3.16 64.88 34.66 3851
Ty NBY 203 77.44 1.70 8111 4.16 53.77 3133 3481
D ‘ 022 0.19 0.30 133
+ SE(d) 0.10 0.09 0.14 0.64

CD, Critical Difference at 5% (p< 0.05); SE (d), Standard Error of Deviation.
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EC Cations Anions Na Ca+ Mg+ Cr SO2 TDS CO3 HCO; SAR pH
(dS/m) (mEq/L) (mEq/L) +(mEq/ +(mEq/ +(mEq/L) (mEq/ (mEq/L) (ppm) (mEq/L) (mEq/L)
L) L) L)

0.4 8.6 8.6 1.29 3.7 2.1 1.13 1.02 256 0 217 098 7.11

EC, Electrical conductivity.
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Treatment Bioagents Fusarium oxysporum f. sp. lycopersicum Colletotrichum gloeosporioides

No.
Radial growth (mm) Inhibition (%) Radial growth (mm) Inhibition (%)

T, Control 90.00 0.00 90.00 0.00
T, JC1 3.00 66.66 3.66 5933
T JCc3 353 60.73 440 5111
Ty MCG 333 63.00 4.03 5522
T, MC2 2.06 77.11 250 7222
Ts NBG 220 7555 240 7333
Te NC2 3.66 5933 4.10 5444
Ty NCl1 3.03 66.33 433 51.88
Ty NBY 356 6044 4.60 4888
CcD 0.29 023

+ SE(d) 0.13 011

CD, Critical Difference at 5% (p< 0.05); SE (d), Standard Error of Deviation.
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Treatment  Bioagents  Fusarium oxysporum f. Colletotrichum Rhizoctonia solani Ralstonia solanacearu

No. sp. lycopersicum gloeosporioides
Radial Inhibition Radial Inhibition Radial Inhibition Radial Inhibition
growth (%) growth (%) growth (%) growth (%)
(mm) (mm) (mm) (mm)
To Control 90.00 00.00 90.00 0.00 90.00 0.00 90.00 0.00
T, JC1 1.00 88.80 1.02 88.66 027 97.00 31.66 35.17
T, JC3 150 83.60 0.95 89.44 050 94.44 35.66 39.62
Ty MCG 1.70 81.80 0.60 9330 0.60 93.33 27.00 30.00
T, MC2 0.07 9250 0.77 9144 0.00 100.00 16.00 51.00
Ts NBG 1.00 88.80 0.50 94.44 0.00 100.00 41.66 4629
Ts NC2 1.70 80.00 1.02 88.66 1.00 88.88 34.80 38.66
T, NC1 1.50 83.30 1.20 86.66 0.12 98.66 34.66 3851
Ty NBY 1.70 80.00 1.02 88.66 0.80 9L11 3133 3481
CcD 521 2.63 011 133
+ SE(d) 252 127 0.05 0.64

CD, Critical Difference at 5% (p< 0.05), SE(d), Standard Error of Deviation.
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A.ITS based Identification

Isolate ID Species Identified NCBI Accession ID
Me2 Trichoderma lxi MC2 OM149854
icr Trichoderma lentiforme 1C1 OMI49855
i Trichoderma viride IC3 OMI49856
xei Trichoderma lxi THITS1 2959806
Ne Trichoderma harsianum TV_ITS1 2939507
NBG Trichoderma lxi NBG MZ836537
By Trichoderma lixii NBY MZ836535
MeG Trchoderma harsianun MCG MZ836839

B. Tef 1 o based Identification

Isolate ID Species Identified NCBI Accession ID
Nz Trichoderma harziamum NC2 op313506
NBG Trichoderma harzianum NBG op313507
xei Trichoderma harzianum NCU op313s0s
Me2 Trichoderma harzianun MC2 op313509
ict Trichoderma harsianum 1C1 op313si0
i Trichoderma harzianum 1C3 opsissi
By Trichoderma haranum NBY opaisi2

MCG Trchoderma harzianum MCG op313sI3
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A. Morphological Identification

Morphological Feature Characteristics Strains.

' Conidia shape Elpsoidal subglobose C2, NBG, I, 3, NCI, NC2, MCG,
v

2 Phiaides shape Bowing pin. ageniform. MC2,NBG, CH, C3, XCI, NC2, MCG,
v

5 Phide dposion Tendingcisters,Spores prodoced succsively s tp ofphisides orming globosc Nex
gocoid had
Tndingcsters NBG.C1. JC3, N2
sine NCILMCG, NBY
4 Cllampdospores Formed st tps ez
ermins snd nerclary B, JC1
Terminsl o5 B
Froguent and trminal NeL NG e
5 Conidiophore branching Conifrand el MC2, NBG, 1, JC3, NC1, NG MCG,
By

Hyphae colorand sepration Hyaline and septate

8. Culture Identification

Cultural variabil Characteristics
tures.
' Growih rate (90mm) Sy ye2
s NBG
ays JC1LIC3,NCIL NC2, MCG, NBY
2 Texure Dense and gramdae Me2
Dense by NBG, NI, NC2, NBY
Cotony growth fenies
Fine grandse NG
3 Sporultion Excelentsporaion MC2. NBG, NI,
Moderse sporultion NG
Low sporulsion fenies
4 Coony color Decp olive gren with radal sporultion ez
Bright and dark green concenic rings NBG
White mat with very less patc of sporltion fenies
Distinet ight and sighty fade alive green concenric rings ol
Decp ol gren with radal sporultion e
Distinct iht and decp olive-gren concenric rings N
Bright green with o concenteic rings NeG
Bright green and yellowsh concenric rings ey
s Coony reersecolor whie AIC2, NBG, 1, 3, NCI, NC2 MCG,

v
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Chlorophyll a Chlorophyll b Carotenoids Total Chlorophyll
(mgg™' FW) (mg g~ FW) (mg g™ FW) (mg g~ FW)

Treatments
2016-17 2017-18 2016-17 2017-18 2016-17 2017-18 2016-17 2017-18

Nassis Passis Kasois 1.08 1.09 043 044 037 0.36 1.68 1.81
Nassts Pasors Keos 1.04 1.32 045 063 033 ‘ 050 1.63 201
Nassis Peosz Kassrs 1.09 1.30 045 062 037 0.49 1.65 179
Nasisia Peosz Ke i 113 131 048 058 0.40 047 172 191
Neos Pisois Kassis 072 0.82 027 029 0.26 027 L1l 122
Neosz Pazors Keog 067 0.84 024 030 023 031 1.05 114
Neos2 Peosz Kosors 074 0.83 027 032 027 0.28 1.01 110
Neos2 Peos2 Keos2 067 097 024 036 025 031 093 1.01
Nag Pis Kis 132 1.20 062 051 0.49 042 2.00 1.89
No Pis Kis 067 071 027 026 029 027 097 1.00
Nis Py Kis 1.08 116 043 051 0.36 045 1.65 1.69
Nis Po Kis 1.08 0.86 041 032 0.40 ‘ 027 147 156
Nis Pis Ko 088 097 033 038 029 034 1.4 149
Nis Pis Ko 1.02 112 039 044 038 039 143 147
Nis Pis Kis 0.94 1.29 035 058 031 046 1.50 163
Nis Pis Kis 1.09 1.02 043 040 036 034 155 152
Nis Pis Kis 114 110 046 043 037 0.36 1.63 162
Nis Pis Kis 1.03 1.07 042 041 0.40 ‘ 035 1.56 s
Nis Pis Kis 1.02 115 040 047 034 044 151 161
Nis Pis Kis 117 116 047 049 041 045 1.64 168
Nis Pis Kis 122 1.28 054 056 0.44 046 1.68 1.70
Nis Pis Kis 1.10 1.00 043 037 036 035 1.64 154
Nis Pis Kis 134 L12 070 045 0.50 0.36 1.67 1.66
No Po Ko 066 0.70 021 025 023 025 0.86 093
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Leaf . .
Sheath Epidermal Cortical

vascular Phloem  Aerenchyma

7 Sclerenchymatous Metaxylem
Habitat : cell area cell area 5 bundle 2 area cell area
thickness 2 2 thickness (um) area (um®) > 5
(Hm?) (Hm?) area (um?) (um”) (Hm?)
(um)
DE-SD 568.51 101155 15468.51 81.6g 35314.2) 1517.2h 10986.61 0.0a
M-RB 467.5d 802.2f 11701.6i 68.0de 28914.0i 1046.4ef 4446.9a 0.0a
KL-HS 530.4h 523.2¢ 9068.3d 108.8i 27100.3h 122.1a 5231.7d 14509.3¢
UL-HS 522.2h 470.9b 6156.0b 62.6c 23368.4b 1081.2g 4970.1d 0.0a
KKL-$ 484.2¢ 1220.7k 9591.5¢ 89.8h 36255.9k 1028.9¢ 7324.4g 13602.5b
T-SW 424.3b 976.61 3609.9a 136.0j 212583a 470.9b 4603.9¢ 15241.8¢
S-sW 497.8f 906.8h 11161.0h 73 def 265423 906.8d 8021.9h 0.0a
S-HS 421.6b 1656.71 10358.8f 76.2fg 25565.7¢ 470.9b 4586.5b 14910.4d
PA-HS 435.2¢ 610.4e 6836.1c 57.1b 26786.4g 1081.2g 4935.3d 0.0a
PA-RF 505.9g 279.0a 15224.3k 65.3cd 24292.6¢ 2075.3i 5580.5¢ 0.0a
BG-NS 5222h 592.9d 10777.3g 4892 24990.2d 575.5¢ 5580.5f 0.0a
G-SSA 356.9a 871.9g 13933.8 89.8h 37930.01 1063.8fg 10184.4i 0.0a
DF-SD, Derawar Fort-saline desert; M-RB, Muzaffar garh-River bank; KL-HS, Khabbeki Lake-hyper saline; UL-HS, Ucchali Lake-hyper saline; KKL-S, Kalar Kahar Lake-saline; T-SW,
Treemu-wetland; S-SW, Sahianwala-saline wetland; S-HS, Sahianwala-hyper saline; PA-HS, Pakka Anna-hyper saline; PA-RF, Pakka Anna-reclaimed field; BG-NS, Botanic Garden-
non saline; G-SSA, Gatwala-saline semiarid.






OPS/images/fpls.2023.1149832/table3.jpg
Soluble Protein SOD POD (@.N) Proline
(U mg™ protein) (U mg™ protein) (U mg™ protei (ug g FW)

-1
Treatments )
2016-17 2017-18 2016-17 2017-18 2016-17 2017-18 2016-17 2017-18 2016-17 2017-18

Nassis Passis Kasois 209 1.98 21696 214.07 11098 101.03 1297 1243 68.19 73.96
Nasois Pasors Keos2 222 214 22541 20617 11730 10425 10.07 947 72.79 79.06
Nassis Peosz Kassrs 149 1.64 149.90 193.89 78.99 8293 20.98 2112 63.86 65.60
Nasisia Peosz Ke i 206 1.67 21250 182.92 10845 89.06 17.07 20.55 63.99 66.74
Neos Pisois Kassis 091 094 80.43 8571 47.49 47.39 574 1.06 57.68 49.40
Neosz Pazors Keog 146 L15 120.89 117.93 74.68 57.66 2.60 792 55.64 52.55
Neos2 Peosz Kosors 099 096 86.36 92,04 51.23 47.84 383 740 54.70 55.57
Neos2 Peos2 Keos2 151 1.09 13493 109.96 68.62 53.03 341 268 5242 47.08
Nag Pis Kis 162 1.56 177.16 17096 71.64 7837 1951 17.36 69.60 55.10
No Pis Kis 078 089 70.74 87.501 37.40 42.39 271 122 4523 3745
Nis Pao Kis 130 172 13623 19353 59.88 83.62 9.95 9.56 48.96 48.89
Nis Po Kis 094 LIS 98.88 1148 42.07 57.28 19.40 1233 46.61 52.89
Nis Pis Ko 130 112 13465 116.15 64.73 54.86 19.03 19.55 65.91 56.61
‘ Nis Pis Ko L12 143 11471 15948 57.16 70.09 16.85 16.35 75.87 64.56
Nis Pis Kis 102 1.02 91.22 108.46 5224 48.79 18.66 20.97 59.70 48.86
Nis Pis Kis 1.09 177 10726 195.97 56.13 86.85 20.13 15.09 68.69 49.36
Nis Pis Kis 123 117 11246 122.88 61.73 57.80 2124 17.29 75.50 60.03
Nis Pis Kis 096 1.80 7543 19435 48.86 8493 21.92 874 55.60 45.77
Nis Pis Kis 130 L5 136.70 123.15 65.31 53.65 17.81 1347 50.87 45.50
Nys Pys Kis 1.20 117 119.66 130.49 59.28 57.41 19.55 10.78 46.01 38.79
Nis Pis Kis 1.90 1.54 18228 168.63 92.60 79.11 14.67 15.21 54.09 42.11
Nis Pis Kis 136 1.67 14858 1816 64.91 81.00 2139 1197 70.27 51.24
Nis Pis Kis 120 1.69 12955 181.35 5842 105.79 17.37 12,69 75.03 38.79

Ny Py Ko 0.52 0.39 48.55 38.87 26.67 18.85 173 1.62 42.95 34.66
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Midrib Lamina Adaxial epider-  Abaxial epider- Bulliform vascular Trichome.

Habitat thickness  thickness mal cell area T, | RIS fdieen | HeESte WD e Stetnzie] || S
A s s s thickness (um) i s area (um?) density Gy | arealm?) density
DF-SD 693.6¢ 489.6d 418.5¢ 627.8d 81.6d 29890.61 126171.8j 6522.2h 20578.1F 11.0bc 285.6f 16567.1b 14.0cd
M-RB 652.8d 408.0a 470.9d 3139¢ 65.3¢ 6208.3a 99071.5f 4569.0f 28199.0f 11.0bc 184.9b 21293.1d 15.0d
KL-HS 571.2b 522.2¢ 470.9d 523a 1224 21345.4¢ 99350.5f 6993.1i 24589.1h 10.0ab 269.3¢ 17247.3¢ 11.0b
UL-HS 571.2b 505.9¢ 3139.0h 627.8d 81.6d 16113.7b 60565.9a 1290.5a 8597.5a 10.0ab 3454g 26925.9f 10.0b
KKLS | 5549 10806 6278 109878 97.9¢ 240659 69058.8b 20055b  235950g | 150d 266d | 2729226 100b
T-SW 571.2b 408.0b 627.8¢ 52.3a 40.8a 18311.0d 68064.8¢ 3505.3¢ 18938.9¢ 10.0ab 2122d 23019.6e 8.0a
S-SwW 644.6d 432.5¢ 209.3a 523a 81.6d 26786.4g 84038.9¢ 5406.1g 15834.7b 17.0e 198.6¢ 24344.9¢ 13.0¢
S-HS 799.7f 709.9h 1046.4g 3139¢ 1224 17613.5¢cd 11914381 8266.1j 26298.1i 18.0e 182.2b 34355.0g 10.0b
PA-HS 840.5h 538.6g 889.4f 802.2f 57.1b 17247.3¢ 115237.4h 2563.0c 17840.2d 9.0a 272.0f 15712.6a 22.00e
PARE | 82428 5304fg 366.20 6627¢ 146.9g 2863490 169159.1k o335k 2675L6i 90 3618h | 33830 130c
BG-NS 595.7¢ 448.8¢ 627.8¢ 209.3b 65.3c 51846.4k 102977.8g 5406.1g 16741.5¢ 12.0c 163.2a 20333.9d 11.0b
G-SSA 628.3d 514.1ef 418.5¢ 627.8d 81.6d 35575.7) 77917.8d 3173.9d 18328.5¢ 14.0d 285.6f 24275.2¢ 11.0b

DF-SD, Derawar Fort-saline desert; M-RB, Muzaffar garh-River bank; KL-HS, Khabbeki Lake-hyper saline; UL-HS, Ucchali Lake-hyper saline; KKL-S, Kalar Kahar Lake-saline; T-SW, Treemu-wetland; S-SW, Sahianwala-saline wetland; S-HS,
Sahianwala-hyper saline; PA-HS, Pakka Anna-hyper saline; PA-RF, Pakka Anna-reclaimed field; BG-NS, Botanic Garden-non saline; G-SSA, Gatwala-saline semiarid.
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MDA (nmol mg™' protein) EL (%) H,0, (nmol mg™ protein)

Treatments
2016-17 2017-18 2016-17 2017-18 2016-17 2017-18
Nys018 Prsors Kasos 4259 44.60 82.70 8545 157 1.63
Nassis Pasors Keos ‘ 36.80 36.60 8431 85.76 v 151 1.53
Nosois Peos2 Kosors ‘ 41.03 39.07 79.73 85.62 151 1.56
Nasoig Psosz Keosz 43.69 46.81 83.33 ‘ 87.58 1.59 1.68
Neos2 Pasore Kosors 59.98 59.88 87.79 90.36 1.85 1.88
Neosz Pasors Keosz 4555 54.96 89.58 87.40 1.69 178
Neos2 Psosz Kazors 50.78 50.93 89.01 I 90.62 175 1.77
Neos Psosz Keosz 61.09 57.22 86.16 90.35 1.84 1.84
‘ Nso Pis Kis 39.87 46.06 86.14 88.15 158 1.68
‘ No Pis Kis 6436 65.92 9114 92.33 ‘ 1.94 1.98
‘ Nys Pag Kis 2630 42.64 85.70 87.80 1.40 1.63
Nis Py Kis 4741 54.35 85.66 8519 1.66 1.74
Nis Pis Ksg 4837 49.42 85.87 88.47 1.68 172
Nis Pis Ko 4475 54.70 85.69 86.30 1.63 1.76
Nys Pis Kis 30.27 30.67 85.85 88.81 145 1.49
|
Nys Pis Kis 29.77 37.06 87.27 82.90 146 1.50
|
Nis Pis Kis 2122 45.65 86.88 88.87 135 1.68
Nis Pis Kis 3158 36.65 83.38 87.59 I 144 1.55
Nis Pys Kis 29.87 36.85 80.07 89.89 137 1.58
Nys Pis Kis 4535 3173 86.38 88.99 1.65 1.51
Nys Pis Kis 4721 37.76 87.37 90.17 1.68 1.60
Nis Pis Kis 2574 42.74 86.40 86.75 1.40 1.62
Nis Pis Kis | 2434 30.07 84.29 89.45 136 1.49
No Py Ko ‘ 67.22 70.14 92.15 93.75 1.99 2.05
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Cortex Vascular

Stem  Epidermal region Cortical bundle  Vascular

area cell area thickness cell area  Sclerenchymatous area bundle = Metaxylem
Habitats  (mm?) (um?) (um) (um?) thickness (um) (um?) number  area (um?)
DEF-SD 11.4g 627.8h 467.8¢ 6871.0d 326.4i 122073.6h 58.0f 3156.5b 18066.9k
M-RB 5.1a 523a 307.4b 7777.8f 65.3c 49352.6f 36.7bed 5057.3¢ 7952.2¢
KL-HS 10.4f 662.71 554.9¢ 8370.8g 114.2g 50834.9f 39.0cde 2860.0a 7394.2d ‘
UL-HS 10.2f 488.3g 484.2d 5580.5¢ 136.0h 74534.7g 41.0e 6330.4d 17456.5)
KKL-S 8.7¢ 331.3¢ 348.2¢ 6295.5d 46.2a 56380.6g 40.0de 5388.7¢ 14491.9i
T-SW 6.8¢ 475.5 633.8g 14526.8 89.8¢ 45812.5¢ 38.0cde 3208.8b 9016.0f
S-SW 52a 87.2.7¢ 310.1b 4255.1a 70.7d 35750.1¢ 33.0bc 2092.7a 4359.8b
S-HS 7.8d 523a 285.6a 5929.3¢ 54.4b 46562.4f 32.0b 7673.2¢ 9434.5h
PA-HS 63b 244.2b 538.6¢ 7463 9¢ 97.9¢ 33831.8b 42.0¢ 3348.3b 7376.7d
PA-RF 10.4f 139.5d 296.50 7132.6¢ 70.7d 31826.3b 40.0de 5057.3¢ 5946.7¢
BG-NS 11.7g 627.8h 274.7a 4865.5b 46.2a 2921052 25.0a 251122 37843a
G-SSA 6.8¢ 87.2f 590.2f 8440.5g 62.6¢ 40807.5d 33.3bc 3034.4b 9120.6g

DF-SD, Derawar Fort-saline desert; M-RB, Muzaffar garh-River bank; KL-HS, Khabbeki Lake-hyper saline; UL-HS, Ucchali Lake-hyper saline; KKL-S, Kalar Kahar Lake-saline; T-SW,
Treemu-wetland; S-SW, Sahianwala-saline wetland; S-HS, Sahianwala-hyper saline; PA-HS, Pakka Anna-hyper saline; PA-RF, Pakka Anna-reclaimed field; BG-NS, Botanic Garden-

non saline; G-SSA, Gatwala-saline semiarid.
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Coded and actual variable levels

Experiment variables Coded symbols

-1.682 -1
Nitrogen (N) | x 0 6.082 15 23918 30
Phosphorus (P) X2 0 6.082 15 23918 30
Potassium (K) X5 o 6082 15 23918 30

X1, X2, X3, represent coded symbols for N, P, K. ~1.682 to 1.682 represent coded and 0, 6.082, 15, 23.918, 30 indicate actual levels of N, P, and K.
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Phloem Pith

Root cross-sec- Epidermal cell Cortex region Cortical cell Aerenchymatous  Endodermal cell ~ Metaxylem area area

Habitats  tional area (mm?) area (um?) thickness (um) area (um' area (um?) area (um?) area (um?) (um?) (um?)

DE-SD 21b 1011.5¢ 17412 21973 30797.4d 1046 87196 424c 1881709 | 44295
M-RB 32d 941.7b s71.2f 5214.3f 6436771 837.1f 7934.38¢ 523d 1306742d | 49004g
KL-HS 4.0e 1447.4¢ 508.6¢ 10132.1f 60932.2h 1203.3h 16009.1j 523d 1306742d | 4237.7F
UL-HS 9.0f 1586.9¢ 5522f 6278.1h 64088.6i 906.8g 16567.1f 523d 522699 7586.0h
KKL-S 47e 22496 43254 88939 44330.1f 209.3b 9713.6h 424¢ 13067424 2546.1b
T-SW 28¢ 627.8 348.2¢ 4708.6¢ 13619.92 3488¢ 4481.9b 424c 2561215f  3644.8¢
SSW 35d 17265 568.51 23019.6k 48131.9g 4709d 32959 523d 4704270 22322b
SHS 7.0¢ 21276h 693.6g 585955 124689.5] 976.68 1337591 42.4¢ 52269695 126782
PA-HS 27¢ 1046.4¢ 353.6c 3365.7¢ 39970.4¢ 8719f 13672.21 424c 8363156 23009b
PA-RF 24b 1499.8¢ 307.4b 442954 3287294 627.8¢ 9207.8g 424¢ 1011941 31739d
BG-NS 15 118594 356.3¢ 27903 22496.4¢ 3139¢ 5528.2d 334b 1011941 | 28775¢
G-SSA 21b 12207d 348.2¢ 2148 17840.2b 279.0b 4970.1¢ 337 8363150 143002

DF-SD, Derawar Fort-saline desert; M-RB, Muzaffar garh-River bank; KL-HS, Khabbeki Lake-hyper saline; UL-HS, Ucchali Lake-hyper saline; KKL-S, Kalar Kahar Lake-saline; T-SW, Treemu-wetland; S-SW, Sahianwala-saline wetland; S-HS,
Sahianwala-hyper saline; PA-HS, Pakka Anna-hyper saline; PA-RF, Pakka Anna-reclaimed field; BG-NS, Botanic Garden-non saline; G-SSA, Gatwala-saline semiarid.
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Chitosan-treated melon fruit

Index Fimness  WSP content ISP content  CSP content PE activity PG activity
Surch coment asme 0936 asse asis 02t o
Sucrose content oso o2 o9t o910 o oo
Glucose conent oss oso o8 os1 o
Frucose contnt o3 osos o836 o oz
5 sctiviy osir s -0 o 0309 sy
SBS activy ooz e oo o osae 001
AMY sctivity o 05w ot ossr s
Y sciviy o810 o751 7w o708 0056 o721
Control melon fruit

Surch coment asis 092 a9 asion 02

Sucrose content 09t o9 091 osse o0t

Glucose conent o o3 a6 012 s o261
Fructose contnt 0389 oz oue 0060 0706 oo
s sciviy oqr 05800 o5 o 0202
SbS activiy 036 o 000 o3 on
AMY sctiviy ons o021 027 o051 a2 o300
Y scivity 95 os2 o313 0686 o0

- and  indicae signicnt difience st P < 005 3d P <001
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Na* K* Mg?* @y

H Organis Availablg] P (m Satu;ation i (mg i i
Habitats matter(%} Kap) (%) Kg™) Kg-1)  Kg) | Kg)
DEF-SD | sik | 77 0.1c 16.0i 60.0d 4253.4k 64.9g 2882 0.5b 2351.9k
M-RB 29c 7.5 1.2¢f 9.7de 58.0d 3204c 1652 61.7¢ 0.4a 320.5¢
KL-HS 115h  7.8d 1.3gh 10.0¢f 60.0d 2336.7h 37.1cd 121.0g 0.4a 1086.7h
UL-HS 194 7.4a 1.4h 15.8 60.0d 4035.1 44.9¢ 160.51 0.4a 2021.6)
KKL-$ 5.le 7.8d 1.0d 10.8¢f 34.0bc 1052.9F 56.2f 111.9f 0.4a 4717¢
T-SW 125b  7.6bc Llde 12.0g 38.0¢ 2895.2b 449 132.5h 0.5b 1144.8a
S-SW 133g 9% 0.6b 14.2h 34.0bc 2719.71 33.8¢ 56.1bc 0.5b 1229.7g
S-HS 7 4.4d 102i 0.3a 7.1b 28.0a 947.2¢ 29.1be 83.7d 0.4a 446.8d
PA-HS 6.7f 8.6f 1.4h 8.1bc 38.0¢ 13206 37.1cd 9l.le 0.4a 656.2f
PA-RF 2.2b 9.6g 0.3a 8.8cd 31.0ab 461.7d 44.8¢ 88.4de 0.5b 232.7b
BG-NS 1.0a 8.4e 1.3gh 16.1i 30.0ab 81.6a 40.5d 132a 0.4a 312.2¢
G-SSA 193) | 7.7dd 1.3gh 13a 31.0ab 4107.7) 27.9b 51.8b 0.5b 1823.7i
DF-SD, Derav;ar Fort-saline desert; M-RB, Muzaffar garh-River bank; KL-HS, Khabbeki Lake-hyper saline; UL-HS, Ucchali Lake-hyper saline; KKL-S, Kalar Kahar Lake-saline; T-SW,
Treemu-wetland; S-SW, Sahianwala-saline wetland; S-HS, Sahianwala-hyper saline; PA-HS, Pakka Anna-hyper saline; PA-RF, Pakka Anna-reclaimed field; BG-NS, Botanic Garden-
non saline; G-SSA, Gatwala-saline semiarid.
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Weight loss = 100 x (initial weight — final weight) /initial weight
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Cultivar

Baldwin
Briteblue
Brightwell
Gardenblue
Powderblue
Plolific
Anna
Primadonna
Sharpblue
Zhaixuan 7
Zhaixuan 9
Bluegold
Chandler
Emerald
Legacy

w;

-3.620
4.094
1.471

-1.442
4.817

-3.243
-5.123

-5.120

-0.223
0.132
6.739

-1.962
0.513
4.170

-1.203

-3.882
4.521
-3.352
-1.261
-0.425
-2.372
-0.164
6917
-0.984
3.997
-0.294
-2.493
-1.947
3.905
-2.166

1.352
4.221
-0.360
-2.570
-2.716
-1.690
-1.660
2538
-3.990
2.042
4172
1.349
1.486
-0.601
-3.572

-2.829
2.177
-1.401
1.274
2513
2.263
-2483
1.588
-0.763
0331
-1.079
-3.760
3.809
1.081
-2.721

-0.966
0.975
2475
1.130
-0.303
0.566
-2915
0.155
-0.013
2.194
0.958
-2.250
-1.978
-1.374
1.345

0.127
0.777
0.556
0.310
0.838
0.158
0.000
0.000
0.413
0.443
1.000
0.266
0.475
0.783
0.330
0.275

0.000
0.778
0.049
0.243
0.320
0.140
0.344
1.000
0.268
0.730
0.332
0.129
0.179
0.721
0.159
0.239

0.651
1.000
0.442
0.173
0.155
0.280
0.284
0.795
0.000
0.735
0.994
0.650
0.667
0.413
0.051
0.196

Uy

0.123
0.784
0312
0.665
0.829
0.796
0.169
0.707
0.396
0.540
0.354
0.000
1.000
0.640
0.137
0.169

Us

0.362
0.722
1.000
0.750
0.485
0.646
0.000
0.570
0.538
0.948
0.719
0.123
0.174
0.286
0.790
0.120

D value

0.227
0.815
0.424
0.380
0.536
0.344
0.166
0.583
0.309
0.645
0.695
0.246
0.494
0611
0.257

Rank

14
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Sl.
No.

Horticultural
crop

Inoculation
method

Target pest

Country

Reference

Potato, Solanum . . . - European corn borer, Ostrinia North
1 Beauveria bassiana Foliar application . ) Jones, 1994
tuberosum nubilalis Carolina
sweet pepper, Green peach aphid, Myzus aber and Araj,
2 “PEPR) Metarhizium brunneum Soil denching S PERE ARG A Jordan It )
Capsicum annuum persicae 2018
Grapevine, Viti Rondotand
3 vi:fpeer:ne b Beauveria bassiana Foliar application Vine mealybug, Planococcus ficus  Germany R:;ei:leom
Banana weevil, Cosmopolites Akello et al.,
4 B: , M X B ia bassi Root and rhi di Ugand
anana, Musa spp. eauveria bassiana oot and rhizome dip sordidus ganda 5008
Tomato, Sol Powell et al.,
5 A 0, i Beauveria bassiana Seed treatment Corn earworm, Helicoverpa zea USA SIWEL, EUR
lycopersicum 2009
Root dip, injection,
Tomato, Solanum o 00K CpIECLON Tomato shoot and fruit borer, ) Qayyum et al.,
6 i Beauveria bassiana solid substrate and : 2 Pakisthan
Iycopersicum ’ . . Helicoverpa armigera 2015
direct foliar application
7 Cauliflower, Brassica Beﬂuveryia. bassiana, Foliar application Sweet.potato whitefly, Bemesia Jordan Jaber et al, 2018
oleracea Metarhizium brunneum tabaci
St Fragari. Beauveria bassiana, Isaria Gisen seah, Sohid: N M ul
rawberry, Fragaria reen pea id, U anoussopoulos
8 e fumosorosea and Metarhizium | Rhizome treatment i P A Greece B
X ananassa E g " persicae etal., 2019
anisopliae var. robertsii
Beauveria bassiana, Mantzoukas and
P , Capsi G h aphid, M) -
9 epper, Capsicum Metarhizium anisopliae and Foliar application ree'n peach apiuc, Hyzus Greece Lagogiannis,
annum . persicae
Isaria fumosorosea 2019
Common bean,
B ia bassiana, H) 3 5 s Akutse et al.,
10 Phaseolus vulgaris, LRSS pocrea Seed soaking Leaf minor, Liriomyza spp. Kenya ey
. lixii 2013
Faba bean, Vicia faba
Clonostachys rosea, Fusarium
. - J— . . . . Muvea et al.,
11 Onion, Allium cepa sp., Hypocera lixi, Trichoderma | Sedd treatment Onion thrips, Thrips tabaci Kenya 2014
harzianum
Tomato, Sol American boll , Heli llow et al.,
12 oma 0, olanum Acremonium strictum Soil drenching mevncan oltworm, Helicoverpa Germany JRlDReE
lycopersicum armigera 2008
Pumpkin, Cucurbita Beaquxr'i-? bnssiamzf' ) Melonf).r cotton .aphid, Aphis ) Gurdlingappa
13 . Lecanicillium lecanii, Foliar spray gossypii, Australian plague locust, = Austrelia
maxima ; i : i etal, 2010
Aspergillus parasiticus Chortoicetes terminifera
Cauliflower, Brassica 5 : ; Diamondback moth, : Gautam et al,,
14 Beauveria bassiana Foliar spray India
oleracea Plutella xylostella 2016
C ber, C i Cott 1 hid, Aphi
15 u.cum o Cucumis Lecanicillium longisporum Foliar spray © on"or melon aphi phis Canada Kim et al., 2010
sativus gossypii
Date palm, Phoeni: Red palm weevil, Rhynchophorus Arab and El-
16 « F.m = Beauveria bassiana Stem injection Pa. e ynctophons Egypt e
dactylifera Ferrugineus Deeb, 2012
Beauveria bassiana and Sweet potato whitefly, Bemisia Garrido-Jurado
17 Melon, C: is mel Foli Spai
com CHCUIIS MEO 1 \etarhizium brunneum oAt spray tabaci Linss etal, 2017
Miranda-Fuents
18 Melon, Cucumis melo  Metarhizium brunneum Foliar spray Leaf worm, Spodoptera littoralis Spain etl‘Tnzgzlue“ ©
Tomato, Sols Seed soaking, Leaf All ietal,
19 oma 0_ otanum Beauveria bassiana < .soa 1 .a . Tomato leafminer, Tuta absoluta Argentina egrucei et
lycopersicum spraying, Root dipping 2017
oy " ’ " : . N Jensen et al,,
20 Faba bean, Vicia faba  Beauveria bassiana Seed or leaf inoculation  Aphid, Aphis fabae Denmark

2019





OPS/images/fpls.2023.1149832/crossmark.jpg
©

2

i

|





OPS/images/fpls.2022.1072621/table3.jpg
Trait

Plant height

Main stem diameter

Crown width

Leaf length

Leaf width

Leaf thickness

Soluble protein (SP)

Soluble sugar (SS)

Malondialdehyde (MDA)

Catalase (CAT)

Superoxide dismutase (SOD)
Chlorophyll relative content (SPAD)
Net photosynthetic rate (P,)
Transpiration rate (E)

Intercellular CO, concentration (C;)
Stomatal conductance (G,)
Eigenvalues

% of Variance

Cumulative %

Bold numbers indicate eigenvalues are significant 2[0.5].

0.643
0.561
0.923
0.947
0.810
0.070
-0.563
-0.039
0.032
0.292
-0.025
0216
0.112
0.033
0.093
0.049
3.615
22,593
22.593

0.260
-0.083
0.122
-0.033
0.059
0.026
0.523
0.188
-0.025
-0.106
-0.003
0.134
0.767
0.960
0.540
0.955
3.146
19.660
42.253

Component

3

0.478
0.596
0.069
0.025
-0.122
-0.174
0.186
0.212
-0.905
-0.443
0.015
-0.076
-0.491
0.165
0.735
0.189
2.580
16.123
58.375

0.017
-0.351
-0.016
0.089
0.336
-0.437
0.044
0.825
-0.077
0.517
0.204
0.832
-0.129
0.181
0.154
0.135
2216
13.853
72.228

0371
-0.046
-0.137
0.023
0.063
0.624
-0.175
-0.125
0.192
-0.131
0.888
0.296
-0.178
0.075
0.055
0.115
1.583
9.891
82.120
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SL. Division of Examples References

No.  entomopathogenic

fungi
I Ascomycota Metarhizium (M. anisopliae, M. robertsii, M. brunneum,M. lepidiotae, M. globosum, M. acridum, M. Tkaczuk et al.,
majus, M. flavoviride, M. rileyi, M. pingshaense, M. lepidiotae and M. guizhouense) 2015; Jaihan et al,,
2016

Beauveria (B. bassiana and B. brongniartii)

Isaria (I. fumosorosea-formerly Paecilomyces fumosoroseus, I. farinosa and 1. tennuipes)
Ophiocordyceps (O. sinensis-formerly Cordyceps sinensis, O. unilateralis)

Cordyceps (C. militaris), Torubiella (T. ratticaudata)

Pochonia (P. chlamydosporia)

Hirsutella (H. thompsonii, H. nodulosa, H. aphidis)

Lecanicillium (L. lecani-formerly Verticillium lecanii, L. longisporum)

2. Entomophtoromycota Furia, Conidiobolus, Entomophaga, or Erynia Litwin et al,, 2020
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Ca(OH),

Ca(NO3),

CaCl

Ca(NO,),

Ca0

CaCl,

CaCl,

Ca(OH),

CaCl,

CaCl,

Ca(NO3),

CaCl,

Ccd

Cd

Ccd

Cd

Ccd

Cd

Cd

Cd

Pb

Cd, Mn

Cd

Method of = Optimum
application  concentration

Mixing into 360 mg kg™
the soil

Hydroponics | 2 mM

Soaking 2%

Mixing into 10 mM

the medium

Watering 7.5 mM
Mixing into 30 mM

the medium

Mixing into 180 mg kg
the soil

Mixing into 1125 kg hm™
the soil

Mixing into 50 mM
nutrient

solution

Watering 400 mg L™
Mixing into 44 mM

the medium

Hydroponics | 5 mM

Test crops

Panax notoginseng
(Burk.)

Catharanthus
roseus (L.) G. Don

Faba bean (Vicia
faba L.)

Lettuce (Lactuca
sativa var. ramosa
Hort.)

Citrus (Poncirus

trifoliata L. Raf x
Citrus sinensis L.
Osb)

Wedelia trilobata L.

Panax notoginseng
(Burk.)

Panax notoginseng
(Burk.)

Brassica juncea L.

Water spinach
(Ipomoea aquatica
Forssk.)

Lichen
(Scenedesmus
quadricauda)

Arabidopsis
thaliana (L.)
Heynh.

Plant responses against heavy metal stress

Promoting activities of Ca®* channel protein (CC), ATPase
and cationic/H" antiporter.

Alleviating Cd-induced toxicity, including browning and rot
roots, oxidative stress and internal Cd(II) accumulation.

Improving soluble protein, total membrane lipid contents,
fatty acid composition and the activities of SOD, CAT, GPX,
lipoxygenase, decreasing the contents of Cd and MDA.

Competing with Cd for binding and absorption sites in roots.

Reducing Cd** uptake into roots and also increasing GSH
content.

Enhancing the mitotic index and reducing the rate of
chromosomal aberration in root tip cells.

Increasing the biomass, saponin and flavonoid yields.

Increasing the biomass, saponin and flavonoid yields.

Enhancing the concentration of essential elements and
decreasing Cd accumulation.

Increasing chlorophyll content, decreasing MDA content,
promoting soil cation exchange capacity and the activity of
soil Urease and CAT.

Increasing antioxidative enzyme activities (SOD, APX, and

CAT) and depleting ROS contents.

Promoting the upward translocation of Cd and changeing its
distribution in leaves.

Reference

Lietal
(2021)

Chen et al.
(2018)

Issam et al.
(2012)

Zorrig et al.
(2012)

Lopez-
Climent
et al. (2014)

Shi et al.
(2014b)

Zuet al.
(2020)

Zuetal
(2020)

Ahmad et al.
(2015)

Jiang et al.
(2022)

Kovacik and
Dresler
(2018)

Zeng et al.
(2017)
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Cultivar

Baldwin

Briteblue

Brightwell

Gardenblue

Powderblue

Plolific

Anna

Primadonna

Sharpblue

Zhaixuan 7

Zhaixuan 9

Bluegold

Chandler

Emerald

Legacy

Type

Rabbiteye blueberry
(RB)

Southern highbush
blueberry
(SHB)

Northern highbush
blueberry
(NHB)

SPAD

pH 5.2

(CK)

48.40
+4.02d

49.90
+ 2.84cd

52.85
+ 4.25¢

40.27
+4.34f

47.82
+4.28d

53.69
+ 3.55b

47.52
+2.61d

4430
+2.63e

44.55
+2.13e

50.35
+4.02d

48.96
+3.55d

57.25
+2.75

49.39
+2.48d

49.06
+4.51d

43.06
+ 2.38ef

pH
7.0

3235
+

3.76cde
31.14
&
4.19cde

35.53
+

8.00bc

35.48
+

6.26bc

38.35
+5.70b

35.87
+

4.64bc

29.17
+

3.85de

32.78
+

7.74cde
35.71
&
4.86bc
39.27
3
7.38ab

36.21
+

3.08bc
34.26

+
7.90bcd
28.59
+3.15e

44.44
+527a

27.68
+7.73e

pH 5.2
(CK)

10.17
+ 1.26b

7.84
+ 1.62d-g

9.50
+ 0.78bcd

7.74
+ Lllefg

9.01
+ 1.62b-f

8.07
+ Llcf

7.73
+ 2.06efg

8.20
+2.97cf

626
+0.23gh

9.59
+ 3.33bc

620
+0.98gh

9.06
+ 1.87b-e

13.00
+ 1.83a

7.30
+ 1.86fg

5.21
+0.3%h

P, (umol-m-*s-")

pH
7.0

4.28
+ 1.17a-
d

4.42
+ 1.75a-
d

332
+

0.70de
3.63
:
0.75cde
5.09
+

1.36ab

3.49
+

0.28cde

424
+ 0.8la-
d

4.83
+

1.56abc
3.90
&
0.52bcd

5.55
+2.33a

232
+ 1.6le

383
+

1.60bcd

4.36
+ 1.23a-
d

5.36
+0.81a

3.10
+

0.62de

pH 5.2
(CK)

4.35
+ 0.41b

1.68
+0.61g

3.71
+ 0.37bc

2.65
+ 0.54def

2.19
+0.62fg

2.79
+ 1.3lcf

2.47
+1.21d-g

231
+0.8lefg

2.12
+ 0.80efg

3.27
+0.81cd

3.00
+ 0.90cde

3.59
+ 1.59bc

573
+ 1.01a

253
+1.04d-g

1.94
+ 1.09fg

E (mmol-m-*s-')

pH
7.0

0.66
+0.41h

1.48
&
0.69ef
0.98
4
0.29fgh
1.39
-
0.47efg
1.08
+

0.37e-h

0.89
+

0.16gh
1.23
2
0.39fg
2.58
+
0.56ab
0.95
&
0.46gh
2.99
+ 1.03a

1.54
+

0.62de
1.10
£
0.5%-h
2.04
&
0.49cd

2,13
+

0.63bc

0.58
+0.37h

C; (umol-mol-*)

pH 5.2
(CK)

302.65
+1343a

209.67
+35.11c

305.49
+7.18a

283.66
+ 19.89ab

238.10
+28.81c

28523
+ 36.98ab

284.68
+ 28.60ab

271.66
+29.74b

290.57
+ 26.80ab

283.96
+29.57ab

300.34
+ 30.20ab

281.95
+ 44.84ab

311.23
+20.19a

286.41
+ 24.55ab

286.82
+ 35.95ab

pH
7.0

32220
+

34.3%
290.22
3
22.66bc

263.74
+

30.40cd

255.57
-

34.80d

220.76
+

41.21e

248.81
+

20.76d

260.54
&

32.60d

321.61
+

23.16a

213.01
+

18.02¢
329.25
+
16.59a
325.54
+
26.38a
257.58
&
25.85d
305.82
+
22.25ab
290.02
+

23.32bc

238.53
+

41.94de

G, (mol-m-*.s-")

pH 5.2
(CK)

0.20
+0.02b

0.07
+0.03g

0.19
+0.02bc

013
+0.03d-g

0.10
+0.03fg

0.15
+0.08c-f

0.12
+ 0.06efg

011
+0.04efg

0.10
+0.04fg

0.16
+ 0.04b-e

0.13
+ 0.04def

0.18
+ 0.09bed

0.30
+0.07a

0.12
+ 0.05efg

0.10
+0.06fg

pH
7.0

0.03
+ 0.02e

0.06
+
0.03cd

0.05
+

0.01de

0.06
+0.02d

0.05
+

0.02de

0.04
+

0.01de

0.06
+0.02d

0.12
+0.03a

0.04
+

0.02de

0.14
+0.05a

0.06

0.03cd
0.05

0.03de
0.09

0.02bc

0.10
+0.03b

0.03
+ 0.02e

SPAD, chlorophyll relative content; P,,, net photosynthetic rate; E, transpiration rate; C;, intercellular CO, concentration; G,, stomatal conductance. The data are reported as the means +
SDs. Different letters for values in the same column/trait indicate significant differences for each cultivar in the same treatment (p<0.05).
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Isolation of the EEPF from roots or other plant tissues

) 2

Surface sterilization with 2% sodium hypochlorite followed by 70% alcohol
and later thoroughly by sterile water

4

Sterilized tissues blotted on sterile filter paper under a laminar flow
to drain the residual water

Morphological

4

Observing colony feature (Color and
texture)

1

Microscopic study of characteristics of
the EEPF based on conidia,
conidiophores, and arrangement of
spores under a compound microscope

Tissues transferred to the Petri plates containing Potato Dextrose
Agar (PDA) medium and incubated at 2542 °C in a BOD for seven days

The pure culture of the endophytic fungi isolated from 7-day-grown colony and
maintained on the PDA slants and cultured at 2542 °C.

2. Characterization of EEPF
1 1

|._______-___i___-_______l

3. Screening of EEPF isolates for time—mortality
responses against test insect (LTso0)

4. Colonization am&tablishment study of
isolated EEPF in test plant through different
inoculation method

2

Molecular
‘ 5. Assessment of colonization rate of inoculated EEPF
Isolation of total genomic DNA (extracted by X i ‘ .
CTAB protocol) 6. Test insect exposed to inoculated plant to study the mortality

response of EEPF

-

PCR amplified the fragment of Inter Transcribed
Spacer (ITS) region with fungal specific ITS
primers

7. Mass production of identified EEPF

8. Experiments confirming absence eco-toxicological effects

Amplified PCR product purified ‘

s 9. Product delivery formulation — e.g., granular, liquid or

wettable powder

The ITS sequences of newly isolated EEPF will
be submitted to the Gene Bank, multiple sequence

alignment of ITS sequence of the newly isolated 10. Registration and regulatory approval of the product
strain
‘ 11. Product available on the market
The phylogenetic

tree of EEPF will be formed and identified

1 ]

Do =em =0 ®n -
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Type of = Method of Optimum Test crops Plant responses against low temperature stress Reference

Calcium  application = concentration

CaCl, Foliar 10 mM Eucalyptus Reducing the MDA content but increasing the ABA level, the content of Pro, Liu et al.
spraying urophylla xE. soluble sugar, cytokinin (CTK), and GA and the activities of CAT, POD, SOD. (2017)
grandis
CaCl, Foliar 15 mM Elymus nutans  Inducing the expression levels of nine antioxidant enzyme genes. La-mu et al.
spraying Griseb. (2021)
CaCl, Foliar 27 mM Tomato Increasing the Pn, effective quantum yield of PSII [Y(IT)], and photochemical Zhang et al.
spraying (Solanum quenching (qP), improving carbon fixation capacity, plastoquinone pools, linear  (2014)
lycopersicum and cyclic electron transports, xanthophyll cycles, and ATPase activity.
L)
CaCl, Watering 25 mM Spinach Reducing K*, Mg®*, and total ion leakage, alleviating oxidative stress, and Min et al.
(Spinacia enhancing PSI potential quantum yield/energy trapping efficiency (Fv/Fm). (2021)

oleracea L.)

CaCl, Watering 50 mM Onion (Allium  Accumulating galacturonic acid, stabilizing the cell wall, and preventing cell LiuJ etal.
fistulosum L.) membrane leakages. (2022)
CaCly Foliar 15 mM Peanut Protecting the photosystems from photoinhibition by facilitating cyclic electron  Wu et al.
spraying (Arachis flow (CEF) and decreasing the proton gradient (ApH) across thylakoid (2020b)
hypogaea L.) membranes.
CaCl, Foliar 27 mM Tomato Improving photosynthesis. Liu et al.
spraying (Solanum (2015a)
lycopersicum
L)
CaCl, Foliar 15 mM Peanut Restoring temperature-dependent photosynthesis feedback inhibition due to Song et al.
spraying (Arachis improved growth/sink demand. (2020)
hypogaea L.)
CaCl, Foliar 15 mM Peanut Improving the stomatal conductivity and mitigating the decline of Liu et al.
spraying (Arachis photosynthetic rate. (2013)
hypogaea L.)
CaCl, Foliar 7 mM Piper nigrum Improving the activity of antioxidant enzymes, increasing the soluble sugar Wu et al.
spraying L content and reducing the MDA content. (2020a)
CaCly Soaking 80 mM Maize (Zea Protecting the function and structure of the membrane and photosystems, Zhang et al.
mays L) improving antioxidant enzyme activity and increasing osmotic regulatory (2020)
substances.
CaCl, Mixing into 5mM Bermuda grass  Alleviating the ROS burst and cell damage. Shi et al.
the medium (Cynodon (2014a)
dactylon L.

Pers.)
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Cultivar name

Baldwin
Briteblue
Brightwell
Gardenblue
Powderblue
Plolific
Anna
Primadonna
Sharpblue
Zhaixuan 7
Zhaixuan 9
Bluegold
Chandler
Emerald
Legacy

Parental relationship

Ga.6-40 (Myers x Black Giant) x Tifblue
Ethel x Callaway
(Ethel x Claraway) x Menditoo
Myers x Clara
Tifblue x Menditoo

S$2 x Centurion

Florida 61-5 x Florida 62-4
Blue Haven (Berkeley x 19-H) x ME-US5 (Ashworth x Bluecrop)
Lateblue x Bluecrop
FL91-69 x NC1528
Elizabeth (Katharine x Jersey) x Scammell x US75 (Fla 4B x Bluecrop)

Type

Rabbiteye blueberry
(RB)

Southern highbush blueberry
(SHB)

Northern highbush blueberry
(NHB)
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Method of =~ Optimum Test crops Plant responses against heat stress Reference

application = concentration

CaCl, Foliar 10 mM Capsicum Improving the activity of ROS scavenging enzymes and the contents of some Sun et al.
sprayin; tescens L. osmoregulation substances. 2015,
praying L gulation sub; (2015)

CaCl, Foliar 20 mM Phalaenopsis Increasing the SOD, POD and CAT activities, and the content of Pro, soluble  Yang and
spraying aphrodite H.G. | sugar, soluble protein, total chlorophyll and carotenoids contents and Yang (2021)

Reichenbach decreasing MDA content.

CaCl, Foliar 5mM Common bean Up-regulating the enzymatic activities, and down-regulating the MDA Naeem et al.

spraying (Glycine max L.) | accumulation and electrolyte leakage in plant leaf tissues, enhancing the (2020)

accumulation of sugars (glucose, fructose, inositol, and raffinose)

CaCl, Soaking 5mM ‘Wheat (Triticum Alleviating the inhibition of sucrose and starch metabolism. Bhatia and
aestivum L.) Asthir
(2014)
CaCl, Foliar 20 mM Tobacco Improving stomatal conductance and the thermostability of oxygen-evolving ~ Tan et al.
spraying (Nicotiana complex (OEC). (2011)
tabacum L.)
Ca(NOj),  Hydroponics | 6 mM Peanut (Arachis | Protecting the photosynthetic system by accelerating the repair of D1 protein | Yang et al.
hypogaea L.) and improving the de-epoxidation ratio of the xanthophyll cycle. (2013)
CaCl, Foliar 100 uM Rosa rugosa Regulating photosynthesis, the antioxidant system, and osmotic substances. Wang et al.
spraying Thunb. (2022)
CaCl, Foliar 20 mM Camellia sinensis | Up-regulating 299 and down-regulating 624 of 923 differentially expressed Wang M
spraying (L) O. Ktze. genes (DEGs) relating to signal transduction, transcription, and post- et al. (2019)

translation, respectively.

CaCl, Mixing into 0.25 mM Cyanobacterium | Activating heat shock genes (groEL and groES) in Ca®'-supplemented Tiwari et al.
the medium Anabaena PCC cultures. (2016)
7120
Ca(NO3), Foliar 4 mM Spinach Increasing antioxidant enzyme activities, soluble sugar levels, SOD, CAT and uz Zaman
spraying (Spinacia POD, and reducing membrane leakages. et al. (2022)

oleracea L.)

CaCl, Foliar 10 mM Wheat (Triticumm | Reducing lipid peroxidation and increasing the total antioxidant capacity of = Goswami

spraying aestivum L.) the cell system. et al. (2015)
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Type of Method of = Optimum Test crops Plant responses against salinity stress Reference

Calcium application = concentration

CaCl, Watering 10 mM Pennisetum Up-regulating differential genes significantly enriched in carbohydrate Lietal
Giganteum metabolism, photosynthesis, lipid metabolism, thylakoid, etc., from the (2022¢)
GO enrichment profiling and up-regulating genes for photosynthesis
antenna proteins, photosynthesis and other metabolic processes from the
KEGG enrichment profile.

CaCl, Hydroponics 10 mM Gleditsia sinensis  Attenuating the cytotoxicity caused by Na* under salt stress and Guo et al.
Lam. promoting the equilibrium of ion homeostasis. (2021)
Prohexadione- | Foliar 100 mg L™ Soybean (Glycine = Regulating plant phenotype, photosynthetic apparatus, antioxidant Feng et al.
calcium spraying max L) defense, and osmoregulation. (2021)
Ca,Si0, Foliar 1 mM Okra Reducing the Na* concentration in the leaf apoplast. Qadir et al.
spraying (Abelmoschus (2017)

esculentus L.)

CaCl, Soaking 6 mM Soybean (Glycine  Enriching signal transduction, energy pathway and transportation, Yin et al.
masx L.) promoting protein biosynthesis, inhibiting proteolysis, redistributing (2015)
storage proteins, regulating protein processing in endoplasmic reticulum,
enriching antioxidant enzymes and activating their activities,
accumulating secondary metabolites and osmolytes.

CaCl, Soaking 2 mM Choysum Enhancing hormonal regulation by decreasing the abscisic acid (ABA) Kamran
(Brassica levels with a concomitant increase of GAs (especially GA4) levels and et al. (2021)
rapa var. promoting early germination, decreasing Na* and increasing K* contents
parachinensis) 50 to maintain a balanced Na*/K" ratio.

CaCl, Foliar 10 mM Thymus vulgaris  Enhancing the activity of the antioxidant enzymes of the ascorbate Zrig et al.

spraying L glutathione cycle to allow a better protection of the cell membranes from | (2021)

reactive oxygen species.

CaCl, Soaking 5 mM Maize (Zea mays ~ Upregulating the expression of all key carotenogenic genes. He et al.
L) (2020)
CaCl, Hydroponics 2 mM Rice (Oryza Improving ROS and methylglyoxal detoxification by improvement of the Rahman
sativa L.) antioxidant defense and glyoxalase systems. et al. (2016)
CaCl, Soaking 5mM Sorghum bicolor  Counteracting oxidative stress and improving Na'/K" ratio. Mulaudzi
(L) Moench et al. (2020)
CaCl, Soaking 10 mM Festuca ovina L. Improving germination, reducing Na" binding to cell walls, and Salahshoor
alleviating membrane leakages. and Kazemi
(2016)
CaCl, Soaking 10 mM Phragmites Modulating seed germination responses, maintains Na* and K* Zehra et al.
karka (Retz.) homeostasis via SOS (salt overly sensitive) pathway, increasing the (2012)
Trin, ex. Steud. activity of antioxidant enzymes.
CaCl, Soaking 10 mM Tomato Improving the seedling growth, RWC and stabilizing membrane stability. ~ Tanveer
(Solanum et al. (2020)

lycopersicum L.)

CaCl, Watering 15 mM Nitraria sibirica  Adjusting hormone balance through increasing ABA, TAA and gibberellic W et al.
Pall. acid (GA) contents. (2022)
CaCl, Soaking 10 mM Rice (Oryza Elevating levels of catalase and ascorbate peroxidase activity, increasing Roy et al.
sativa L. RWC, improving chl-a, chl-b and total chls conten. (2019)
CaCl, Watering 10 mM Foxtail millet Upregulating the expression of APX, SOD and CAT. Han et al.
(Setaria italica (2019)
L)
Caso, Watering 10 mM Tomato Improving chlorophyll content and maintaining other morphological Khursheda
(Solanum features and physiological metabolisms. et al. (2015)

lycopersicum L.)

Ca Hydroponics 10 mM Mongolian pine Increasing the photosynthetic parameters, photosynthetic pigment Lietal.
(Salix content and photosynthetic product synthesis. (2022a)
matsudana
Koidz.)

Ca(NO3), Watering 2 mM Soybean (Glycine = Maintaining osmoregulation and antioxidant metabolism. Elkelish
max et al. (2019)
L)

CaCl, Hydroponics | 10 mM Cucumber Increasing free Pro, SOD activity, relative growth rate of plant height, and  Wang et al.
(Cucumis sativus | stem volume, and K*/Na* and K*/Ca®*, and decreasing MDA content. (2021)

L)

CaCl, Hydroponics 10 mM Sour jujube Educing Na* concentrations and increasing K*, Ca>*, and Mg** Jin et al.

(Ziziphus jujuba  concentrations. (2017)

Mill. var. spinosa
(Bunge) Hu ex

H. F. Chow)

Ca(NO;), Hydroponics 17.5 mM ‘Wheat (Triticum Facilitating the maintenance of ion homeostasis. Tian et al.
aestivum L.) (2015)

CaCl, Hydroponics 10 mM Hyacinth bean Enhancing levels of H,0,, MDA, glutathione (GSH), ASC, TSS$ and D’souza and
(Lablab photosynthetic pigments and increasing the activity of metabolic enzyme ~ Devaraj
purpureus (L.) B-Amylase. (2013)
Sweet)

CaSO, Watering 40 mM Tomato Maintaining of high K'/Na* ratio in leaves. Henry et al.
(Lycopersicon (2021)

esculentum Mill.)
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Method of =~ Optimum Test crops  Plant responses against flooding stress Reference

application  concentration

CaCl2 Foliar 0.3 mM Peony Slowing down the decrease of chlorophyll content, the increase of conductivity Pan et al.
spraying (Paconia and MDA, and enhancing the activity of protective enzymes (SOD, CAT, APX) = (2018)
suffruticosa
Andr.)
CaCl2 Foliar 0.3 mM Peony Reducing the activities of lactate dehydrogenase (LDH), pyruvate decarboxylase | Fan (2019)
spraying (Paeonia (PDC), and the content of ethanol, acetaldehyde and pyruvate, and increasing
suffruticosa ethanol dehydrogenase (ADH), malic dehydrogenase (MDH), glucose-6-
CV. phosphate dehydrogenase (G-6-PDH) activities.
‘Luyanghong’
CaCl2 Foliar 10 mM Pepper Increasing the chlorophyll content, CAT, POD, SOD, GR, ADH, MDH activity Liu et al.
spraying (Capsicum and total soluble sugar, and reducing the relative conductively ratio, LDH (2015b)
annum L) activity, OH and MDA content.

CaCl2 Hydroponics | 4 mM Cucumber Reducing the level of ROS, increasing the activity of antioxidant enzymes in He et al.
(Cucumis mitochondria under hypoxia, and enhancing the accumulation of enzymes (2015)
sativus L.) involved in glycolysis and the tricarboxylic acid (TCA) cycle.

CaCl2 Hydroponics 6 mM Muskmelon Accelerating its transformation into amino acids, heat-stable proteins or Gao et al.
(Cucumis melo | polyamines, as well as by decreasing polyamine degradation. (2011)

L. var.
reticulates
Naud.)
CaCl2 Foliar 10 mM Pepper Regulating the content of osmotic substances, antioxidant activity, root Yang et al.
spraying (Capsicum respiration, and metabolism. (2016)
annuum L.)

CaCl2 Hydroponics 4 mM Cucumber Enhancing electron transport capacity and reducing hypoxic damages. He et al.
(Cucumis (2018)
sativus L.)

CaCl2 Hydroponics | 4 mM Cucumber Enhancing the gene expression of enzymes involved in glycolysis, the TCA He et al.
(Cucumis cycle, fermentative metabolism, nitrogen metabolism, and ROS. (2012)
sativus L.

CaCl2 Foliar 10 mM Pepper Maintaining the intactness of the cell wall in roots, cell membrane, and pulp Ou et al.

spraying (Capsicum cavity, reducing cell injury and stimulated the expression level of ACO-1, (2017)
annuum L. ADH-1, CAT-2, and PK genes.

CaCl2 Hydroponics 50 mM Soybean Protecting cell walls, hormone metabolisms, protein synthesis, and DNA Oh et al.
(Glycine max synthesis from impairments in soybean roots. (2014)

L)
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Type of Method of Optimum Test crops Plant responses against drought stress REEE

Calcium application = concentration

CaCl, Foliar 10 mM Zoysia japonica  Increase of Chl content, net photosynthetic rate (Pn), chlorophyll Xu et al.
spraying Steud. fluorescence, antioxidant enzyme activities, lipid peroxidation, and proline (2013)
(Pro) content.

Calcium Foliar 100 mg L™ Brassica napus Increase of non-photochemical quenching (NPQ), antioxidative defense Ayyaz et al.
Nanoparticles | spraying L enzymes (SOD, POD, CAT, APX), non-enzymatic components (protease, (2022)
lipoxygenase, Pro, total soluble proteins, endogenous hormonal
biosynthesis), and secondary metabolites.

CaCl, Irrigation 100 mg kg™ Mongolian pine  Affecting the growth, photosynthetic characteristics and antioxidant Lietal.
(Pinus sylvestris  enzyme activities, increasing the net photosynthetic rate, transpiration rate (2022b)
var. Mongolica) | (Tr), stomatal conductance, chlorophyll content, chlorophyll fluorescence

parameters, soluble sugar, starch and antioxidant enzyme activities.

CaCl,-2H,0 Foliar 40 mg 1? Maize (Zea Causing a noticeable increase in the activity of SOD, CAT and APX, Naeem et al.
spraying mays L.) considerably reduced MDA accumulation. (2017)
CaCl, Watering 10 mM Wheat Promoting seed germination, shoot growth, and chlorophyll content, Bhardwaj
(Triticum enhancing higher photosynthetic capacity and reducing electrolyte leakage, etal. (2018)
aestivum L.) MDA content as well as H,O, accumulation.
CaCl, Trrigation 30 mM Honeysuckle Increase of the content of chlorophyll, soluble sugar, Pro, catalase enzyme Lietal.
(Lonicera activity and the photosynthetic relating enzymes. (2012)
Jjaponica
Thunb.)
CaCly Foliar 100 uM Camellia Increase in dry weight, Pro and phenolic content of leaves with a decrease Upadhyaya
spraying sinensis (L.) O. in H,0, and lipid peroxidation along with an increase of activities of etal. (2011)
Ktze. enzymes such as SOD, CAT, pyruvate oxidase (POX) and GR, for
improvement in drought recovery potential.
CaCl, Foliar 10 mM Tobacco Stabilizing the structure and function of the chloroplasts, mitochondria, Huetal.
spraying (Nicotiana and endomembrane system in the mesophyll cells, maintaining normal leaf ~ (2018)
tabacum L.) net photosynthetic rate and gas exchange, alleviating the degree of

photosynthetic pigment degradation, and increasing the electron transfer
energy in the leaves in PSIL.

CaCl, Wetting filter 20 mM Datura (Datura | Regulating the activity of relevant enzymes and cell function. Qin et al.
paper stramonium L.) (2019)
CaCl Hydroponics | 20 mM Cyclobalanopsis  Increasing the relative water content (RWC) and water potential (WP), Xue et al.
glauca reducing the H,O, and MDA content, alleviating drought-induced (2018)
(Thunberg) oxidative activities of antioxidant enzymes, and enhancing the
Oersted accumulation of osmoregulation substances, Pn, stomatal conductance

(Gs), Tr, and chlorophyll content.

CaCl, Hydroponics 11 mM Maize (Zea Mitigating the inhibition of aquaporin expression and/or activity levels via Wu et al.
mays L.) osmotic pathway. (2012)
CaCl, Foliar 15 mM Brassica napus | Increasing chlorophyll content. Khan et al.
spraying L (2017)
CaSO, Foliar 1% Tomato Increasing the magnesium and chlorophyll and carbohydrate level. Birgin et al.
spraying (Solanum (2021)

lycopersicum L.)

CaCL2H,0 | Foliar 50 mg L Maize (Zea Increasing protein, ash, carbohydrates, starch, total sugars, and ionic Abbas et al.
spraying mays L. contents and K" amount. (2021)
Calcium Foliar 15gL! Lettuce Increasing the content of anthocyanin, total phenols, flavonoids, N, Khani et al.
Lactate spraying (Lactuca sativa promoting CAT and POX enzymes activity, and increasing the dry matter (2020)
L) production as well as the water use efficiency.
CaCl, Foliar 10 mM Sweet pepper Increasing total soluble sugars and soluble protein and reducing the Pro Manaf et al.
spraying (Capsicum concentration. (2017)
annuum L)
CaCl, Foliar 5 mM Peony (Paconia  Inducing the enzyme activity of the antioxidant enzyme system, and Zhang et al.
spraying section Moutan | reducing the accumulation of reactive oxygen species (ROS), REC and Pro  (2019h)
DC.) content, and minimizing the degree of cell membrane damage.
CaCly Foliar 10 mM Sesame Increasing the chlorophyll, potassium and phosphorus content. Heidari et al.
spraying (Sesamum (2019)
indicum L.)
CaCl, Soaking 50 mM Barley Increasing Mg**, Zn*", Ca®" levels, RWC and gas exchange parameters, Kaczmarek
(Hordeum and promoting the Gs, chlorophyll and carotenoid content. et al. (2017)

vulgare L.)
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Tomato yellow leaf curl virus (TYLCV)
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Mean values (mean + SE, n = 4) followed by different letters are statistically different (ANOVA; Duncan’s multiple- test range, p < 0.05).

*Response compared to control.

**Response compared over FP.

***Response of lime over FP + S1.

****Response of lime over PF + $2 practice.

SYield loss in FP compared to STD.

*Response over STD.

S%Response of lime over respective lime packages.
“Response of B application over respective non- B practice.

104 + 0.03*
115 + 0.03°
11.9 + 0.05°
124 + 0.05°
145 £ 0.07¢
148 + 0.08°
16.5 + 0.08°
17.1 + 0.09°
144 + 0.09%
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188 + 0.15"
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Response (%)

1
16*
(-)29°
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pr
.
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24333
335“
39558
14"
19"

RAE (%)
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50
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Parameters

Textural class

pHw (1:2.5)

Electrical conductivity (EC)
Organic carbon (OC)
Alkaline KMnO, -N
Bray’s 1-P

NH,0Ac. K

CaCl, extractable S
DTPA-Zn

Hot water extractable B

Lime requirement to raise the pH to 6.5

Units

@sm™)
(gkg™

(kg ha™)

(mg kg™ soil)

(kg CaCO; ha™")

Values

Sand 62%, silt 16%, and clay 22%
4.68
0.06
1.50
138
8.00
313
123
0.62
0.34
3530

Mean values (mean + SE, n = 4) followed by different letters are statistically different (ANOVA; Duncan’s multiple- test range, p < 0.05).

Class/status

Sandy clay loam
Strongly acidic
Normal
High
Low
Low
High
Low
Adequate
Deficient
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Pathway ID

ko04075
ko00940
ko00360
ko00480
ko00500
ko04110
ko00592
ko00250
ko04540
ko04113
ko03030
ko00040
ko00220
ko00903
ko00982
ko00400

Description

Plant hormone signal transduction
Phenylpropanoid biosynthesis

Phenylalanine metabolism

Glutathione metabolism

Starch and sucrose metabolism

Cell cycle

alpha-Linolenic acid metabolism

Alanine, aspartate and glutamate metabolism
Gap junction

Meiosis - yeast

DNA replication

Pentose and glucuronate interconversions
Arginine biosynthesis

Limonene and pinene degradation

Drug metabolism - cytochrome P450
Phenylalanine, tyrosine and tryptophan biosynthesis
% DEGs

Total DEGs

Upregulated (up) and down-regulated (dn).

R_Ivs. R_CK
Up Dn
28 23
41 15
19 3
19 1
24 20
13 8
11 5
9 3
1 5
10 4
11 0
7 12
9 4
2 1
14 2
7 0
67.976  32.024
225 106

S_Ivs.S_CK
Up Dn
24 13
15 10
14 2
6 3
20 5
16 0
8 1
2 3
0 2
10 1
8 0
4 5
1 3
0 0
3 2
1 1
70.5 29.48
122 51

R_CK vs. S_CK
Up Dn
13 9
16 21
4 8

1

9 10
14 0
2 4
0 4
0 0
6 1
0 0
6 3
2 3
0 1
0 4
0 3

48.667 51.333

73 77

R_Ivs.S_1

Up

0
7
1

60.976
75

Dn

o v o o

M o W w o

39.024
48
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Treatments

Root length (cm)

Control
Strain- 1 (S,;)
Strain- 2 (S;)
Lime (L)

S +L

S, +L

Root biomass (g)

Control
Strain- 1 (S;)
Strain- 2 (S,)
Lime (L)

S +L
S;+L

Root volume (m?)

Control
Strain- 1 (S;)
Strain- 2 (S,)
Lime (L)

S +L
S;+L

Root density (g cm™)

Control
Strain- 1 (S,)
Strain- 2 (S;)
Lime (L)

S +L
S;+L

20

5.8 + 003"
6.4 + 0.04"
6.8 +0.04°
59 +0.05°
7.4 £ 006"
7.9 £ 0.06"

24 +001°
28 +001°
29 +0.02°
34+ 003
3.8 003"
44 +0.04°

5.1+ 003"
58 +0.04°
59 +0.04°
53 = 0.03
57 +0.04°
6.0 £0.05"

047 £ 0.01°
048 +0.01°
049 +0.01°
0.64 +0.02°
0.67 + 0.02¢
073 +0.03°

Days after germination (DAG)

40

6.7 + 003"
72 £0.04%
7.6 + 0.04°
6.9 + 0.04°
75 +0.05™
8.1+ 006"

35+ 002
3.9 +0.02°
4.8+ 0.03°
4.6 = 0,03
4.8 £ 003
5.6 % 0.05¢

53 +0.04°
6.1 %005
6.4 + 0.05°
6.1 %005
6.8 + 0.06"
6.9 % 0.07*

064 = 0.01°
0.66 + 0.01°
0.75 + 0.02¢
0.75 + 0.01¢
0.71 + 0.01¢
0.81 % 0.02°

Mean values (mean + SE, n = 4) followed by different letters are statistically different (ANOVA; Duncan’s multiple- test range, p < 0.05).

60

7.9 +0.04*
8.4 + 005"
89 = 0.06*
80 +0.05°
8.7 + 0.05°
9.4 + 0.06°

3.6+ 0.01°
44 +002°
52+002%
5.0 +0.02¢
57 +0.03¢
6.7 + 0.04°

56 +0.03*
63 = 0.04°
6.8 +0.04*
6.6 % 0.04°
7.1 £ 0.05°
7.8 +0.06"

0.64 +0.01°
070 + 0.02°
0.76 + 0.01°
0.76 +0.01°
0.80 + 0.02¢
0.86 +0.02°
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Treatments

Control
Strain- 1 (S,)
Strain- 2 (S;)
Lime (L)
S$;+L

S, +L

20

L11 £ 0.04*
1.92 +0.05°
226 + 0,03
1.39 £ 0.04°
222 003"
2,60 + 0.04°

Nitrogen (%)
Days after germination (DAG)

40

1.09 +0.03*
2.17 £ 0.03°
235+ 0.03¢
142 + 0,03
2.55 % 0.04°
2.98 % 0.04°

Mean values (mean + SE, n = 4) followed by different letters are statistically different (ANOVA; Duncan’s multiple- test range, p < 0.05).

60

098 + 0.03°
229 +0.04°
249 + 0,03
120 +0.03°
275 + 0.02¢
321 +0.03°
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Treatments

Chlorophyll a (mg g" fresh leaves)

Control

Strain- 1 (S,;)

Strain- 2 (S)

Lime (L)

S +L

S;+L

Chlorophyll b (mg g ' fresh leaves)

Control
Strain- 1 (S;)
Strain- 2 (S;)
Lime (L)

S +L
S;+L

Total chlorophyll (mg g™ fresh leaves)

Control

Strain- 1 (S;)

Strain- 2 (S,)

Lime (L)

S +L

S;+L

Chlorophyll a:b ratio

Control
Strain- 1 (§;)
Strain- 2 (S;)
Lime (L)

S +L

S+ L

20

1.10 + 0.02°
1.70 £ 0.03°
220 + 0.05%
1.80 + 0.04%
240 + 0.05%
2.80 + 006

0.52 £ 0.01°
070 + 0.02°
0.76 + 0.02
0.70 + 0.02°"
0.82 + 0.03*
0.90 + 0.04°

1.64 + 0.02°
243 £ 003"
297 +0.04°
253 £ 0.03"
326 + 006"
3.74 £ 0.06°

212+ 003
243 £ 0.04°
288 + 0.05°
257 +0.05"
293 + 0.06°
212 + 003"

Days after germination (DAG)

40

1.20 + 0.02°
2.00 £ 0.04"
230 £ 0.04°
210 £ 0.03"
2.90 £ 0.05°
3.50  0.06°

0.60 + 0.01*
075 0.02°
078 +0.02°
0.84 £ 0.03
092 +0.01%
1.08 + 0.03°

1.83 + 0,03
278 £ 0.04°
3.11 % 0.06°
2.96 + 0.05°
3.85 + 0.06°
4.60 = 0.06"

2.00  0.01°
267 +0.02"
2.93 +0.03°
251 +0.04"
3.14 + 0.04¢
2.00  0.01%

Mean values (mean + SE, n = 4) followed by different letters are statistically different (ANOVA; Duncan’s multiple- test range, p < 0.05).

60

120 + 0.01°
3.00 £ 0.03°
3.60 + 0.04¢
250 + 0.03"
3.40 + 0.04°
470  0.05¢

061 +0.02°
1.04 £ 003"
1.20 + 0.04°
1.00 + 0.02°
1.05 + 0.02°
1.39 = 0.03¢

1.83 + 0,03
4.08 + 0.05°
4.83 + 0.06
353 +0.04°
4.49 + 0.06°
6.12 % 0.06°

1.98 + 0,03
2.88 + 0.05°
3.00 + 0.05¢
249 + 0.04°
3.25 £ 0.06%
1.98 + 0,03
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K (M) AH (kcal/mol) AS (cal/mol/

Protein AG (kcal/mol)
TaSBP-A (33.2 +3.49) x 10° -17.92+ 1.93 39.4 617 £ 1.93

ATaSBP-A (20.7 £ 1.51) x 10° -13.30 + 111 249 588+ 112
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Class Upregulated = Downregulated

Amino acids and derivatives 21 1
Amines 2 NA
Phenylpropanoids and polyketides 2 NA
Phenylpropanoids 3 1
Benzene and substituted derivatives 2 1
Benzoic acids and derivatives 6 2
Pyridines and derivatives 2 NA
7 Polyphenol 1 I 1
7 Phenolamides 1 I NA
Phenols and derivatives 3 2
Phenolic acids NA 1
Glycerolipids 2 NA
Nucleotides and derivatives 1 NA
Anthocyanins 2 NA
Flavones and flavonols 1 2
Quinones NA 1
Flavonoids 8 1
Phospholipid 2 NA
7 Lactones 1 NA
Carbonyl compounds NA 1
Cinnamic acids and derivatives 1 2
Alkaloids and derivatives 1 1
Glycosides 2
Carbohydrates and derivatives 14 1
Terpenoids 1 NA
Ketones NA 1
Vitamins i 1
Prenol lipids 1 NA
Coumarins and derivatives 3 NA
Isoflavonoids 2 NA
Indoles and derivatives 1 2
Organic acids and derivatives 2 2
Organoheterocyclic compounds 2 1
Fatty acyls 6 NA
Phytohormones 2 1
Total 99 26

NA, not available.
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Class

ber

Class

Amino acids and derivatives 200 Quinones

Flavonoids 118 Pentose phosphates
Carbohydrates and derivatives 79 Glycosides

Nucleotides and derivatives 73 Ketones

Organic acids and derivatives 71 Phenolamides

Terpenoids 51 Glycerolipids

Fatty acyls 48 Lignans

Flavones and flavonols 43 TCA cycle

Cinnamic acids and derivatives 37 Sugar alcohols

Phospholipid 36 Sugar acids and derivatives
Alkaloids and derivatives 36 Terpene

Amines 30 Chalcones and dihydrochalcones
Phenols and derivatives 25 Quinolines and derivatives
Organoheterocyclic compounds 24 Steroids and steroid derivatives
Benzene and substituted derivatives 22 Lactones

Phytohormones 22 Polyphenol

Flavanones 20 Pyrimidines and pyrimidine derivatives
Vitamins 20 Cholines

Anthocyanins 19 Catechin derivatives
Coumarins and derivatives 19 Ethers

Indoles and derivatives 18 Polyamine

Benzoic acids and derivatives 15 Phenolic acids
Phenylpropanoids and polyketides 14 Glycerophospholipids
Phenylpropanoids 14 Carotenoids

Purines and purine derivatives 13 Prenol lipids

Isoflavonoids 13 Isoquinolines and derivatives
Alcohols and polyols 12 Organosulfur compounds
Carbonyl compounds 11 Saponin

Pyridines and derivatives 10
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Primer number Primer name Sequence (5°-37) Primer size (bp) Product size (bp)

1 AcPDS-F GGCTAAACTCTCCTGGCTTG 20 100
2 AcPDS-R CTGCAGAACTTGTTTGGGGA 20
3 APVI1-RT1-F ACGCACACCAACTAATGATCAAGA 24 160
4 APVI-RT1-R TAGAGTCATGGGAACTCGCAAATT 24
5 APVI1-RT2-F CATCGGTTGTTATGACCATACCAA 24 154
6 APVI-RT2-R TTAAGAAGACTTCTTGGAGTGCCT 24
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Chlorophyll a

Chlorophyll b

Carotenoids

Total chlorophyll

Ye

2016-17
2017-18

2016-17
2017-18

2016-17
2017-18

2016-17
2017-18

ao a; a as as as 3 a; ag as

1.01 0.19 -0.01 0.01 -0.01 0.02 001 -0.07 0.04 -0.08 0.81%*
1.07 0.18 0.01 005 -0.01 0.01 -0.01 -0.05 0.03 -0.02 0.74*
041 0.10 0.00 -0.01 -0.01 0.01 0.00 -0.02 0.03 -0.05 0.68*
044 0.10 0.01 -0.02 -0.01 -0.01 -0.03 -0.02 -0.01 -0.01 0.66*
036 006 -0.01 -0.01 -0.01 -0.01 001 -0.01 -0.02 003 | 0.63NS
038 007 0.01 -0.02 -0.01 -0.01 -0.02 -0.01 -0.01 001 0.63NS
148 032 0.03 001 -0.04 0.02 001 -0.07 0.04 -0.09 094
155 033 0.04 -0.01 -0.02 -0.06 -0.01 -0.06 0.00 -0.05 095

**Significance at P < 0.01. * Significance at P < 0.05. NS, Not Significant.
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Y Year ag a; a, as a, as ag ay ag ag
Soluble protein 2016-17 1.35 032 0.09 -0.11 011 0.05 0.05 0.07 0.04 0.07 0.57NS
2017-18
141 032 0.13 -0.08 0.10 0.02 -0.03 -0.05 0.03 -0.03 065*
SOD 2016-17 133.17 41.09 8.99 -9.27 1249 225 7.78 7.00 474 7.26 0.67*
2017-18
150.08 38.94 13.00 -7.63 522 8.63 217 -7.32 1.50 -428 0.6
POD 2016-17 67.40 16.93 535 -4.95 481 1.10 167 2.93 167 5.20 0.54NS
2017-18
70.66 1698 5.99 -3.69 364 0.76 -0.27 -2.54 1.03 -180  0.57NS
CAT 2016-17 14.64 5.40 218 1.03 2,01 0.41 021 -3.84 -2.58 142 0.88*
2017-18
1240 525 -1.87 0.50 -2.33 0.71 115 2,16 -1.57 091 0.79*
Proline 2016-17 60.75 654 1.70 -126 0.86 -1.13 -0.59 -0.98 -4.39 378 0.54NS
2017-18 53.31 8.09 097 -1.05 267 -1.45 -1.95 1.57 320 6.63 072*

**Significance at P < 0.01. * Significance at P < 0.05. NS, Not Significant.
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ar ao a; ay a, as as ay ag ag
2016-17 057 015 008 -0.02 0.00 ‘ 0.00 -0.09 0.17 ‘ 0.05 ‘ -0.12 076"
MDA -
2017-18 0.63 0.16 003 002 0.04 ‘ -0.01 0.09 0.15 ‘ -0.08 ‘ 0.11 0.84**
2016-17 052 0.18 -0.04 002 -0.02 ‘ 0.06 0.03 0.07 ‘ 001 ‘ 001 0.58NS
EL
2017-18 053 015 001 -0.03 -0.02 ‘ 0.06 -0.05 -0.07 ‘ 0.06 ‘ 003 054NS
2016-17 0.64 0.18 0.06 -0.01 -0.01 ‘ 0.02 0.07 0.16 ‘ 0.04 ‘ 0.11 078
H,0,
2017-18 0.70 0.18 003 001 0.03 ‘ 0.01 -0.09 0.15 ‘ -0.06 ‘ -0.10 0.87*

**Significance at P < 0.01. * Significance at P < 0.05. NS, Not Significant.
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Sample

C_bulbl
C_bulb2
C_bulb3
N_bulb11
N_bulb12
N_bulb13
N_bulb21
N_bulb22
N_bulb23

Summary

Raw_Reads

57258018
58619530
57154732
50511204
54081656
54751366
50637620
55207422
54350762
492572310

Valid_Reads

55127478
56504610
55385518
44159970
45886318
45860366
48891748
50204940
53103970
455124918

Valid_Bases

7.73G
7.92G
7.76G
6.18G
6.43G
6.43G
6.85G
7.04G
745G
63.79G

Valid%

96.28
96.39
96.90
87.43
84.85
83.76
96.55
90.94
97.71

Q20%

98.69
98.64
98.62
98.58
98.69
98.72
98.63
98.75
98.71

Q30%

95.47
95.36
95.27
95.36
95.64
95.69
95.32
95.72
95.54

GC%

49.60
49.73
49.64
50.00
50.00
50.03
49.76
50.58
49.90

(The numbers 1-3 after C_bulb, N_bulbl and N_bulb2 represent the three independent biological replicates for the control (0 h), 2 hand 12 h duration of salt stress treatment, respectively.
Q20: The percentage of bases with a Phred value > 20.
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Marker

SCAR1

JB1

TG178
Tyl-Taql
Tyl-SspIHJ
Tyl-3
141Y218
M2
TY-1/3_K
Tyl-Sspl
Tyl-Bglll
ACY

P1-16
SCAR2
(T0302)
201Y10
TES0344
Ty2-UpInDe
Ty3-InDel4
Ty3- SNP9
Ty3-SNP17

P6-25

Cauty4

181Y23

181Y13

ty-5

141Y5

AVRDC-
TM719

SLM4-34

SINAC1
(TAQT)
AVRDC-
TM273
AVRDC-
TM81
AVRDC-
TM70

AVRDC-
TM947

Gene

Ty-1
Ty-1
Ty-1
Ty-1
Ty-1
Ty-1,Ty-3
Ty-1/3
Ty-1/3
Ty-1/3
Tyl/3
Ty1/3
Ty-1,Ty-3,
Ty-3a
Ty-2
Ty-2
Ty-2
Ty-2
Ty-2
Ty-3
Ty-3
Ty-3
Ty-3
Ty-3a
Ty-3b
Ty-4

Ty-4

Ty-4

ty-5

1y-5

ty-5

ty-5

ty-5

ty-5

ty-5

ty-5

ty-5

Marker Type
(restriction Enzyme)

SCAR
SCAR
SCAR
CAPS (Taql)
SNP

InDel

CAPS (Sspl)
SCAR
SCAR
CAPS (SspI)
CAPS (BglII)
Indel

SCAR
SCAR

InDel

SSR

InDel

CAPS

(BstZ171)

CAPS
(Mfel)

CAPS
(Rsal)

SCAR

InDel

dCAPS (Stul)

InDel
SSR

dCAPS (Rsal)

SSR
SSR
SSR
SSR
SSR
SSR

SSR

Forward/Reverse of Marker
sequences

5-CAATTTATAGGTGTTTTTGGGACATC-3'
5-GTTCAACACTTGGCCAATGCTTACG-3'

5-AACCATTATCCGGTTCACTC-3'
5-TTTCCATTCCTTGTTTCTCTG-3'
5-GAGTCCCTAACGAATGGTCCTACT-3'
5-GCAGACAAATGCTCAAAGGTCACACC-3'

5-ATGAAGACAAAAACTGCTTC-3'
5-TCAGGGTTTCACTTCTATGAAT-3'

5-GGTTGGTCTCCTTGATAGTCATGT-3'
5-TCCACTTGAAGCTTAATAGTCTTTGA-3'

5-GGGTGATCCGTTGATTGAAG-3'
5-TCTTCTTGATAGGACGACGTGA-3'

5-ATGAAGACAAAAACT GCT TC-3'
5-TCAGGG TTTCACTTCTATGAA T-3'

5-GATCCGTTGATTGAAGAAAT-3'
5-AGGAAGAGGAGAGACAATCC-3'

5-ACAGGAAAAATGGGTGATCC-3'
5-CCTGCTCCTTGCAGATTCTA-3'

5-ATGAAGACAAAAACTGCTTC-3'
5' -TCAGGGTTTCACTTCTATGAAT-3'

5' -AATGAAGACAAAAACTGCTTC-3'
5' -TCAGGGTTTCACTTCTATGAAT-3'

5' -GAAGCACAGATTGAAGAAAACC-3'
5" -CCTTATGATGTCTCGTGAAAGG-3'

5'-CACACATATCCTCTATCCTATTAGCTG-3'
5-CGGAGCTGAATTGTATAAACACG-3'

5-“TGGCTCATCCTGAAGCTGATAGCGC-3'
5-AGTGTACATCCTTGCCATTGACT-3'

5-GTTCTATCACAAGACTTGCCA-3'
5-TGCATTCACCATTGATGTATAAGA-3'

5-GCCTTTTCCCACTTATATTCCTCTC-3'
5'-ACACATACGACGTTCCGTCA-3'

5-ACCCCAAAAACATTTCTGAAATCCT-3'
5-TGGCTATTTTGTGAAAATTCTCACT-3'

5-CCTATCCTCAGTGTTTCGGTCA-3'
5-GGCGAAAGACTTTGTGTACACA-3'

5-CCTATCCTCAGTGTTTCGGTCA-3'
5-GGCGAAAGACTTTGTGTACACA-3'

5-TCTCAGGTGATGCTGAGCAC-3'
5'-AGAGAACGAAAACGAAATTTCAAACA-3'

5-GGTAGTGGAAATGATGCTGCTC-3'
5-GCTCTGCCTATTGTCCCATATATAACC-3'

5'-GGGCAACTCAATGGTGAAAC-3'
5-TCTGAATGTAGGGCCAAAGG-3'

5'-AGAAGAAATCCAAGAAAAGCAATA AGA
ATGAGG CC-3'

5-CTT GTAATCACG TCCACAACG-3'
5-CTTCTGTTCTATGCAGGTGTG-3'
5-GGATACAACTGTCAACGCAC-3'
5-GACTGCATTGGATTTGGCTT-3'
5'-CAATCGATGCACAAAACACC-3'
5-TTCAAGTCCTTCTTCAACATAGATTTA
AACAACAATTATAGA-3'
5-GATAAAAAAGTTACCTGT-3'
5-TCGATTTGGAATGAGTTTTC-3'
5-“TGAAATAGATTTGTCAGGTGTT-3'
5-GACCATTAACCTCGATCA-3'
5-GAAAGTCATGTGAATAGCAG-3'
5-“TGCCTGGTTTCTGCTGTCA-3'
5-TAAAGCTGAAGAAGGACTTACCCT-3'
5-GGTGCTCATGGATAGCTTAC-3'
5'-CTATATAGGCGATAGCACCAC-3'
5-GTATGGAGAGTCGAGTCCTG-3'
5'-CCATGATAAGTAGCGAGAGG-3'
5-TTTCTTTGTTTCCTTTCAGTG-3'
5-GCCTTGGACAAGGTACAATA-3'

5-TGCGTCTAGTTTTCTTTGTTT-3'
5'-CAAGCTGAAAGGAATTCAAC-3'

R and § at product size mean Resistance and Susceptible, respectively.

Product Size (bp)

R:350
$:610

R: 450
S: 400

Multiple bands

R:118

R: 383, 226
S: 609

R: 264
S: 252

R: 114
S: 102

R: 608

R: 132
$:123

R:900
$:800 or 791

R: 738
S: 600

R: 190
S: 205

R:120
$:213

R: 353/325 (678)
S: 669 (669)

R:678 (678)
S: 555/114 (669)

R:497/148/65/52/51 (813)
§:562/148/52/51 (813)

R: 623bp for Ty-3a

453bp for Ty-3 and 660 bp
for Ty-3b

S: 320bp for ty-3

R: 304

S$: 269, 35

R: 228

S: 200

R: 300

S: 260, 40

S: 237
Multiple bands
Multiple bands
R: ~180

S: 173

S: 153

Multiple bands

Multiple bands

References

(Nevame et al., 2018)
(de Castro et al., 2007)
(Barbieri et al., 2010)
(Jung et al., 2015)
(Jung et al., 2015)
(Hu et al,, 2014)
(Jung et al., 2015)
(Jung et al,, 2015)
(Chen et al,, 2015)
(Jung et al., 2015)
(Jung et al., 2015)
(Nevame et al., 2018)
(Yang et al,, 2014)
(Garcia et al,, 2007;
Nevame et al., 2018)
(Lee et al., 2020)
(Yang et al,, 2012)
(Kim et al., 2020)
(Kim et al,, 2020)
(Kim et al., 2020)
(Kim et al., 2020)

(Ji et al., 2007a; Salus
et al, 2007; Nevame
et al,, 2018)

(Hu et al, 2014)

(Lee et al., 2020)

(Lee et al., 2020)

Yang et al. (2016)

(Lee et al., 2020)

(Chen et al,, 2015)

(Kadirvel et al., 2013)

(Anbinder et al., 2009)

(Chen et al., 2015)

(Chen et al, 2015)

(Chen et al., 2015)

(Chen et al, 2015)
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Treatment ‘Weight loss (%) Ascorbic acid (g/100kg) Titratable acidity (%) Total soluble salts (%)

P. digitatum

SA 0.00 e 13.80 e 0.82 ¢ 7.40 e
Ccv 0.00 e 13.70 e 0.86a 720 e
SA+GM 272b 1626 b 029 e 11.00 ¢
CV+GM 214c 15.80 ¢ 028 e 12.60 b
CV+SA+GM 0.72d 14.61 d 044 d 10.10 d
GM 0.00 e 18.13 a 0.20 f 13.10 a
HC 376 a 13.50 e 0.84 b 7.50 e
P. italicum

SA 0.00 e 14.15d 1.04a 7.80d
cv 0.00 e 1398 d 1.04a 7.65d
SA+BM 242b 16.67 b 032 ¢ 1220 b
CV+BM 210c 16.00 be 031 ¢ 12.03 b
CV+SA+BM 0.87d 15.00 cd 043 b 9.42 ¢
BM 3.67a 20.00 a 023d 1320 a
HC 0.00 e 1431d 0.99a 7.90d

The values across the columns followed by the same alphabets are statistically not different from each other. Values are an average of 15 replicates analyzed by LSD test at P < 0.05. SA,
Salicylic acid; CV, Cinnamomum verum; GM, Green mold; BM, Blue mold; HC, Healthy control.
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Genotype/Lines/Cultivars

LA1969

LA1932, LA1938, LA1960, and LA1971
LA1961

LA 1968

TY52

LA3473

LA1932

CLN2513, CLN2514, and CLN2515

BL982
B6013

CLN2777A

CLN2585D

CLN2513, CLN2514, and CLN2515
CLN2116

LN2460G, CLN2460H, CLN24601, CLN2460],
CLN24630, and CLN2463P

LA2779/LA1938
LA4440

LA1932
CA4 and GC171
LA1969
LA1932

GC171
LA4440

Tyking
LA1938

TY172

AVTO1227
Fla.8753, Fla. 344 and Fla.8062

Fla.8624 and Fla.8638B
LA2779
Fla.8753, Fla.344 and Fla.8062

Fla.456

UPV-16910
PI-126944"

PI-211840
LA386

PI 212408, LA373, LA1582, LA1478 and
Hirsute

TY-20, LA 121and EC 104395
LA 1401

Material Source

©«

chilense

chilense

© ©»

chilense

chilense
lycopersicum
chilense

chilense

lycopersicum

©

habrochaites

©

lycopersicum

©

habrochaites

©

lycopersicum

8. lycopersicum

©

chilense

. chilense

S.

S. chilense
S. chilense
S.

. chilense

©

chilense

©

lycopersicum

S. peruvianum

S. peruvianum

@«

lycopersicum

chilense

©

o~

chilense

©

chilense

©

chilense

chilense

15l

L. hirsutum

Lycopersicon hirsutum
(L. hirsutum)

8. pimpinellifolium
L. hirsutum

S. pimpinellifolium

L. esculentum

L. cheesmanii

Resistance Notes

Gene

Ty-1

Ty-1/Ty-3
Ty-lor Ty-4
or Ty-6
Ty-1

Ty-1

Ty-1

Ty-1

Ty-1
Ty-2
Ty-2
Ty-2
Ty-2
Ty-2
Ty-2
Ty-3
Ty-3a
Ty-3
Ty-3b
Ty-4

Ty-4

1y-5
ty-5

ty-5

Ty-6
Ty-6
Ty-6

Ty-6

Source of resistance

Resistance

Resistance

Resistance
Resistance
Resistance
Resistance

Contain combined resistance derived from
Ty-1 and Ty-2.

Resistance

Resistance

Resistance
Resistance
Resistance

Resistance

Resistance

Resistance

Resistance
Resistance
Resistance

-less efective against TYLCV.
-Increase resistance levels in combination
with Ty-3

Resistance

Recessive resistance

Recessive resistance

Recessive resistance

Recessive resistance

high level of resistance due to the presence
of ty-5and Ty-6.

moderate level of resistance
Resistance

Introduce high level of resistance due to the
presence of ty-5 and Ty-6.

Resistant

partially tolerant

Resistant

Resistant
Resistant

Resistant

Resistant

Resistant

References

(Zakay et al., 1991; Laterrot,
1993; Zamir et al. 1994)

(Yan et al,, 2018)
(Scott and Schuster, 1991)

(Scott and Schuster, 1991)
(Wang et al,, 2018b)
(Prasanna et al., 2015)

(Ji et al.,, 2007a)

(Yan et al,, 2018)

AVRDC (2002)
(Yan et al,, 2018)

(Hanson et al.,, 2000; Hanson
et al,, 2006)

(Wang et al., 2018b)
(Prasanna et al., 2015)
(Yan et al,, 2018)

AVRDC (2002)
(Yan et al,, 2018)

(Yan et al, 2018)

(Ji et al., 2007a)

(Ji et al., 2007a)
(Prasanna et al., 2015)
(Ji et al., 2007a)

(Ji et al,, 2009b; Kadirvel et al.,
2013)

(Prasanna et al., 2015; Lee et al.,
2020)

(Lapidot et al., 2015)

(Anbinder et al.,, 2009; Hutton
etal, 2012)

(Friedmann et al., 1998;
Anbinder et al,, 2009)

(Wang et al., 2018b)

(Hutton et al., 2012; Scott et al.,
2015)

(Scott et al., 2015)
(Scott et al., 2015)

(Hutton et al., 2012; Scott et al.,
2015)

(Bian et al., 2007; Gill et al.,
2019)

(Pico et al,, 2002)

(Pico et al., 1998; Rosello and
Nuez, 1999)

(Scott and Schuster, 1991)
(Scott and Schuster, 1991)

(Scott and Schuster, 1991)

(Scott and Schuster, 1991)
(Scott and Schuster, 1991)
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Treatment Green mold Blue mold

Incidence (%) Severity (%) Incidence (%) Severity (%)
SA 00e 00e 00e 00e
cv 00e 00e 00e 00e
Mold 100.0 a 55.8a 100.0 a 439a
SA + Mold 733b 247 ¢ 66.7 b 21.8b
CV + Mold 60.0 ¢ 30.5b 333¢ 138 ¢
SA + CV + Mold 267 d 159d 26.7d 6.8d
HC 0.0e 0.0e 00e 00e

The values across the columns followed by the same alphabet are not statistically different from each other. Values are an average of 15 replicates analyzed by the LSD test at P < 0.05. SA,
Salicylic acid; CV, Cinnamomum verum; GM, Green mold; BM, Blue mold; HC, Healthy control.
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Evaluation index

S1_28888267 1 28888267 5.398085219 gLTG1.2
$4_10726644 4 10726644 5.438961759 gLTG4.1
2019_RGR $5_13575438 5 13575438 5.006938639 gLTG5.1
§5_24113432 5 24113432 5.878299159 gLTG5.2
S6_16113098 6 16113098 6.379871503 gLTG6.1
$1_29243248 1 29243248 6.256519753 gLTG1.2
S1_32769084 1 32769084 5.905424132 gLTG1.3
2020_RGR
$4_9470362 4 9470362 546897565 gLTG4.1
$5_24117906 5 24117906 5.008209429 gLTG5.2
S5_13505835 5 13505835 547204252 gLTG5.1
2019_RGE
$5_24355383 5 24355383 8.112022481 gLTG5.2
$1_10550485 1 10550485 5.487259593 gLTGL.1
S1_29567774 1 29567774 6.897947497 gLTG1.2
2020_RGE
S1_32769084 1 32769084 7.433682161 gLTG1.3
§5_24113432 5 24113432 5.26412299 gLTG5.2
S1_10550485 1 10550485 6.454858055 gLTGL.1
2019_RGI $5_24113432 5 24113432 5.779659366 gLTG5.2
$6_16113098 6 16113098 7.14431828 gLTG6.1
S1_10550485 1 10550485 7.370798485 gLTGL.1
$1_30005894 1 30005894 6.02751893 gLTG1.2
$1_32769084 1 32769084 7.653170653 gLTGL3
2020_RGI S4_11744432 4 11744432 5.251093917 gLTG4.1
S5_13487402 5 13487402 6.307335458 gLTG5.1
§5_24113432 5 24113432 5.18327183 gLTG5.2
$6_16057237 6 16057237 5.215772131 gLTG6.1
2019_RRL $5_24990763 5 24990763 546666652 gLTG5.2
S1_32769084 1 32769084 53169313 gLTG1.3
2019_D_Value $4_10306596 4 10306596 5.084358877 gLTG4.1
§5_24113432 5 24113432 5.993556776 gLTG5.2

The italic indicated that the locus were detected more than three times by various indexes in 2019 and 2020.
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Code

PAL-F
PAL-R
POD-R
POD-F
PPO-F
PPO-R
Tubulin-F
Tubulin-R

Sequence (53-)

CTTTGCCAGGCTATTGATTTGAGA
GATGGATGAAGCTCTCCACTAGC
ACAAGCAACTCTCTGCCCCC
AGGCGTTGGAGGTGATGAGG
TACCGTGCCGGTGATGATCC
ATAGGGTCTCTCCCAGCGGA
TCCGCACTCTCAAACTCAGC
CACGGGATGTCAAGGGAGCA

Target gene

Phenylalanine ammonia-lyase
Peroxidase
Polyphenol oxidase

B-Tubulin

Size (bp)

122
108
143

195
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Tr: Max Mean SD Skewness CV (%)

RGR (%) 100 0 29 325 11 02 112.1 ‘
RGE (%) 96.6 0 211 274 13 04 » 130 ‘
RGI (%) 752 0 162 19.5 13 07 119.9 ‘
RRL (%) 14 0 03 03 12 03 117.1 ‘

RGR, relative germination rate; RGE, relative germination energy;
RGI, relative germination energy; RRL, relative radical length;
SD, standard deviation: CV, Coefficient of variation.
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BnaA03g59360D
BnaA08gl15870D
BnaC09g13120D
BnaA06g00870D
BnaA10g27060D
BnaCnng03470D
BnaA09g48560D
BnaA09g12780D

Arabidopsis

AT4G14690.1
AT3G22840.1
ATCG00065.1
AT5G42650.1
AT4G14690.1
ATCG00350.1
AT5G54270.1
ATCG00270.1
AT3G22840.1
AT5G01530.1
AT3G22840.1
AT3G22840.1
AT3G22840.1
AT5G64040.2
AT1G52230.1
AT1G52230.1
AT1G30380.1
AT5G64040.2
AT4G21280.2
AT4G21280.2
AT1G14150.1
AT3G01440.1
AT1G14150.1
AT5G49730.1
AT1G68010.2
AT1G68010.2
AT5G23060.1
AT1G68000.1
AT5G49730.1
AT3G16250.1
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AT3G14200.1
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AT1G56300.1
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AT5G06110.1
AT4G13830.2
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AT1G71000.1
AT4G13830.2
AT1G80920.1
AT1G80920.1
AT4G13830.2
AT1G80920.1
AT3G17830.1
AT2G17880.1
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AT4G12400.2

AT4G37910.1
AT1G12270.1
AT1G79920.1

AT3G12580.1
AT1G09080.1
AT1G62740.1

Annotation

Chlorophyll A-B binding protein
Chlorophyll A-B binding protein
Photosystem I psaA/psaB protein
Cytochrome P450
Chlorophyll A-B binding protein
Photosystem I psaA/psaB protein
Chlorophyll A-B binding protein
Photosystem II protein
Chlorophyll A-B binding protein
Chlorophyll A-B binding protein
Chlorophyll A-B binding protein
Chlorophyll A-B binding protein
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Photosystem I reaction center subunit N
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Photosynthetic electron transport chain
Photosynthetic electron transport chain
Photosynthetic electron transport chain
Photosynthetic electron transport chain
Photosynthetic electron transport chain
Photosynthetic electron transport chain
Photosynthetic electron transport chain
Photosynthetic electron transport chain
Photosynthetic electron transport chain
Photosynthetic electron transport chain
Photosynthetic electron transport chain
Oxygen evolving enhancer protein 3
ATP synthase subunit H
Ferredoxin I
Ferredoxin I
Ferredoxin 2
Ferredoxin-3
Chloroplast thylakoid membrane
Chloroplast thylakoid membrane
Chloroplast thylakoid membrane

Ribulose-1,5-bisphosphate carboxylase small subunit
Ribulose bisphosphate carboxylase/oxygenase activase
Ribulose bisphosphate carboxylase/oxygenase activase
Ribulose bisphosphate carboxylase/oxygenase activase
Ribulose bisphosphate carboxylase/oxygenase activase
Ribulose bisphosphate carboxylase/oxygenase activase
Glyceraldehyde 3-phosphate dehydrogenase, C-terminal domain
Glyceraldehyde 3-phosphate dehydrogenase, C-terminal domain
Glyceraldehyde 3-phosphate dehydrogenase, C-terminal domain
Glyceraldehyde 3-phosphate dehydrogenase, C-terminal domain
Glyceraldehyde 3-phosphate dehydrogenase, C-terminal domain

Fructose-1-6-bisphosphatase
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P supply level (a)

Plant P use efficiency 9.622** ‘ 0.899 0.006

Shoot P use efficiency 8.131** 0.611 < 0.001
Root P use efficiency 13.338** 4.061 0.029

Root length 1.034 8.403** 1722

Root surface area 0.851 0.785 0.019

Root volume 0.744 0.882 0.902

Average root diameter 0.032 17.358** 7.581*
Plant biomass 0.230 1.623 0.016

Shoot biomass 0.830 1.924 0.581

Root biomass 0.517 | 2.295 0.501

Root-to-shoot ratio 3.800 9.208** 0.293

* and ** represents significance level at (p< 0.05) and (p< 0.01) respectively.
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(RFMD) index (%)

P supply Dry weight of mycorrhizal Dry weight of non-mycorrhizal
treatment seedlings (g) seedlings(g)

PO 6.00 5.63

P1 5.86 573

Yields were evaluated by weighing the harvested seedling.
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Plant hormone

Plant name Stress type
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Ghafar etal, 2020
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Gene ID
- BnaA02g29830D
- BaC03g56240D
- BnaCnng022800
- BnaA03g429400
- BnaA05G040200
- BnaA05g034200
- BnaCnng30740D
- BnaA05G113500
- BnaA09g152900
- BnaA09g484800
- BnaC04g56100D
- BnaC05g14260D
- BnaC01g07290D
- BnaA09g243700
- BnaC05924530D
- BnaA03g08110D
- BnaA10g147100
- BnaC09g37040D
- BnaA10g030600
-BnaC01915870D
- BnaA03g27800D
- BnaC03g328500
- BnaA04g16090D
- BnaC04g393600
- BnaA01g27000D
- BnaA07g05140D
- BnaC089358200
- BnaC02g39300D
- BnaA0Sg05780D
- BnaA10g076500

- BnaCnng32750D
- BnaC08g15730D

Annotation
alpha-glucan phosphorylase 1
alpha-glucan phosphorylase 2
beta-amylase 2
beta-amylase 3
beta-glucosidase 15-ike
chitinase 1
fructokinase-1
fructokinase-1
galactinol synthase 2
galactinol synthase 3
galactinolisucrose galactosyltransferase §
galacturonosyltransferase 11
glucan endo-1,3-beta-glucosidase 5
ribose-phosphate pyrophosphokinase 2
ribose-phosphate pyrophosphokinase 2
sucrose synthase 1-like
sucrose synthase 1-like
sucrose synthase 1-like
sucrose-phosphate synthase 3
trehalase
'UDP-arabinopyranose mutase 1-like
UDP-arabinopyranose mutase 1-fike
'UDP-D-apiose/UDP-D-xylose synthase 1
UDP-D-apiose/UDP-D-xylose synthase 1
betaglucosidase 44
beta-glucosidase -ike
fructose-bisphosphate aldolase 1
GDP-mannose 3.5-epimerase

mannose-1-phosphate guanylyltransferase 1

sorbitol dehydrogenase
sorbitol dehydrogenase
UDP-glucoselxylose 4-epimerase 1

15
Gene ID

- BnaC08g16470D
- BnaA10911080D
- BnaAnng265500
- BnaCnngs5170D
- BnaA09g555900
- BnaC01g043300
- BnaC05g27530D
- BnaC02g02350D
- BnaC03g18600D
- BnaA08g06260D
- BnaA04g19410D
- BnaAnng129000
- BnaC06g27340D
- BnaA059102000

- BnaA07g255400

- BnaC07915270D

BnaAnng116400

- BnaC05g07890D
- BnaC09g40740D
- BnaA06g 115000
- BnaC08g379400

- BnaC04g13950D

Annotation
superoxide dismutase
superoxide dismutase
superoxide dismutase
superoxide dismutase
superoxide dismutase
superoxide dismutase
Peroxidase
Peroxidase
Peroxidase
Peroxidase
Peroxidase
Peroxidase
Peroxidase
Peroxidase
Peroxidase
catalase
catalase
glutathione-S-transferase
glutathione-S-transferase
glutathione-S-transferase
glutathione-S-transferase

glutathione-S-transferase

- BnaC07g35800D
- BnaA03g43960D

- BnaA04g21960D
- BnaA09g49440D

BnaA10g11080D
8naC05g41830D
8naC09g34350D
BnaA10g04840D
8naA06g22800D
- BnaC01900890D
- BnaC07g31800D
- 8naA05080200
- BnaC04g09030D
- BnaC07g44670D
- BnaC07g45790D
- BnaC03905820D
- BnaA0706360D
- BnaC09g50850D
- BnaC06g41440D
- BraA05g243900
- BnaC03g26480D
- BnaA06g01090D
- BnaC03g66580D
-BnaC07g51130D
-BnaC01g23810D
- BnaC08g49360D
- BnaA06g13460D
- BnaA05905170D
- BnaA09g442100
- 8naC01g34620D
- BnaA06g13250D
- BnaC05g35610D
- BnaC08g36840D
- BnaA01g27170D
- BnaC03g71460D
- BnaC02g201200
- BnaA03gss570D
- BnaC02g01760D
8naC09g48180D

Annotation
ABA catabolism
ABA catabolism
PYRPYURCAR
protein phosphatase 2C
protein phosphatase 2C
protein phosphatase 2C
protein phosphatase 2C
protein phosphatase 2C
serine/threonine-protein kinase
serinefthreonine-protein kinase
serinefthreonine-protein kinase
ABSCISIC ACID-INSENSITIVE 5
ABSCISIC ACID-INSENSITIVE 5
ABSCISIC ACID-INSENSITIVE 5
phospholipase D (PLD)
ET signal pathway
ET signal pathway
ET signal pathway
ET signal pathway
ET signal pathway
ET signal pathway
ET signal pathway
brassinosteroid Insensitive1 (BRI1)
brassinosteroid biosynthesis
brassinosteroid biosynthesis
brassinosteroid biosynthesis
brassinosteroid resistant (8ZR172)
brassinosteroid resistant (8ZR1/3)
brassinosteroid resistant (BZR1/4)
Jasmonate-zim domain (JAZ) protein
Jasmonate-zim domain (JAZ) protein
Jasmonate-zim domain (JAZ) protein
Jasmonate-zim domain (JAZ) protein
Jasmonate-zim domain (JAZ) protein
Jasmonate-zim domain (JAZ) protein
Jasmonate-zim domain (JAZ) protein
JA biosynthelic process genes
JA biosynthelic process genes
JA biosynthetic process genes
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Gene ID

- BnaC03g264800
- BnaC06g40040D
- BnaA079351300
- BnaC03g058200
- BnaA03g136200
- BnaC09g508500
- BnaC06g41440D
- BnaAD59243900
- BnaA10g076300
- BnaC035149600
- BnaA02g343700
- BnaA06g010900
- BnaC09g499200
- BaaC07g39680D
- BnaA03g042000
- BnaC06g428500
- BnaA08g013000
- BnaA09g470300
- BnaA04g293100
- BnaAnng342600
- BnaA07g381400
- BnaA01918170D
- BnaC03g719000
- BnaC09g281900
- BnaC01g36330D
- BnaA019289700
- BnaC03¢694200
- BnaA05g252000
- BnaA09g044700
- BnaC05384100
- BnaC08g048200
- BnaA08g309500
- BnaC08g31500D
- BnaA08g 138600

- BnaC07¢293700

« BnaCnng09130D

- BnaAnng069400

- BnaC09g05370D
| - 80aA019349100
J| - BnaC01600660D

- BnaC02¢48800D

- BaaC01g10080D

- BnaA07g236500

- BnaA03g403700

- BnaC07¢31340D

- BnaCnng36390D
| - BnaA03g544600

- BnaAD99057100

- BnaAD4g259000

- BnaA10g057800

- BnaC07g313500

- BnaC09g273600

Annotation
AP2/ERF

AP2/ERF
AP2ERF
AP2/ERF
AP2/ERF
AP2ERF
AP2/ERF
AP2/ERF
AP2/ERF
AP2ERF
AP2/ERF
AP2/ERF
AP2ERF
AP2/ERF
AP2/ERF
AP2/ERF
AP2ERF
AP2ERF
AP2ERF
AP2ERF
AP2/ERF
AP2/ERF
AP2/ERF
AP2ERF
AP2/ERF
AP2/ERF
AP2ERF
AP2/ERF
AP2/ERF
AP2ERF
AP2ERF
AP2ERF
AP2/ERF
AP2ERF
AP2/ERF
AP2/ERF
AP2/ERF
AP2ERF
AP2ERF
AP2/ERF
AP2ERF
AP2/ERF
AP2/ERF
AP2/ERF
AP2ERF
AP2/ERF
AP2/ERF
AP2ERF
AP2/ERF
AP2/ERF
AP2/ERF
AP2ERF

Gene ID
- BnaA109217000

- BraC09g459800
- BnaC05G305000
- BnaC085423900

| - BnaAD1g026200

- BnaA05g027300
- BraAnng204300
- BhaA07g389700
- BnaC03g76640D
- BnaC04g486300
- BnaC03g239700

- BnaA08g062900
| e

- BnaC03¢663100

- BnaC06g346800

- BnaA07g020100

- BhaAD4g247600
.

- BraA03g199700

- BnaA0gg152500
| e

- BnaC07g195300
|

- BnaC07034500
I o o050
- BnaC01g04330D
- BnaC04g090300
- BnaC06g026400
- BnaC07g446700
- BnaA05080200
- BnaA0Bg030400
- BnaAnng265500
- BnaA07g018900
- BnaA02¢310000
- BnaC06916270D0
- BraA04g058100
- BnaC08g019100
- BnaC03g237100
- BnaA06g295000
- BnaC02g062700
- BnaC07g272200
|- Brar0agar2700

Annotation
bHLH

bHLH
bHLH
bHLH
bHLH
bHLH
bHLH
bHLMH
bHLH
bHLH
bHLH
bHLH
bHLH
bHLH
bHLH
bHLH
bHLH
bHLH
bHLH
bHLH
bHLH
bHLH
bHLH
bHLH
bHLH
bZIP
bZIP
bZIP
bZIP
bZIP
bZIP
bZIP
bZIP
bZIP
bZIP
bZIP
bZIP
bzZIP
bZIP
bZIP
bZIP
bZIP

Gene ID
- BnaA06g21900D
- B8naC01g411800
- BnaA01g 112800
- BnaC07g464300
- BnaA02g334100
- BnaA09g06090D
- BnaC07g367000
- BnaC03g641600
- BnaA07g316800
- BnaA08g097400
- BnaC069355100
- BnaC099056500
- BraA08g03350D
- BnaA07g31540D
- BnaC039555500
- BnaCnng467100
- BnaA09g14230D
= BnaCnng 165200
- BnaA08g296700
- BnaA02g025800
- BnaC069353400
- BnaADEg266800
- BnaA07g352600
- BnaC01g135000
- BnaAD5g348500
- BnaAD3g254300
- BnaC07g 190900
- BnaA09g133700
- BnaC02g391700
- BnaA09g050000
- BnaC036675200
- BnaC04g068000
- BnaC06g304800
- BnaC09g 136800
- BnaC07g303000
- BnaC04g4 10500
- BnaC07g272400
= BnaAD4g269700
- BnaA03g436400
- BhaAD4g 174200
- BnaC07¢351300
- BnaCO04g409400
- BnaADEg360200
- BnaAD4g234800

Annotation
MYB

MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
MYB
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC
NAC

Gene ID
- BnaA08g266800
- BnaA07g352600
- BnaC019135000
- BnaA05g348500
- BnaA03g254300
- BnaC07g 190900
- BnaA099 133700
- BnaC02g391700
- BnaA09g050000
« BnaC03¢675200
- BnaC04g068000
- BnaC06g304800
- BnaC09g 136800
- BnaC07g303000
- BnaC04g410500
- BnaC07g27240D0
- BraA04g269700
- BnaA03g436400
- BnaA049174200
- BnaC07¢351300
- BnaCO4g409400
- BnaA0Bg360200
- BraA049234800
- BnaCnng205700
BnaA02g067800
- BraA109127800
BnaC09g35160D

- BnaC01g33270D0

BnaA05g025500
BnaA07g137000
BnaC02¢g23540D0
BnaA02g174100

- BnaA09g073400
B BnaC02g444800
BnaC01g18190D
- BnaA01g177000
- BnaA09g385700
- BnaCnng471600
- BnaA039 105600

Annotation
WRKY

WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
WRKY
C2H2
C2H2
C2H2
C2H2
C2H2
C2H2
C2H2
C2H2
C2H2
C2H2
GATA
GATA
GATA
GATA
GATA
GATA
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Key finding Reference

Stress type

Chilling Banana Approximately, 0.5 mM increased the capability of antioxidant activities. Decrease of oxidative stress indicating activities such | Kang et al.
tolerance seedlings ~ as ROS, MDA, and H,0, (2003).
Chilling Peach Stress tolerance in fruit crop via increase of different sugars, sugars metabolism, sucrose level, and activation of genes stress Zhao et al.
tolerance linked to cold responses (2021).
Heat stress Grape A higher activation of rubisco activities was measured with the integration of the photosynthesis process. SA also improved ‘Wang et al.
leaves the uptake of minerals content via roots toward other parts of the plant (2010)
Salinity Mango Sukkary rootstock was found to be salt tolerant with application of SA at 200 mg L™ Muhammed

etal. (2022)

Malformation Mango Two cvs. Amrapali and Dashehari were found to be more tolerant with application of 0.40% SA against fruitlet abscission and | Kumari et al.
in mango ‘malformation via improvements in chlorophyll fluorescence, photosynthesis, and the defense system (2021)
Heavy metals Mango Keitt and Ewais cultivars were irrigated with sewage wastewater. Stunted growth was recoded in 11 year’s old fruit trees. Helaly et al.
However, SA improved the tree growth and quality of fruits of both cultivars by mitigation of adversities occurring from (2018)
heavy metals
Heavy metals Mulberry  Plants showed stunted growth due to irrigation with poor quality sewage wastewater Gul et al.
(2021)
Salinity Olive 0.25 mM of SA improved plant growth growing under 100 mM NaCl. Hence, SA was effective for fruits against abiotic stress | Aliniacifard
conditions with an improved defense system etal. (2016)
Osmotic stress ~ Mulberry |~ Genomic endeavors and over-expression of genes were effective for regulation of abiotic stress conditions in plants Checker and
Khurana

(2013)
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Reference

Stress type

Chilling injury Sponge 1.5 mM L™ found to be more effective for reduction of chilling injuries under storage Cong et al.
gourd (2017)
Ultraviolet Pea 0.4 mM enhances growth by improving defense system Martel and
radiation Qaderi
(2016)
Heat stress Potato Nearly, 2, 3, 8, 14, and 21 dpi applied on Chicago and Gala cultivars resulting in improved physiological mechanisms Makarova

etal. (2018)

Chilling injury Sweet Chances of chilling injury were decreased with application of SA by improving antioxidant potential of plants Hu-qing
potato etal. (2014)
Chilling-induced | In Oxidative injury was reduced with foliar application of SA of about 0.1 mM, with improved defense systems and over- Chen et al.
oxidative damage  eggplant | expression of defense-related genes (2011).
Chilling Potato Production was improved by application of 0.1 mM to enhance chilling tolerance Mora-
conditions Herrera et al.
(2003).
Heat stress Cucumber | 1 mM exogenous spray improved the plant defense system through reduction of MDA, H,0,, and ROS; SA increased the |~ Shi et al.
photosynthetic pigments growing under temperature extremities (2006)
Heavy metals Melon 0.1 mM concentration necessary to decrease the adsorption of Cd levels, over-generation of ROS, enhanced oxidative Zhang et al.
enzymes, proline level, and protein content (2015)
Salinity Garlic Exogenous spray of SA 300 ppm revealed excellent vegetative and reproductive growth with enhanced level of minerals Shama et al.

such as potassium and calcium, while a decrease in sodium and chloride contents was also recorded in the vegetable plants | (2016)

UV-B Peppers Approximately, 1.5 mM enhanced the antioxidant potential under stressful conditions Mahdavian
et al. (2008)

Salinity cucumber | It showed noticeable decrease in Na* with increased amounts of numerous minerals in plants Yildirim et al.
(2008).
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Condition  Foliar  shoot length  Root length  Number of leaves  Number of flowers  Fruit weight per plant
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Databases Number of unigenes Ratio (%)

All 51566 100.00
NR 26510 51.41
GO 22213 43.08
KEGG 17821 34.56
Pfam 20430 39.62
swissprot 18678 36.22

eggNOG 25374 49.21
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Index All GC% Min Length Medium Length Max Length Total Assembled Bases N50

Transcript 137087 46.38 201 481 16120 103421503 1132
Gene 51566 46.49 201 436 16120 40504035 1331
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S. No.  Genotypes

L SBOO11
2. SBO023
3 SBO032
4. SBO041
5. SBO042
6. SBO044
7. SBO047
8. SBO076
9. SBO077
10. SBO097
11. SBO098
12. SBO100
13¢ SBO112
14. SBO113
155 SBO116
16. SBO119
17. SBO131
18. SBO132
19. SBO134
20. SBO145
SE(m) +
SE(d) +
CV (%)
S. No. Genotypes
L. SBOO11
2% SBO023
3. SBO032
4. SBO041
5. SBO042
6. SBO044
7. SBO047
8. SBO076
9. SBO077
10. SBO097
11. SBO098
12 SBO100
13. SBO112
14. SBO113
15. SBO116
16. SBO119
17. SBO131
18. SBO132
19. SBO134
20. SBO145
SE(m)+
SE(d)x
CV (%)

TFPC

113
145
1.28°
1.22%4
1.16cde
128"
1.00™
1.05¢"
L.15%
1.08%
0.96'
0.99"
0.96'
1205
1.28°
1.07%
Lo1e"
1.03¢"
0.97'
1.22%
0.01
002
221

PDI
17.23°%
13.99"

16.00°"
14.33"

15.028%

16.11°%"
13.65"
14.47M
1733

1115
17.85°
25.33%
16.12°%"
10.66
13.28'
15.36"¢"
30.51°
2723°
24.66°
20.66°
067
094
5.40

Before inoculation

PAC

148"
2.08°
1.56'
239°
2.32¢
120
171"
1758
1.94'
251°
1.818
1.29'
1.05"
2.27¢
2.68°
1.43%
174"
1.547
1.06"
Lo7"
002
003
214

20 days after inoculation

TFPC
225°
263
2.50%
2.82°
2.77*
220%
2.64°
2,585
242°
2519
171!
171!
2,594
2.87*
2,60
253
1.66'
1.70'
2138
2.02"
0.03
0.04
1.89

PAC
304
2928
3.12¢
345°
269"
269"
3.00%
258
289"
456
273
177"
2.00'
3.60°
3214
3224
2.24%
1.44°
1.93"™
1.90™
0.02
0.04
144

CAT

1.40°%8
178%
0.771™
166
1.32%"
1.2580
1.52%
0.86"
1.20"
1.09Y
145
0.75™
0.76"™
2.18°
1.92°
0.99%
0.87¢
119
0.61™
110"
0.05
0.07
6.16

CAT
4.52°
521°
3.96ahcd
490°
2.82(‘1“
14
5.14°
3.13bcdef
2.93b:def
4_13abc
3.20h<def
2.03"
3.70;\bcde
527°
5.14°
S.QSHde
1.784°
2,14
229
2,383
047
0.66
1820

POX

5554
651°
553
3.40¢
5.16°
5214
422"
4.06'
3218
7.76*
7.22°
444"
3.28¢
538
417
3308
426"
3328
3398
4.14"
0.11
0.16
353

POX
5.438h
6.26%%
692
6.56%
7.96"
6.07%"
6.50%"
5.95¢hi
5.150%
939"
7.41%
4724
566"
6l4zd<(
7.93
6.10%"e"
4364
4.12!
4.334
5274
026
037
6.03

PC

397
3.84%
4.80
5.60°
4‘50hcd
3.85%
4.59bcd
441
4,01
359
3.43¢
4.83>
533
476"
449>
4.85°
3.76%
3538
2.59"
430%
0.12
0.17
420

PC
225"
2.65%"
2l62de1’
3.26
Z.szzde
2.55°%
3.00°
2.89
246"
2.66%"
1.88
140
2.58°%
395"
2l77cde
2318
1.87'
1.96'
15
1.80°
0.08
0.12
499

PDI

6.78“6(
621 defg
6380
6. 43cd=|'g
5.69°¢
7:32b%
6‘39<dcfg
659cde(
6.24%%
6,28“‘“8
61 47cdef
7.98%
7.88%d
4738
5.20%
6.42°%%
11.56"
871°
8.82°
8.88"
0.50
0.71
10.15

PDI
34.15°¢
28.00¢"
32,02
27.03¢
28.44%
30.42°
26.66"
28.318"
32,09
25.12!
3527
54.68°
32.12
22.86
25.28'
28.49%
6222
59.54"
51.84¢
51.20°
057
0.81
226

10 days after inoculation

TFPC PAC
201" 2914
216 275%
2,058 255"
256" 293¢
2158 2,67
147™ 2.16%
221% 274'
242 235'
2.00" 343"
2.36" 445"
1.536' 2820
141 1.94™
2.09%h 222
2.29%4 346"
2.11°% 3.11¢

1.83' 2.05'
1.53' 236'
1.63" 1.85'™
1779 2.09¢
1.70% 2.09¢
0.02 0.03
0.04 0.04
200 1.80

30 days after inoculation

TFPC
1.86'
203b
191
228"
228"
1.85%
231°
2215
1.93
2.16%
1.468'
1.49'
2.05°
241°
224"
2.12%
1.36'
142
17780
170"
0.03
0.05
254

PAC
2.22%
229¢
1.948
271°
2:19%
208"
2254
2.05%
132!
3710
2.04f
11
1.69"
3.131°
2.69°
2.65°
173"
0.95*
1.229
1.23%
0.04
005
279

CAT

1.97%
274
1918
347°
2.08°%
210
2.80°
1.56™
2.19°
2.85°
2414
1.44M
1.60"
386"
2.84°
145"
1.37'
209
1.50™
159"
0.05
0.07
3.56

CAT
442°
393
3.85%
3.48%
2.38'
438"
2.82"
2.88"
2.96¢
4.04°
325%
0.88
3.64°
477
291"
401°
0.76
2.15'
2.26'
2.24'
0.10
0.15
4.82

POX

5.86°%
7.51%
678
5571
6.65%
54818
5.298"
4,617
5368
958"
8.01°
479"
5.63%"
6-27def
6.75%
53780
4,62
4.25
4.65
6.58%
026
0.37
6.20

POX
526"
594"
655
6.23%
7:21°
572"
6.35%
5.78%
4.86'
861°
717¢
4.26
5.398"
6.30%
8.09"
6.07¢"
399
3.99
423
501"
0.12
0.18
3.12

PC

3.06%
3319
3.46%%
3.98"
3.58%
3.23&\:(
395"
3.07%
3.12%
2.96'%
2127
3534
396"
413"
2.99'
3.75%
2.85¢
3.13%
191"
3.15%
0.11
0.15
4.85

PC
1.81°
2364
2.18¢
286"
235
2.19¢
250°
2.38%¢
1.70¢f
2214
1.38¢
1.37°%8
2.16°
314°
2114
1.8°
143%
1.46'
L2t
1,638
0.08
0.12
591

PDI, percent disease incidence (%); TFPC, total foliar phenol content (mg GAE/gm fresh weight); PAC, pyruvic acid content (tmol/gm fresh weight); CAT, catalase (tmol H,O,/min/mg
protein); POX, guaiacol peroxidase (jtmol/min/mg protein); PC, protein content (mg/gm fresh weight). Mean values followed by the same letter (superscipt) in the column do not differ
statistically from each other by the Duncan’s Multiple-Range Test (DMRT) at the 5% probability level.
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AUDPC PH

PDI 1 0.91**
AUDPC 1
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LL

LW

NoL

PsL

PsW
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PD
ABW
T.S.S
DM
Blt
DTM
MY
GY

-0.13  -0.20*  0.05
-0.12  -0.16*  -0.06
1 094" 0.24*
1 0.23**
1

NoL

-0.17*
-0.17*
0.38*%*
0.37*%*
0.22%*
1

PsL

0.05
0.01
0.17*
0.08
0.23**
0.07
1

PswW

<0314
-0.26**
0.2

0.25**
0.38**
0.32%*

-0.09
1

-0.21%
-0.20*
0.19%
0.22%*
0.40%%*
0.35%%*
-0.05
0.82%%*
1

0.12
0.09
0.07
0.04
0.05
0.03
-0.17*
0.05
0.10
1

-0.09
-0.11
0.20*
0.17*
-0.04
0.00
-0.05
-0.11
-0.03
0.41%*
1

ABW

0.09
0.07
0.22**
0.17*
0.16*
0.10
-0.08
0.16*
0.10

0,524+
0.43**

1

TS.S

-0.01
0.04
-0.05
-0.07
-0.06
-0.05
-0.14
0.05
-0.04
-0.07

-0.23**
-0.21%*

1

L0294+
-0.31%*
0.03
0.04
0.08
0.01
-0.08
0.14
0.03
0.00
-0.13
0.00
0.35%*
1

Blt

0.09
0.05
-0.06
-0.07
0.11
0.10
0.11
-0.03
0.05
-0.05
-0.17%
-0.07
0.10
-0.04
1

DTM

-0.07
-0.06
0.04
0.02
0.22**
0.30%*
0.01
0.29%*
0.28*+*
-0.01
-0.13
0.06
-0.02
0.01
-0.03
1

0.02
0.01
0.23**
0.16*
0.14
0.15
0.05
0.13
0.07
0.26%*
0.35%
0.57%%*
-0.23**
0.06
0,27+
0.03
1

0.02
0.01
0.24*
0.18*
0.14
0.22**
0.03
0.15
0.10
0.26%
0.39*
0.56***
-0.30%**
0.00
-0.28***
0.04
0.97*%*
1

PDI, percent disease incidence (%); AUDPC, area under disease progress curve; PH, plant height (cm); LL, leaf length (cm); LW, leaf width (cm); NoL, number of leaves; PsL, pseudostem
length (mm); PsW, pseudostem width (mm); NT, neck thickness (cm); ED, equatorial diameter (mm); PD, polar diameter (mm); ABW, average bulb weight (gm); TSS, total soluble solids (°
B); DM, dry matter (%); Blt, bolting percentage (%); DTM, days to maturity; MY, marketable yield (t/ha); GY, gross yield (t/ha); ns, non-significant, *, **, *** significant at p< 0.05, 0.01, and

0.001, respectively.
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Category Genotypes PDI
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Inbreds

Breeding
lines

Hybrids
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>60

MR

MS

HS

MR

MS

HS

MR

MS

©

HS

MR

MS

HS

Genotype name

SBO098, SBO023, SBO032

SBO013, SBO020, SBO021, SBO022, SBO024, SBO025. SBO026, SBO029, SBO030, SBO031, SBO033, SBO034,
SBO035, SBO036, SBO037, SBO089, SBO090, SBO093, SBO094, SBO095, SBO096, SBO099, SBO101, SBO102,
SBO103, SBO104, SBO105, SBO130, SBO137, SBO138, SBO139, SBO142, SBO143, SBO156

SBO27, SBO28, SBO100, SBO106, SBO133, SBO134, SBO144

SBO131

SBO047, SBO076, SBO097, SBO116, SBO119

SB0O002, SBO003, SBO005, SBO007, SBO008, SBO009, SBO010, SBO016, SBO018, SBO039, SBO040, SBO043,
SBO045, SBO063, SBO066, SBO078, SBO080, SBO084, SBO086, SBO087, SBO109, SBO111, SBO114, SBO118,
SBO129

SBO054, SBO079, SBO081, SBO082, SBO083, SBO085, SBO107, SBO154

SBOO11, SBO041, SBO042, SBO044, SBO077, SBO112, SBO113

SBO001, SBO012, SBO006, SBO014, SBOO015, SBO017, SBO019, SBO038, SBO046, SBO048, SBO050, SBO051,
SBO059, SBO060, SBO062, SBO064, SBO065, SBO067, SBO068, SBO069, SBO071, SBO074, SBO075, SBO091,
$BO092, SBO108, SBO110, SBO115, SBO117, SBO124, SBO125, SBO126, SBO128, SBO150, SBO151, SBO153

SBO004, SBO049, SBO052, SBO053, SBO055, SBO056, SBO057, SBO058, SBO061, SBO070, SBO08S, SBO127,
SBO152

SBO147
SBO072, SBO073, SBO120, SBO121, SBO122, SBO135, SBO140, SBO141, SBO1146, SBO149, SBO155,

SBO157
SBO123, SBO132, SBO136, SBO145, SBO148

OPV, open pollinated varieties; DR, disease rating.

No. of
genotypes

34

25

36





OPS/images/fpls.2022.1063685/table2.jpg
Source of variation and Estimation of genetic Performance
mean squares parameters

Source of variation Replication Genotype Mean (6’P) (6°G) GCV PCV his(%) GA CV% SEM () CD 5% CD 1%

df 1 156

PH 0.46 90.56*** 70.31 4585  44.71 9.51 9.63 9752 13.60 1.52 0.75 2.11 278
LL 0.63 96.01** 57.41 4833  47.68 1203 1211 98.66  14.13  1.39 0.57 1.59 2.09
LW 0.002 025%™ 121 0.13 0.13 29.57  29.68 99.22 0.73 2.65 0.02 0.06 0.08
NOL 0.007 1.57*%* 7.39 0.79 0.78 1210 12.22 98.00 180 173 0.09 0.25 033
PsL 0.11 9.34** 13.72 4.70 4.65 1573 15.81 98.99 4.42 159 0.15 0.43 0.57
PsW 0.005 12.64** 10.33 6.34 6.31 2432 2438 99.51 5.16 171 0.12 0.35 0.46
NT 0.005 0.06*** 0.66 0.03 0.03 26.66  27.31 95.33 0.35 592 0.03 0.08 0.10
ED 13.16 32,52 5120  15.82 6.61 7.11 8.57 68.76 342 6.02 1.73 4.84 6.39
PD 3.09 36.08** 48.01 14.88 6.58 5.35 8.28 41.77 300 632 161 4.49 593
T.S:S 0.56 5.06%* 12.54 261 2.46 1249 12.88 94.08 313 313 0.28 0.78 1.02
DM 0.02 6.06%* 10.76 333 2.73 1537  16.96 82.10 309 718 0.55 1.52 2.01
Blt 2241 25.69*** 245 13.52 12.17 14233 150.03  90.01 6.82 4742 0.82 230 3.03
ABW 0.009 260.70%* 69.71 12894 12693 1526 1650 97.08 2339 601 1.39 3.88 5.12
GY 2.20 93.90** 2592 6027  33.63 2238 29.96 55.80 892 1992 3.65 10.20 13.46
MY 3.16 85.52%* 2222 5482 3071 2494 3332 56.02 854 2210 347 9.70 12.80
DTM 3.06 188.99** 113.73 9500  93.99 8.52 8.57 9894  19.86 0.88 0.71 1.98 2.62
PDI 38.67 178.55"* 3266 90.61 87.94 2870 29.14 97.05  19.03  5.00 116 323 4.26

df, degree of freedom; GCV, genetic coefficient of variation; PCV, phenotypic coefficient of variation; h3s (%), heritability in a broad sense; GA, genetic advance; CV, coefficient of variance;
SE, standard error; CD, critical difference; PDI, percent disease incidence (%); PH, plant height (cm); LL, leaf length (cm); LW, leaf width (cm); NoL, number of leaves; PsL, pseudostem
length (mm); PsW, pseudostem width (mm); N'T, neck thickness (cm); ED, equatorial diameter (mm); PD, polar diameter (mm); ABW, average bulb weight (gm); TSS, total soluble solids
(°B); DM, dry matter (%); Blt, bolting percentage (%); DTM, days to maturity; MY, marketable yield (t/ha); GY, gross yield (t/ha); ns, non-significant, **, *** significant at p< 0.01, and 0.001,
respectively.
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