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Editorial on the Research Topic 


Salinity and drought stress in plants: understanding physiological, biochemical and molecular responses, volume II








1 Introduction


Salinity and drought are among the most critical abiotic stressors affecting plant growth and
productivity across the globe. These challenges are particularly acute in arid and semiarid regions,
where climate change has intensified water scarcity and increased soil salinization (Huang and Jin;
Sahu, 2024). These stresses disrupt fundamental plant
functions, including photosynthesis, nutrient uptake, and cellular homeostasis. As the global
population is expected to approach 10 billion by the year 2050, agricultural systems must produce
approximately 70% more food to ensure food and nutritional security (Sahu and Liu, 2023; Editorial, 2024). However,
the increasing severity and frequency of salinity and drought conditions threaten this target. While
severe stress might entirely limit plant development, moderate stress may activate a range of
adaptive responses. These include transcriptional reprogramming, osmoprotectant buildup, alterations
in stomatal behavior, and the activation of antioxidant defense systems. To create crop varieties
with increased resilience, it is crucial to understand these reactions at the physiological,
biochemical, and molecular levels. Recent advances in spatial omics have enabled researchers to
uncover stress responses with cell-type resolution, providing new insight into how plants adapt to
heterogeneous stress environments (Guo et al., 2025 ;
Zhong et al., 2025). Combined with CRISPR-based gene
editing, high-throughput phenotyping, bioinformatics, and integrative multiomics approaches, these
tools offer powerful strategies to accelerate breeding for climate-resilient crops (Purugganan and Jackson, 2021; Wang et al., 2022; Sahu et al., 2023; Wang et al.; Zhu et al.).


Volume II of “Salinity and Drought Stress in Plants: Understanding Physiological, Biochemical and Molecular Responses” builds on the foundation laid by the first Research Topic, focusing on integrative, translational research that bridges basic “omics” discoveries with applied breeding and biotechnology. Our Research Topic features an acceptance rate of approximately 44%, demonstrating the rigor of our peer review process and the high quality of the published contributions. The present editorial synthesizes 26 contributions comprising 23 original research articles and three review articles, organized into thematic categories that reflect the multidimensional nature of plant stress responses. It aims to contextualize the overall goals of the Research Topic, highlight advances in mechanistic insights, and provide a roadmap for future work in enhancing crop resilience (
Figure 1
).
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Figure 1 | 
Interconnected mechanisms of plant stress adaptations to salinity and drought. The figure illustrates the conceptual framework of plant responses to salinity and drought stress, illustrating key physiological adjustments, biochemical pathways (e.g., osmolyte accumulation and antioxidant defense), and molecular networks (signal transduction and transcriptional regulation).








2 Physiological adaptations to drought and salinity





2.1 Root and shoot architectural traits


Morphological plasticity underpins early stress avoidance. In chickpeas, gradual drought imposed at 70 → 50 → 25 percent water- holding capacity revealed that the MCC552 and MCC696 genotypes maintained high photosynthetic water-use efficiency and developed deeper, thicker roots—traits linked to greater proline accumulation and membrane stability (Fazeli-Nasab et al.). In oats, ear organs (glumes and lemmas) sustained water status and photosynthetic activity under drought, enabling continued carbon assimilation and grain filling even when flag leaf function declined (Fang et al.).






2.2 Nocturnal Water Relations and Sap Flow


The woody shrub Cotoneaster multiflorus utilizes nocturnal sap flow and refill mechanisms to re‐establish water balance after severe drought; stomatal closure during the day, followed by nighttime replenishment, preserves cellular hydration and supports rapid recovery upon rewatering (Huang et al.).






2.3 Symbiotic and nanomaterial interventions


Beneficial microbes and nanotechnology offer novel routes for physiological enhancement. In alfalfa, inoculation with Glomus mosseae and G. etunicatum improved plant height, chlorophyll content, osmolyte levels, and antioxidant enzyme activities under salt stress, underscoring the practical potential of AM fungi in saline soils (Xu et al.). Zinc oxide nanoparticles applied via nano-priming restored biomass, water content, and ion homeostasis in Phaseolus vulgaris under salinity, with nano-priming outperforming foliar and soil applications (Gupta et al.).







3 Biochemical mechanisms and metabolite regulation





3.1 Antioxidant defense and osmotic adjustment


The overproduction of reactive oxygen species (ROS) under stress can be mitigated through enhanced antioxidant systems and osmolyte accumulation. Tobacco seedlings treated with 0.2 mg L⁻¹ strigolactone presented elevated chlorophyll content, photosynthetic efficiency, and peroxidase/catalase activity, in addition to reduced malondialdehyde (MDA) and ROS, particularly in the moisture-sensitive cultivar Y116 (Wang et al.). In rice, seedling application of uniconazole under salt stress increased peroxidase and catalase in both tolerant (HD961) and sensitive (9311) varieties, improving root growth and carbohydrate partitioning to grains and thereby increasing yield components by up to 28 percent (Du et al.).






3.2 Secondary metabolites and quality prediction


Fresh leaves of Isatis indigotica emitted distinct biophoton signals under salt and drought, which correlated with the active ingredient levels and antibacterial efficacy of the dried herb. Delayed luminescence and spontaneous photon count serve as rapid, non-destructive indicators of cultivation quality (Wang et al.).






3.3 Fulvic acid and metabolomic shifts


Fulvic acid application in oats under drought increased the leaf water content and antioxidant enzyme activity, whereas integrated transcriptome–metabolome profiling revealed that the phenylpropanoid and glutathione pathways are central to FA-mediated protection (Zhu et al.).







4 Molecular and genomic insights





4.1 Gene family characterization


Recent studies have uncovered critical gene families linked to stress responses across plant species. In Moso bamboo, researchers identified 47 DIR genes, grouping them into three categories. Among these, the PeDIR02 gene stands out— it is found in cell membranes and appears to drive rapid shoot growth while helping the plant cope with environmental stressors like drought or salinity. This gene works within a network regulated by transcription factors such as ERF, DOF, and MYB, suggesting a coordinated strategy for stress adaptation (Xuan et al.). Meanwhile, alfalfa’s nine ADF genes fall into four evolutionary subgroups. Experiments revealed that MsADF1, MsADF2/3, MsADF6, and MsADF9 are strongly induced by salt and drought, indicating that actin remodeling is involved in stress adaptation (Shi et al.). Water lilies (Nymphaea colorata), on the other hand, boast 94 class III peroxidase genes, many of which evolved through tandem duplications. These genes activate under stressors like high salt, extreme temperatures, or heavy metals, pointing to their role in detoxification and defense (Khan et al.).






4.2 Functional validation in model systems


Overexpression studies have pinpointed candidate genes for crop engineering. For example, when the AtaHMGR10 gene from Asparagus taliensis was overexpressed in Arabidopsis, the modified plants showed stronger seed germination, longer roots, and better antioxidant responses under drought, salt, and osmotic stress (Zeng et al.). Similarly, poplar trees engineered to overexpress PagSOD2a displayed higher antioxidant enzyme activity, lower oxidative damage (measured by reduced malondialdehyde levels), and improved growth in salty soils. The study also traced this trait’s regulation to upstream genes like SPL13, NGA1b, and FRS5 (Zhou et al.). In another experiment, a caffeic acid O-methyltransferase gene from Ligusticum chuanxiong boosted both lignin production and melatonin synthesis in Arabidopsis, enhancing drought tolerance through stronger antioxidant defenses (Huang et al.).






4.3 RNA-seq and population genomics


By combining RNA sequencing with population genetics, light is being shed on stress adaptation mechanisms. In flax, a merger of transcriptomics and genome-wide association studies (GWAS) pinpointed 17 salt-tolerance genes involved in pathways like phenylpropanoid biosynthesis and metal transport. Interestingly, oil flax varieties showed higher genetic diversity at these key loci compared to fiber flax, possibly explaining their greater resilience (Li et al.). For drought tolerance, transcriptome comparisons of Codonopsis pilosula seedlings highlighted cultivar-specific differences. The drought-resistant cultivar G1, for instance, activated unique genes tied to starch/sucrose metabolism, hormone signaling, and glutathione pathways—clues that could guide future breeding efforts (Wang et al.).







5 Multiomics and integrative approaches





5.1 Hexaploid triticale seedling responses


When salt-stressed triticale seedlings were analyzed using a mix of genome-wide association studies (GWAS), transcriptomics, and proteomics, researchers uncovered 81 genetic markers linked to stress tolerance and 688 genes/proteins that changed activity within 18 hours. A protein called LEA14 stood out as a fast-acting defender against stress, likely because its DNA contains regions targeted by multiple stress-related transcription factors (Wang et al.).






5.2 Dynamic salt stress regulation in maize


How do salt-tolerant and salt-sensitive maize varieties react differently to stress? A time-based study comparing the resilient SPL02 line and the sensitive Mo17 line under high salt conditions showed nearly 9,000 unique gene activity changes in each. The hardy SPL02 line relied heavily on pathways like map kinase signaling, phenylpropanoid production, and hormone regulation, while Mo17 leaned more on ABA-activated stress signaling. Five key genes, including phosphate transporters and WRKY transcription factors, were flagged as top candidates for future research (Maimaiti et al.).







6 Reviews and perspectives





6.1 Phytohormones in horticultural drought tolerance


A comprehensive review highlights the exogenous application of melatonin, salicylic acid, jasmonates, strigolactones, brassinosteroids, and γ-aminobutyric acid as modulators of molecular and physiological defense systems in horticultural crops under drought, emphasizing hormone crosstalk and integrated signaling networks. The authors stress the need to decode these complex signaling networks to improve crop resilience (Huang and Jin).






6.2 Fibrillins and redox signaling in response to multi-stress


Two studies shed light on stress adaptation strategies. One focuses on fibrillins, proteins in plant plastids that help manage lipid storage and oxidative stress. The other proposes a new model where epigenetic changes (like DNA methylation) and redox signaling work together to fine-tune plant responses to combined stressors. Both papers argue for targeting these mechanisms in breeding programs to create tougher crops (El-Sappah et al.; Shriti et al).







7 Concluding remarks


The research presented in this Research Topic showcases how blending insights from genetics, physiology, and cutting-edge technology can unlock the secrets of plant resilience. By studying everything from root and shoot structures to antioxidant systems and gene networks, scientists are uncovering how plants survive droughts and salty soils. The real challenge lies in transforming these discoveries into practical solutions. To succeed, researchers, breeders, and farmers will need to collaborate closely, harnessing tools like gene editing, precision breeding, and smarter agricultural practices. Together, these efforts could pave the way for crops that thrive in our planet’s increasingly harsh environments, helping protect food supplies and livelihoods for future generations.
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Establishment of oak seedlings, which is an important factor in forest restoration, is affected by drought that hampers the survival, growth, and development of seedlings. Therefore, it is necessary to understand how seedlings respond to and recover from water-shortage stress. We subjected seedlings of two oak species, Quercus acutissima and Quercus palustris, to drought stress for one month and then rewatered them for six days to observe physiological and genetic expression changes. Phenotypically, the growth of Q. acutissima was reduced and severe wilting and recovery failure were observed in Q. palustris after an increase in plant temperature. The two species differed in several physiological parameters during drought stress and recovery. Although the photosynthesis-related indicators did not change in Q. acutissima, they were decreased in Q. palustris. Moreover, during drought, content of soluble sugars was significantly increased in both species, but it recovered to original levels only in Q. acutissima. Malondialdehyde content increased in both the species during drought, but it did not recover in Q. palustris after rewatering. Among the antioxidant enzymes, only superoxide dismutase activity increased in Q. acutissima during drought, whereas activities of ascorbate peroxidase, catalase, and glutathione reductase increased in Q. palustris. Abscisic acid levels were increased and then maintained in Q. acutissima, but recovered to previous levels after rewatering in Q. palustris. RNA samples from the control, drought, recovery day 1, and recovery day 6 treatment groups were compared using transcriptome analysis. Q. acutissima exhibited 832 and 1076 differentially expressed genes (DEGs) related to drought response and recovery, respectively, whereas Q. palustris exhibited 3947 and 1587 DEGs, respectively under these conditions. Gene ontology enrichment of DEGs revealed “response to water,” “apoplast,” and “Protein self-association” to be common to both the species. However, in the heatmap analysis of genes related to sucrose and starch synthesis, glycolysis, antioxidants, and hormones, the two species exhibited very different transcriptome responses. Nevertheless, the levels of most DEGs returned to their pre-drought levels after rewatering. These results provide a basic foundation for understanding the physiological and genetic expression responses of oak seedlings to drought stress and recovery.
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1 Introduction

Plants encounter biotic and abiotic stress throughout their lives. They have evolved adaptive responses to cope with environmental stress, such as drought, salinity, and temperature fluctuations (He et al., 2018). With increasing prevalence and severity of drought associated with climate change, the frequency and intensity of drought events is predicted to increase globally (Naumann et al., 2018). Drought stress is the primary abiotic stress that can exacerbate other abiotic stresses and may occur concurrently with them (Cruz de Carvalho, 2008).

Plants exhibit varying degrees of drought tolerance, which differs among species. Various strategies have been devised to enhance the water adsorption and stress tolerance of plants. Severe drought can lead to plant dehydration, resulting in wilting, and ultimately, death (Fang and Xiong, 2015). Drought-induced water shortage is the most fatal abiotic stress that profoundly affects plant growth, development, reproductive capacity, and survival. Therefore, understanding drought stress response of plants and mechanisms governing stress signal perception and transduction is important in preparing for water shortages due to desertification. Water scarcity is recognized at the molecular and cellular levels in plant roots, and signals are transmitted to the shoots to respond to and prepare for stressful environments. Stress induces coordinated and interactive responses in plants, significantly affecting gene expression leading to the modulation of proteins and metabolites (Atkinson and Urwin, 2012). The selection and development of drought-tolerant plants are coveted goals of researchers engaged in generating drought-tolerant plants.

The effects of drought stress on plant adaptations have been extensively investigated and changes in crop yield, growth, pigment synthesis, photosynthetic activity, membrane integrity, osmotic adjustment, stomatal regulation, cell division, and reactive oxygen species (ROS) accumulation have been highlighted (Shinozaki and Yamaguchi-Shinozaki, 2007). Water-use efficiency is compromised and CO2 assimilation by leaves is hindered by factors such as stomatal closure, membrane damage, and altered enzyme functioning (Flexas and Medrano, 2002). Enhanced flux through the photorespiratory pathway during stress generates ROS that oxidatively damage nucleic acids, proteins, and lipids (Xiong and Zhu, 2002). Environmental conditions during the seedling stage strongly influence the survival and growth of plants throughout their lifespan (Danby and Hik, 2007). Because trees have long growth periods, selecting drought-tolerant varieties at the seedling stage is of utmost importance with regard to cost and time. Therefore, researchers have focused on drought-induced physiological and metabolic responses in seedlings, and have explored screening factors for drought resistance. The maintenance and expansion of forests is very important for the prevention and mitigation of desertification. Increasing the survival rate of seedlings is the most important factor in afforestation. Therefore, further understanding of the seedling response to drought is required.

Various responses, including reduced growth rate, increased ROS levels, changes in net photosynthetic rate, decrease in Fv/Fm, photosynthetic function, and abscisic acid (ABA) content, and stomatal pore narrowing, are induced during drought stress. The drought-induced changes are recovered upon rewatering (Izanloo et al., 2008; Xu et al., 2009). However, the degree of recovery and time required for it vary depending on the severity and duration of drought (Xu et al., 2010). The presence of a pre-drought limitation (PDL) has been suggested, and studies have indicated that plants experiencing prolonged or severe drought may not fully recover their final biomass or leaf area compared with that of controls (Xu et al., 2009). The recovery upon rewatering might be influenced by the intensity or duration of pre-drought conditions. Moreover, the limitations observed after rewatering can be attributed to constraints in the meristem of plant tissues (Yahdjian and Sala, 2006). Several studies have confirmed the phenomenon of overcompensation in plant growth following rewatering after drought (Siopongco et al., 2006; Xu and Zhou, 2007). However, research on plant recovery after drought has several unknown aspects. Quercus acutissima Carruth. (sawtooth oak) and Quercus plastris Münchh. (pin oak) are dominant oak species widely distributed across East Asian countries, including Korea, China, and Japan (Jang et al., 2023; Yuan et al., 2023). These species have significant economic and ecological value in warm-temperate deciduous broad-leaved woodlands (Zhang et al., 2015). They have been proposed as indicator species for assessing the health of local forests, highlighting their ecological significance and impact on the local ecology (Ma et al., 2022). In Korea, both species are major deciduous timber species and their acorns are used as food resources for humans and wildlife (Hong et al., 2010; Noh et al., 2020). Q. acutissima is a large deciduous tree found in hilly regions spanning from South Korea to Japan. It commonly grows in various plant communities and often forms pure stands. It is a pioneer species that takes advantage of the gaps created by disturbances during colonization (Yamamoto et al., 2010). It contributes to charcoal production and is a valuable source of architectural materials (Cha et al., 2017). Q. plastris inhabits Korea and the central and eastern parts of the United States, predominantly the floodplains (Black, 1984). It is a lowland oak species, which grows well in a variety of moist, poorly drained soils (Kusi and Karsai, 2020). Q. plastris wood is used in building materials and as firewood. Considering its usefulness, it has been explored for effective afforestation and survival (Hayford et al., 2023). Recently, genetic information on Q. palustris was reported (Barta et al., 2017); however, genetic and biochemical studies remain scarce.

In a recent study, Quercus lobata Née, grown in different regions, was reported to exhibit differential gene expression depending on its region of origin in response to drought (Gugger et al., 2017). Analysis of root tissue of Quercus suber exposed to drought revealed induction of the core ABA signaling pathway involving PP2C-SnRK2-ABF components as a mechanism of drought tolerance (Magalhães et al., 2016). Two reference genes (At1g54610 in three species, TOPP2 in Quercus ilex, U2AF35B in Quercus pubescens, and FHY3 in Quercus robur) were selected from leaves of three European oak species exposed to drought stress (Kotrade et al., 2019). In drought-stressed Q. ilex seedlings, the expression of FtSH6, CLPB1, CLPB3, and HSP22 was increased at both transcript and protein levels, suggesting their relevance as markers (Guerrero-Sánchez et al., 2021).

Among the oak species, we selected Q. acutissima, which is widely distributed in dry areas, and Q. plastris, which is distributed in relatively humid areas. The experiment was planned with the expectation that the differences in distribution of these two tree species would result in differences in drought tolerance and recovery within oak trees. In the present study, we examined the response of oak seedlings to prolonged drought stress and their recovery upon rewatering. Phenotypic and physiological changes were evaluated. In addition, changes in the content of typical drought stress indicators and antioxidants in plants were analyzed. Transcriptome analysis of the genes related to drought stress and recovery was performed. We report comprehensive findings on how oaks respond phenotypically, genetically, and physiologically to drought stress and how they recover to some extent upon rewatering.




2 Materials and methods



2.1 Plant materials and growth conditions

The experiment was conducted for two months at the National Institute of Forest Science in Suwon, Korea (37°15′04″N, 136°57′59″E) under semicontrolled conditions. Seeds were sown in the open field in April 2020 and replanted in March 2021. In 2022, after transplanting into pots, the experiment was started after two months of acclimatization. Oak seedlings were grown in a greenhouse on top-soil and sand (3:1) mixture in pots (perlite and vermiculite (2:1:1), 11 cm × 11 cm × 3.14 × 24 cm) with appropriate soil moisture. The temperature of the greenhouse was maintained at 22–29°C. Three replicates were performed for each experiment. For each replicate, leaves of 12 plants (control: 3 replicates × 12 plants; drought: 3 replicates × 12 plants) were pooled and analyzed. Two months after 1-year-old plantlets were transferred to pots, healthy and uniform plantlets were randomly selected from each treatment group. Plants were watered to achieve 40% soil moisture one day before the drought treatment. The control group was given sufficient water once every two or three days, and the drought treatment group was provided with good drainage but was not irrigated for 31 days. The plants were then deprived of water for 31 d and rewatered for 6 d. At the end of drought treatment, the soil moisture content, measured using a moisture probe (ICT International Pty., Ltd., Armidale, NSW, Australia), decreased to less than 3% and was maintained at approximately 20–30% after rewatering. Leaves were harvested simultaneously from May to July 2022, around 9:00 am to 11:00 am. The upper and lower leaves were harvested and mixed at the same stage, and the same samples were used in all experiments. Samples were stored at −80°C in a cryotic refrigerator until the experiment.




2.2 Thermal imaging and relative water content of leaves

Leaf temperature was measured using infrared (IR) digital imaging with a Fluke TiX560 thermal imaging camera (Fluke Corp., Everett, WA, USA) on the 31st day of the drought treatment and on the 1st and 6th day of rewatering. RWC (%) represents the ratio of the water content in the normal growth state of the leaf to the maximum water content. The fresh weight (FW) of the leaves was measured and then they were kept immersed in a Petri dish containing distilled water for 24 h. Water on the leaf surface was removed, and the saturated weight (TW) was measured. After drying in a dryer at 70°C for 24 h, the dry weight (DW) of the leaves was measured, and the RWC was calculated using the formula given below (Turner, 1986).

[image: RWC percentage equals FW minus DW divided by TW minus DW, multiplied by 100.]	




2.3 Measurement of chlorophyll fluorescence and content

The maximum efficiency of photosystem II (PSII) chemistry, indicated by Fv/Fm, and the potential activity of PSII were assessed using the Kautsky induction method with a portable Handy FluorCam instrument (Photon System Instruments Ltd., Brno, Czech Republic) (Kautsky and Hirsch, 1931). Measurements were conducted once every 3–5 days on 12 plants at similar growth stages. To induce chlorophyll fluorescence, leaves were dark-adapted for 15 min, and then exposed to a 5-second pulse of irradiation (1,500 µmol•m−2•s−1). The fluorescence variables, Fo, Fm, Fv/Fo, and Fv/Fm, were recorded and analyzed. Photosynthetic pigment content was determined using a previously described method (Sibley et al., 1996). Fresh leaves (0.1 g) were collected in triplicate for each measurement. Supernatants obtained from leaf extracts were measured at 470, 647, and 664 nm using a Biospectrometer (Eppendorf, Hamburg, Germany). The concentrations of photosynthetic pigments were calculated using the following formula:

[image: Chlorophyll a concentration is calculated using the formula: twelve point seven times A six six four minus two point seven nine times A six four seven.]	

[image: Chlorophyll b is equal to 20.7 multiplied by A six four seven minus 4.62 multiplied by A six six four.]	

[image: Equation for carotenoids: (1000 multiplied by A470 minus 1.82 times chlorophyll a minus 85.02 times chlorophyll b) divided by 198.]	

where A represents the absorbance, and pigment concentrations are reported as mg/g FW.




2.4 Extraction and measurement of soluble sugar

For extracting total soluble sugars, fresh leaf samples (0.1 g) were collected in triplicate and extracted in 80% ethanol using a modification of a previously described method (Irigoyen et al., 1992). The total soluble sugar content was measured at 620 nm using a Biospectrometer (Eppendorf), with glucose as a standard, and expressed as mg/g FW. For extracting glucose, fructose, and sucrose, 0.1 g fresh leaf samples were collected in triplicate and the sugars were extracted as described previously (Lu and Sharkey, 2004). Sugar concentrations were measured using a Biospectrometer (Eppendorf), as described previously (Stitt et al., 1989). For starch content, the sediments obtained from aqueous ethanol extractions were autoclaved for 3 h in distilled H2O. The resulting solution was enzymatically digested to glucose using α-amylase and amyloglucosidase in the Total Starch Kit (Megazyme International Ireland Ltd., Wicklow, Ireland; K-TSTA-100A) as described previously (Walters et al., 2004). Sugar concentrations were determined enzymatically (Stitt et al., 1989).




2.5 Measurement of proline, malondialdehyde, hydrogen peroxide, superoxide dismutase, catalase, ascorbate peroxidase, peroxidase, glutathione reductase, ABA, and indole-3-acetic acid

For proline extraction, fresh leaves (0.5 g) were homogenized in 3% (w/v) aqueous sulfosalicylic acid. Proline content was estimated using ninhydrin reagent following a previously described method (Bates et al., 1973). Absorbance of the reaction mixture was measured at 520 nm. Proline concentration was determined using a calibration curve and expressed as mmol proline g-1 FW. For measuring the MDA content, leaves were extracted with a mixture of 20% trichloroacetic acid (w/v) and 0.5% thiobarbituric acid (w/v). The extract was then heated at 95°C for 40 min, followed by cooling on ice, and centrifuged at 14,000 × g for 10 min. The absorbance of the supernatant was measured at 532 nm using a spectrophotometer (Eppendorf). MDA content was determined using the method described previously (Heath and Packer, 1968). H2O2 content was measured by reacting it with 1 M potassium iodide and 100 mM potassium-phosphate buffer (pH 7.0). The reaction mixture was incubated in the dark for 1 h, and the absorbance was measured at 390 nm. The amount of H2O2 was calculated using a standard curve prepared using known concentrations of H2O2 (Alexieva et al., 2001).

SOD, CAT, APX, POD, and GR activities were determined using specific assay kits: SOD assay kit (cat. DG-SOD400, Dogen, Seoul, Korea), CAT assay kit (cat. DG-CAT400, Dogen), APX kit (MBS2602897, MyBioSource, San Diego, CA, USA), POD ELISA kit (MBS9313803, MyBioSource), and GR microplate assay kit (MBS8243195, MyBioSource). The optical density was measured at specific wavelengths using an automated plate reader (SpectraMax M2; Molecular Devices, San Jose, CA, USA). IAA and ABA levels were determined using ELISA kits, IAA ELISA kit (MBS269958, MyBioSource) and ABA ELISA kit (MBS703081, MyBioSource). The optical density was measured at specific wavelengths using an automated plate reader (SpectraMax M2; Molecular Devices).




2.6 RNA sequencing and analysis of differentially expressed genes

Total RNA was isolated in triplicates from control, drought, and rewatered plants’ leaves growing in the greenhouse. The RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) or the Beniprep Super Plants RNA Extraction Kit from Invirustech (Gwangju, Korea) was used according to the manufacturer’s guidelines. The quality of the isolated RNA was assessed using a NanoDrop ND–1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). DNA contamination in RNA samples was removed with RNase-free DNase (Promega, Madison, WI, USA). Double-stranded cDNA was synthesized using the cDNA EcoDryTM Premix (TaKaRa Bio, Shiga, Japan) with equal amounts of high-quality RNA from each sample. cDNA libraries were prepared using the Illumina TruSeq Standard RNA Prep Kit (catalog #RS-122-2103; Illumina, San Diego, CA, USA) and 24 samples were sequenced on an Illumina Novaseq 6000 platform (DNAlink, Inc., Seoul).

RNA-Seq data were processed using FastQC (version 0.11.2) (Andrews, 2010). Low-quality reads and reads containing adapter sequences were removed using the Trimmomatic tool (0.40) to obtain clean data (Bolger et al., 2014). Clean paired-end reads were aligned with the available reference genome of Q. suber (https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_002906115.4/) using HISAT2 (2.1.0) (Kim et al., 2015). The number of reads mapped to each gene and the level of gene expression in the number of fragments per kilobase of transcript sequence per million sequenced base pairs (FPKM) were quantified using StringTie (1.3.4) (Pertea et al., 2015). Principal component analysis (PCA) based on Spearman’s correlation coefficient was performed as a correlation index between biological replicates by pairwise comparison of samples, and the PCA plot was generated using pcaExplorer (http://shiny.imbei.uni-mainz.de:3838/pcaExplorer/) by loading the count data matrix along with its metadata information (Marini and Binder, 2019). (Supplementary Figure 1). Differential expression analyses between the Qa and Qp samples were performed using the DESeq2 R package (2.11.38). Genes with a p-value of 0.05 were considered as DEGs in the comparative analysis. The criteria for identification of DEGs were as follows: |log2Fold Change| threshold of 2 (≥+2 = upregulated and ≤ -2 = downregulated) and false-discovery rate (FDR)<0.05. Transcriptome data were deposited in the NCBI Sequence Read Archive (accession number PRJNA1087462).




2.7 Functional annotation of DEGs

Using the BLASTX search database in the OmicsBox tool, the assemblies were aligned with the NCBI nonredundant protein sequence, and only the best homolog was selected. Gene Ontology (GO) mapping was performed using the Gene Ontology database (version 3.1). The assemblies were aligned with the NCBI nonredundant protein sequence using the BLASTX search database in the OmicsBox tool, and only the best homolog was selected. In addition, Kyoto encyclopedia of genes and genomes (KEGG) signaling pathway genes were mapped with the DEGs using gene ids in Q. acutissima and Q. palustris. GO keywords were assigned to the annotated sequences using the OmicBox tool to predict the functions of the different sequences and the encoded proteins.




2.8 Weighted gene co-expression network analysis

The WGCNA(v1.1.75-2) package in R was used to create co-expression networks (Langfelder and Horvath, 2008). WGCNA was used to import gene expression values and use an automatic network construction function blockwise to create coexpression modules. Modules having default values, with the exception of minModuleSize being 50, power being 14, and TOMType being unsigned. Hub TFs were chosen from significant modules identified by calculating the correlation coefficient between module eigengenes and physiological data (Huang et al., 2020). Cytoscape_3.9.1 was used to visualize the networks (Shannon et al., 2003).




2.9 Quantitative reverse-transcription PCR

Real-time quantitative reverse transcription PCR (qPCR) analysis was performed on a CFX96 Touch Real-Time PCR Detection System (BIO-RAD, Hercules, CA, USA) using the IQTM SYBR Green Supermix (BIO-RAD). The qPCR included an initial denaturation at 95°C for 30 s, followed by 38 cycles of denaturation at 95°C for 5 s and annealing/extension at 60°C for 34 s. Three independent biological replicates were used, with three technical replicates for each biological replicate. The relative transcript abundance was analyzed using the 2-ΔΔCt method (Livak and Schmittgen, 2001). Actin and CACs were used as internal reference genes for normalization of the qPCR results (Marum et al., 2012) (Supplementary Table 1).




2.10 Statistical analysis

Analyses were conducted using one-way ANOVA with multiple comparisons using Tukey’s honestly significant difference test (HSD). A p-value<0.05 was considered significant. Values are presented as the means ± standard deviation (SD).





3 Results



3.1 Growth and physiological changes in response to drought and rewatering

We recorded the changes in Q. acutissima and Q. palustris after the drought and rewatering (Figures 1, 2). First, changes in withering, height, diameter, plant temperature, chlorophyll fluorescence, and chlorophyll content were evaluated. In Q. acutissima, the temperature after 31 days of drought treatment was 0.98°C higher in the drought than in the control, and after rewatering, the difference decreased to 0.37°C (Figure 1A). In contrast, Q. palustris showed a difference of 1.16°C between the control and drought treatment, and a difference of 1.21°C was maintained even after rewatering (Figure 1B). To investigate the physiological responses of oaks to water deprivation and recovery, phenotypic traits, including RWC, were evaluated at four time points: control, drought treatment, day 1 of rewatering (R1d), and day 6 of rewatering (R6d) (Figures 1D, F). During drought treatment and rewatering, the RWC of Q. acutissima and Q. palustris decreased by 54.2% and 57.7%, respectively. The RWC of drought-treated seedlings recovered to a level similar to that in control seedlings after rewatering. The height of Q. acutissima plants was significantly lowered after 28 d of drought treatment compared with that in the control (Figure 2A). The height of Q. palustris plants decreased after drought treatment compared with that in the controls (Figure 2E). After drought treatment and rewatering, the height did not increase significantly in both species. In terms of diameter, the growth of both species tended to be slightly delayed compared to that in the control group, but the difference was not statistically significant (Figures 2B, F). The other phenotypic traits analyzed were also strongly affected by water deprivation stress. For example, the leaves withered after 31d drought treatment. In contrast, well-watered control plants showed no sign of water shortage after 31d and had more abundant leaves. After rewatering for 24 h (1 d), the leaves of all drought-treated plants regained significant vigor and recovered to an extent similar to that in the control. However, the drought-treated plants that were rewatered were smaller than the control ones, and some leaves were still damaged after rewatering (Figures 1A, B).

[image: Representative phenotypes of Quercus acutissima and Quercus palustris. Recovery of drought-stressed and control group seedlings after water resupply]
Figure 1 | Representative phenotypes of Quercus acutissima and Quercus palustris. (A, B) Recovery of drought-stressed and control group seedlings after water resupply (upper); Infrared thermal images (bottom). (C, E) Volumetric water content of the soil in pots with drought-treated plants. (D, F) Relative water content (RWC) of the leaves. The values are the means ± SD (n = 10). Different uppercase letters and lowercase letters indicate significant differences (control: uppercase letters; drought: lowercase letters) (ANOVA with Tukey’s honestly significant difference test, p<0.05). (A, C, D): Q. acutissima; (B, E, F): Q. palustris).

[image: The growth phenotype and physiological changes in Quercus acutissima and Quercus palustris]
Figure 2 | The growth phenotype and physiological changes in Quercus acutissima and Quercus palustris. (A, E) The effect of drought treatment and rewatering on shoot growth of plants. (B, F) The effect of drought treatment and rewatering on diameter of plants. (C, G) The Fv/Fo ratio. (D, H) The Fv/Fm ratio. The values are the means ± SD (n = 10). Different uppercase and lowercase letters indicate significant differences (control: uppercase letters; drought: lowercase letters) (ANOVA with Tukey’s honestly significant difference test, p<0.05). (A-D): Q. acutissima; (E-H): Q. palustris).

The photosynthetic system is greatly affected by water deprivation stress. To determine the extent of drought-induced damage to the photosynthetic systems, we measured the changes in chlorophyll content and fluorescence response in stressed and rewatered plants. In Q. acutissima, no significant change in chlorophyll fluorescence, such as Fv/Fo and Fv/Fm, was observed after long-term drought treatment and rewatering, and there was no significant difference when compared with the control (Figures 2C, D). In contrast, in Q. palustris, chlorophyll fluorescence decreased in response to water deprivation stress, and a tendency for continued decrease was observed up to the 31st day of drought treatment, but it recovered after rewatering (Figures 2G, H). Changes in the chlorophyll content showed different trends in Q. acutissima and Q. palustris (Table 1). No significant change in the chlorophyll content of Q. acutissima was observed after drought treatment and rewatering. However, in Q. palustris, the chlorophyll content was clearly reduced when compared with that in the control or peaked during the drought treatment; it did not recover to normal levels after rewatering.


Table 1 | Effects of drought stress treatment on photosynthetic pigments in Quercus acutissima Carruth. and Quercus palustris Münchh.

[image: Table showing chlorophyll and carotenoid content in *Quercus acutissima* and *Quercus palustris* under control and drought conditions over various days. It includes values for Chl a, Chl b, total chlorophyll, carotenoids, Chl a/b ratio, and Chl/Car ratio. Statistical differences are indicated by different letters, with “n.s.” denoting non-significant differences.]



3.2 Changes in drought stress indicators and metabolites in response to drought and rewatering

The effects of the treatment on metabolites, such as soluble sugars and starch, were investigated (Table 2). The glucose content in drought-treated Q. acutissima leaves increased significantly, peaking at 25d. After rewatering, the glucose levels recovered to pre-drought levels at R1d and declined further thereafter. Fructose levels were also increased, peaking at 25d and recovering to pre-drought levels at R4d. No changes in sucrose levels were observed under drought stress. Starch content decreased rapidly compared with that in the control during the drought treatment period and recovered to the control level after rewatering. The glucose content in Q. palustris increased after drought treatment, peaked on 25d, and gradually recovered after rewatering, but was only partially recovered on 6d of rewatering. Fructose levels increased from 19d after drought treatment and did not decrease or recover to the pre-drought levels, after rewatering. No significant changes were observed in the sucrose content. Starch content decreased more rapidly and severely in the drought stress treatment group; however, after rewatering, it recovered to a level similar to that in the control group.


Table 2 | Effects of drought stress treatment on carbohydrate contents in Quercus acutissima Carruth. and Quercus palustris Münchh.

[image: Table comparing the effects of control and drought treatments on glucose, fructose, sucrose, starch, and total soluble sugar levels in *Quercus acutissima Carruth.* and *Quercus palustris Münchh.* across various days. Values are expressed in mg/g FW with standard deviations. Different letters denote significant differences, and "n.s." indicates non-significance.]
We examined the changes in the stress indicators in response to drought stress. Changes in the MDA content differed between the two species. In Q. acutissima, the MDA content increased significantly after drought treatment and returned to normal after rewatering (Figure 3A). In contrast, the MDA content in Q. palustris increased after drought treatment and did not recover after rewatering (Figure 3E). The H2O2 content in Q. acutissima gradually increased after the drought treatment, peaked on 31d, and returned to normal levels after rewatering (Figure 3B). No significant changes in the H2O2 content were observed after drought treatment and rewatering in Q. palustris (Figure 3F). The proline content was greatly increased during drought treatment in both species and recovered to pre-drought levels after rewatering (Figures 3C, G). Both species showed similar increases in the water-soluble protein content of leaves under drought treatment (Figures 3D, H). After rewatering, Q. acutissima showed only partially decrease and recovered until R6d, whereas Q. palustris showed complete recovery to the pre-drought levels.

[image: Effect of drought stress and rewatering on drought stress indicators]
Figure 3 | Effect of drought stress and rewatering on drought stress indicators in Quercus acutissima and Quercus palustris. (A, E) Malondialdehyde (MDA) content. (B, F) H2O2 content. (C, G) Proline content. (D, H) Soluble protein content. Different uppercase letters and lowercase letters indicate significant differences (control: uppercase letters; drought: lowercase letters) (ANOVA with Tukey’s honestly significant difference test, p< 0.05). (A–D): Q. acutissima; (E–H): Q. palustris).




3.3 Changes in antioxidants and hormones in response to drought and rewatering

Antioxidants that remove excess ROS produced under stress are important factors in conferring drought tolerance to plants. Therefore, we measured changes in the activity of well-known antioxidant enzymes, such as SOD, APX, CAT, POD, and GR, during drought stress treatment and rewatering (Figure 4). The SOD activity increased during drought stress in both species and decreased after rewatering (Figures 4A, H). The SOD activity in Q. acutissima increased up to three times during drought treatment and almost recovered to the pre-drought levels one day after rewatering. In Q. palustris, it increased by approximately 1.5-times, and decreased only partially after rewatering. APX and CAT activities increased in Q. palustris during drought treatment and continued to increase after rewatering (Figures 4I, J). In contrast, in Q. acutissima, these values were only slightly increased at R6d (Figures 4B, C). The POD activity in Q. acutissima was significantly higher than that in the control at R6d (Figure 4D). In Q. palustris, it was greatly increased on the 1st day after rewatering and then partially decreased at R6d (Figure 4K). No significant difference in the GR activity was noted in Q. acutissima, whereas in Q. palustris, it slightly increased during the drought treatment and significantly decreased within 1 d after rewatering (Figures 4E, L). ABA and IAA play important roles in response drought stress. Therefore, we examined the changes in their content before and after drought and rewatering. In Q. acutissima, the ABA content increased under drought stress and did not recover after rewatering (Figure 4F). The IAA content was reduced to less than half during the drought treatment and partially increased upon rewatering (Figure 4G). In Q. palustris, the ABA content increased almost twice under drought stress conditions, and upon rewatering, it started to decrease from the 1st day and completely recovered to the level as in the control at R6d (Figure 4M). The IAA content was reduced by approximately 37% compared with that in the control during drought stress treatment and was partially increased at R6d after rewatering (Figure 4N).

[image: Effect of drought stress and re-watering on drought stress hormones and antioxidants]
Figure 4 | Effect of drought stress and re-watering on drought stress hormones and antioxidants in Quercus acutissima and Quercus palustris. (A, H) Superoxide dismutase (SOD) activity. (B, I) Ascorbate peroxidase (APX) activity. (C, J) Catalase (CAT) activity. (D, K) Peroxidase (POD) activity. (E, L) Glutathione Reductase (GR). (F, M) Abscisic acid (ABA) content. (G, N) Indole-3-acetic acid (IAA) content. Different lowercase letters indicate significant differences (ANOVA with Tukey’s honestly significant difference test, p<0.05). (A–G): Q. acutissima; (H–N): Q. palustris).




3.4 Overview of transcriptome sequencing and mapping to the reference genome

We generated ~722 million 101 bp pair-end reads, with approximately 30 million reads per sample. After quality trimming and filtering, approximately 670 million reads were retained with an average of 28 million reads per sample. The average GC percentage was 45% and the Q30 percentage was 96%. When mapping the RNA-seq reads to the reference genome, ~ 82.77% of the quality-filtered reads could be mapped (Supplementary Table 2). To gain insights into the differences between Q. acutissima (Qa) and Q. palustris (Qp) with control (C), drought-treated (D), rewatered at the 1st day after drought (R1), and rewatered at the 6th day after drought (R6), we extracted DEGs according to their differential expression levels, and based on C vs. D, D vs. R1, D vs. R6, and C vs. R6 comparisons, we identified 862 (330 upregulated; 532 downregulated), 651 (448 upregulated; 203 downregulated), 678 (421 upregulated; 257 downregulated), and 688 (320 upregulated; 368 downregulated) DEGs, respectively. In Q. palustris, C vs. D, D vs. R1, D vs. R6, and C vs. R6 comparisons revealed 3947 (2180 upregulated; 1767 downregulated), 2342 (967 upregulated; 1375 downregulated), 3867 (1578 upregulated; 2289 downregulated), and 612 (229 upregulated; 383 downregulated) DEGS, respectively (Figure 5). PCA and sample correlation study of this RNA seq study reveals that the sample groups are positively highly correlated and they segregated into different sample groups such as Quercus acutissima and Q.palustris both genewise and samplewise (Supplementary Figures 1A, B, D). The heatmap representing the pairwise correlation between different plant samples in also shown in Supplmentary Figure 1C.

[image: Identification of differentially expressed genes (DEGs) between the Quercus acutissima and Quercus palustris induced in response to drought and rewatering]
Figure 5 | Identification of differentially expressed genes (DEGs) between the Quercus acutissima and Quercus palustris induced in response to drought and rewatering. Venn diagram displays (A) the number of DEGs across the comparisons Q vs. D, D vs. R1, D vs. R6, and C vs. R6 in Q. acutissima; (B) the number of DEGs across the comparisons Q vs. D, D vs. R1, Q vs. R6, and C vs. R6 in Q. palustris; and the number of DEGs between Q. acutissima and Q. palustris in the following comparisons (C) C vs. D, (D) D vs. R1, (E) D vs. R6, and (F) C vs. R6.




3.5 Functional annotation of DEGs in response to drought and rewatering using GO enrichment analysis

In Q. acutissima, 496, 970, and 1130 unigenes were assigned to biological process (BP), molecular functions (MF), and cellular components (CC) GO categories, respectively, whereas in Q. palustris, 5422, 3446, and 2444 unigenes were assigned to the BP, MF, and CC categories, respectively. Four comparisons were performed for Q. acutissima and Q. palustris, viz. i) C vs. D, ii) D vs. R1, iii) D vs. R6, and iv) C vs. R6. GO enrichment was performed in Blast2GO using Fisher’s enrichment analysis. In Q. acutissima, upregulated DEGs in the C vs. D comparison were significantly enriched for “response to water” (GO:0009415) in the BP category, whereas this GO term was significantly enriched and downregulated upon rewatering. The upregulated DEGs in the C vs. D comparison were enriched for “apoplast” (GO:0048046) but this term was downregulated in the D vs. R6 comparison. In the MF category, “inositol 3-alpha-galactosyltransferase activity” was enriched. Another GO term, “protein self-association,” was enriched in the C vs. R6 comparison (Figure 6A). In Q. palustris, “response to water” was enriched for the DEGs upregulated in the C vs. D comparison and for the downregulated DEGs in the D vs. R1 and D vs. R6 comparisons. Notably, the “xylan biosynthetic process” (GO:0045492) and “lignin catabolic process” (GO:0046724) were enriched and downregulated in the C vs. R6 comparison. In the CC category, certain GO terms, such as “apoplast” (GO:0048046), “lipid droplet” (GO:0005811), “extracellular region” (GO:0005576), and “plasma membrane” (GO:0005886), were enriched. In the MF category, “Protein self-association” (GO:0043621) was enriched in the C vs. R6 and C vs. D comparisons (Figure 6B). The enrichment of GO terms in the upregulated and downregulated DEGs in Q. acutissima and Q. palustris is shown as bubble graph in Supplementary Figure 2.
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Figure 6 | Heatmap representation of enriched GO terms annotated from the DEGs of Quercus. (A) denotes the GO terms enriched significantly (FDR ≤ 0.05) from the DEGs of Q. acutissima; (B) denotes the enriched significantly (FDR ≤ 0.05) from the DEGs of Q. palustris. The enriched GO categories such as Biological process, Molecular function and Cellular Component were shown individually. The differential colored boxes from white to red, indicate the numbers of genes enriched. The grey boxes represent the absence of significant GO terms in that sample.




3.6 Impact of drought stress and rewatering on the starch and sucrose metabolic pathway

To understand the effect of drought stress and rewatering on starch and sucrose metabolic pathways, transcriptome data were analyzed. The DEGs regulated across the C vs. D, D vs. R1, D vs. R6, and C vs. R6 comparisons in Q. acutissima and Q. palustris are shown in Figure 7. In Q.acutissima, under drought conditions (C vs. D), three genes were downregulated and one was upregulated. The genes encoding sucrose synthase-like protein (LOC112020114), endoglucanase 8-like (LOC111986970), and endoglucanase 17 isoform X1 (LOC112018942) were downregulated. Simultaneously, granule-bound starch synthase 1 (LOC112005619) and chloroplastic/amyloplastic genes were upregulated in the C vs. D comparison. Genes related to probable trehalose-phosphate phosphatase 2 protein (LOC111988691) and acid beta-fructofuranosidase (LOC112020346) were downregulated, whereas the alpha, alpha trehalose phosphate synthase gene (LOC112037299) was upregulated in the D vs. R1 and D vs. R6 comparisons. After rewatering, two genes each were upregulated and downregulated in the D vs. R1 comparison, whereas three genes were downregulated and two were upregulated in the D vs. R6 comparison. Only one gene was upregulated and one was downregulated in the C vs. R6 comparison. Downregulated genes were related to probable alpha, alpha-trehalose-phosphate synthase (LOC112020169), whereas the upregulated gene was related to beta-fructofuranosidase, an insoluble isoenzyme 1-like protein (LOC112040235). In Q. palustris, genes encoding probable alpha, alpha-trehalose-phosphate synthase (LOC112004899), beta-amylase 1, chloroplastic (LOC112017453), probable alpha, alpha-trehalose-phosphate synthase (LOC111997145), probable alpha, alpha-trehalose-phosphate synthase (LOC112020169), probable trehalose-phosphate phosphatase 2 (LOC111988691), acid beta-fructofuranosidase (LOC112020346), alpha-amylase-like (LOC112024130), alpha-amylase-like (LOC112024135), beta-glucosidase 12-like (LOC112005967), acid beta-fructofuranosidase 1, vacuolar-like (LOC111989483), and beta-glucosidase 12-like (LOC112006422) were upregulated whereas those encoding endoglucanase 14-like (LOC111998309), beta-glucosidase 40 (LOC111990919), granule-bound starch synthase 1, chloroplastic/amyloplastic (LOC112005619), uncharacterized protein (LOC112018098), endoglucanase 17 isoform X1 (LOC112018942), beta-glucosidase 18-like isoform X2 (LOC112040661), probable fructokinase-7 (LOC112012685), alpha, alpha-trehalose-phosphate synthase (LOC112037299), beta-glucosidase 46-like (LOC112033924), isoamylase 1, chloroplastic isoform X2 (LOC111984545), endoglucanase 8-like (LOC111986970), beta-glucosidase 44-like (LOC112037103), glucose-1-phosphate adenylyltransferase small subunit 1, chloroplastic (LOC112041088), and trehalose-phosphate phosphatase A-like isoform X2 (LOC111989484) were downregulated in the C vs. D comparison. After rewatering, the upregulated genes in the C vs. D comparison were downregulated, and the downregulated genes were upregulated. In Q. acutissima, only a few genes responded to drought and rewatering, whereas in Q. palustris a larger number of genes related to starch and sugar metabolism were significantly down-regulated, especially after rewatering.
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Figure 7 | Heatmap showing differentially expressed genes (DEGs) related to the influence of the starch and sucrose pathway. Red indicates upregulated genes, green indicates downregulated genes, and gray indicates no significant differential expression of genes.




3.7 Impact of drought stress and rewatering on the glycolytic pathway

We also analyzed the effects of drought stress and rewatering on glycolysis-related genes among the DEGs in the two oak species. In Q. acutissima, only two genes related to the glycolytic pathway were significantly upregulated (Figure 8). A gene related to a putative protein (LOC112034378) was upregulated and that related to aldose 1-epimerase-like protein (LOC112026414) was downregulated. The importance of DEGs in the other comparisons was unknown whereas Q. palustris showed differential expression of genes encoding aldehyde dehydrogenase family 3 member F1-like (LOC112001970, LOC112010329, LOC112010330, LOC112010332, and LOC112010331), fructose-1,6-bisphosphatase, cytosolic protein (LOC112005255), alcohol dehydrogenase-like 2 isoform X1 (LOC112023924), alcohol dehydrogenase-like 2 (LOC112023922), which were significantly downregulated in both C vs. D comparisons. Downregulated genes were significantly upregulated in the D vs. R1 comparison. Other genes related to alcohol dehydrogenase-like 4 protein (LOC112005657), aldehyde dehydrogenase family 2 member B7, mitochondrial-like (LOC112015217), glyceraldehyde-3-phosphate dehydrogenase GAPCP1, chloroplastic-like (LOC112032025), acetate/butyr—e–CoA ligase AAE7, peroxisomal (LOC112007287), glyceraldehyde-3-phosphate dehydrogenase GAPCP2, chloroplastic-like (LOC112032064), aldose 1-epimerase-like (LOC112026414), L-lactate dehydrogenase A-like (LOC111988137), glyceraldehyde-3-phosphate dehydrogenase GAPCP2, chloroplastic (LOC112011777), aldose 1-epimerase-like (LOC112026409), NADPH-dependent aldo-keto reductase, chloroplastic-like (LOC112024098), NADPH-dependent aldo-keto reductase, chloroplastic-like (LOC112024148), aldose 1-epimerase (LOC111988576), and NADPH-dependent aldo-keto reductase, chloroplastic-like proteins (LOC112024105) were upregulated in the C vs. D comparison whereas these genes were significantly downregulated in the D vs. R6 comparison. In the C vs. R6 comparison, two genes encoding aldose 1-epimerase (LOC111988576) and a putative protein (LOC112024111) were upregulated and downregulated, respectively. We observed that compared to Q. palustris, only a few genes were regulated in Q. acutissima. In Q. palustris, most of the glycolytic related genes were upregulated during drought conditions whereas after rewatering those genes were significantly downregulated.
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Figure 8 | Heatmap showing differentially expressed genes (DEGs) related to the glycolytic pathway in Quercus acutissima and Quercus palustris under drought and rewatering conditions.




3.8 Changes in genes related to antioxidants induced by drought stress and rewatering

Next, we examined how drought and rewatering changed the expression of genes related to antioxidant enzymes using transcriptome analysis. In Q. acutissima, the number of genes regulated across the C vs. D, D vs. R1, D vs. R6, and C vs. R6 comparisons were 13, 14, 3, and 5, respectively (Supplementary Figure 3), whereas these numbers were 54, 43, 43, and 15, respectively for Q. palustris. In Q. acutissima, genes encoding peroxidase 4-like (LOC112040198), cationic peroxidase 1-like (LOC112028705), peroxidase 10-like (LOC112028146), L-ascorbate peroxidase 3-like (LOC112035433), L-ascorbate oxidase-like (LOC112003295), L-ascorbate oxidase-like (LOC112024951), peroxidase 4-like, partial (LOC112040199), peroxidase A2-like (LOC112028402), peroxidase 42 (LOC111999481), peroxidase 72-like (LOC111994310), peroxidase 5-like (LOC112005031), and peroxidase 4-like (LOC112040194) were significantly downregulated whereas that related to L-ascorbate oxidase homolog (LOC112031072) was significantly upregulated in the C vs. D comparison. The following genes encoding peroxidase 72-like (LOC112006365), peroxidase 72-like (LOC111994310), peroxidase 4-like (LOC112040196), L-ascorbate oxidase homolog (LOC112018292), peroxidase 64-like (LOC112028439), peroxidase 53-like (LOC112005596), peroxidase 72-like isoform X2 (LOC112022987), peroxidase 72-like isoform X2 (LOC112022987), peroxidase 64-like (LOC111999992), peroxidase 4-like (LOC112040194), peroxidase 4-like, partial (LOC112040199), peroxidase 4-like (LOC112040198), L-ascorbate oxidase-like (LOC112003295), and L-ascorbate oxidase homolog (LOC112018577) were upregulated in the D vs. R1 comparison. Only three genes encoding peroxidase 4-like, partial (LOC112040199), L-ascorbate peroxidase 3-like (LOC112035433), and L-ascorbate oxidase-like (LOC112003295) were upregulated in the D vs. R6 comparison. In the C vs. R6 comparison for Q. acutissima, genes encoding cationic peroxidase 1-like (LOC112028705), peroxidase 24-like (LOC112036570), peroxidase A2-like (LOC112028402), and L-ascorbate oxidase-like (LOC112035778) proteins were downregulated, whereas another L-ascorbate oxidase homolog (LOC112031072) was upregulated. After rewatering, most genes regulating L-ascorbate oxidase were upregulated (Figure 9). In Q. palustris, cationic peroxidase 1-like (LOC111996703, LOC111996725, LOC112028705, and LOC112018106), L-ascorbate oxidase-like (LOC112003295 and LOC112026054), nucleobase-ascorbate transporter 11 (LOC112018305), peroxidase 3-like (LOC111996084 and LOC111998161), peroxidase 49-like (LOC112006363), peroxidase 4-like (LOC112040194, LOC112040196, LOC112040198, and LOC112040199), peroxidase 5-like (LOC112005031, LOC112005032, LOC112034141, LOC112034533, and LOC112024643), peroxidase 64-like (LOC111999992), peroxidase 72-like (LOC111987266, LOC111994310, LOC111994316, and LOC112006366), peroxidase 72-like isoform X2 (LOC112022987, LOC112022987, and LOC111999670) and peroxidase A2-like (LOC112028402) were downregulated in the C vs. D comparison. The upregulated genes in the C vs. D comparison included those regulating peroxidase 5-like (LOC112028719), L-ascorbate oxidase-like (LOC112023656), L-ascorbate oxidase-like (LOC112035778), peroxidase P7-like (LOC112028558), peroxidase 4-like (LOC111987533), L-ascorbate oxidase-like (LOC112024951), cationic peroxidase 2-like (LOC111997072), L-ascorbate oxidase-like (LOC112023647), cationic peroxidase 1-like (LOC112019251), L-ascorbate oxidase homolog (LOC112015059), L-ascorbate oxidase homolog, partial (LOC112013124), cationic peroxidase 2-like (LOC111999598), peroxidase 24-like (LOC111987354), L-ascorbate oxidase homolog (LOC112018577), cationic peroxidase 2-like (LOC111999599), peroxidase N1-like (LOC111997070), peroxidase A2-like (LOC112008407), peroxidase 40 (LOC111983132), peroxidase 52-like (LOC111985108), cationic peroxidase 1-like (LOC111985947), cationic peroxidase 2-like (LOC111997082), peroxidase 5-like (LOC111993153), peroxidase 21 (LOC112030894), peroxidase 5-like (LOC111993150), peroxidase 5-like (LOC112028720), and lignin-forming anionic peroxidase-like (LOC111989238) (Figure 9).
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Figure 9 | Heatmap showing antioxidant pathway-related differentially expressed genes (DEGs) regulated due to the impact of drought and rewatering conditions in Quercus acutissima and Quercus palustris..

Similarly, after rewatering, most of the peroxidases that were upregulated in the C vs. D comparison were downregulated in the D vs. R1 and D vs. R6 comparisons. Genes encoding proteins, such as L-ascorbate oxidase and cationic peroxidase-1 and -2 like, were upregulated in the D vs. R1 and D vs. R6 comparisons. In the C vs. R6 comparison, genes, such as peroxidase 43 (LOC111995971), peroxidase 5-like, partial (LOC112024643), peroxidase 72-like (LOC111994316), peroxidase 5-like (LOC112005031), peroxidase 5-like (LOC112034141), nucleobase-ascorbate transporter 4 (LOC112034674), peroxidase 72-like (LOC112006366), peroxidase 72-like isoform X2 (LOC112022987), peroxidase 72-like isoform X2 (LOC112022987), peroxidase 49-like (LOC112006363), peroxidase 4-like (LOC112040198), peroxidase 72-like (LOC111994310), peroxidase 72-like, partial (LOC111999670), peroxidase 4-like, partial (LOC112040199), and L-ascorbate peroxidase, cytosolic-like, partial (LOC112010964) were significantly downregulated in Q. palustris. In particular, peroxidase 43 (LOC111995971), nucleobase-ascorbate transporter 4 (LOC112034674), and L-ascorbate peroxidase, cytosolic-like, partial (LOC112010964) were downregulated only in the C vs. R6 comparison (Figure 9). In Q. acutissima, only a few genes were regulated compared to Q. palustris. In Q. palustris during drought conditions a high number of antioxidant genes were regulated. During restoration, the number of upregulated genes were significantly reduced while the number of downregulated genes were increased showing reduction in the antioxidant related genes.




3.9 Plant hormone signaling induced by drought stress and rewatering

Members of the plant hormone signaling pathway were tested for each comparison. In Q. acutissima, the genes encoding auxin-responsive protein SAUR21-like (LOC112004178), abscisic acid receptor PYL4-like (LOC112017749), and auxin-responsive protein SAUR22-like (LOC112004181) were downregulated in drought-stressed plants compared with that in control plants (C vs. D). Auxin-responsive protein-expressing genes were upregulated in the rewatered plants (D vs. R1 and D vs. R6), but few genes were regulated in the C vs. R6 comparison. After rewatering Q. acutissima (D vs. R1), the following genes related to probable protein phosphatase 2C 51 (LOC111984042), probable protein phosphatase 2C 51 (LOC112008236), probable protein phosphatase 2C 51 (LOC112008365), probable protein phosphatase 2C 24 (LOC112022545), probable protein phosphatase 2C 75 isoform X1 (LOC111987714), pathogenesis-related protein 1-like (LOC112017594), probable xyloglucan endotransglucosylase/hydrolase protein 23 (LOC112028408), and serine/threonine-protein kinase SAPK2-like proteins (LOC112039491) were downregulated whereas those encoding cyclin-D3-1-like (LOC112038380), auxin-responsive protein SAUR50-like (LOC112040183), probable xyloglucan endotransglucosylase/hydrolase protein 23 (LOC112028318), abscisic acid receptor PYL4-like (LOC112017749), auxin-responsive protein SAUR22-like (LOC112004181), cyclin-D3-2 (LOC112030063), auxin-responsive protein IAA18-like isoform X1 (LOC112003459), putative indole-3-acetic acid-amido synthetase GH3.9 (LOC112033575), auxin transporter-like protein 5 (LOC111995955), uncharacterized protein LOC111994735 isoform X1 (LOC111994735), auxin-responsive protein SAUR21-like (LOC112004178), and auxin-induced protein 15A-like protein (LOC111994736) were upregulated in the D vs. R1 comparison. A similar gene regulation pattern was observed in the D vs. R6 comparison, except that the pathogenesis-related protein 1-like (LOC112017594) and serine/threonine-protein kinase SAPK2-like (LOC112039491) were not regulated. In the treatment group, C vs. R6 of Q. acutissima, most of the defense-related proteins, such as ethylene-responsive transcription factor 1B (LOC111996147), ethylene-responsive transcription factor 1B-like (LOC112003251), pathogenesis-related protein 1-like (LOC112016185), basic form of pathogenesis-related protein 1-like (LOC112017586), basic form of pathogenesis-related protein 1-like (LOC112017588), cyclin-D3-2 (LOC112030063), and protein TIFY 10A-like (LOC112037230) were downregulated whereas the gene encoding histidine-containing phosphotransfer protein 2 (LOC111996700) was upregulated.

In Q. palustris, the following protein encoding genes were downregulated in the C vs. D comparison: auxin-induced protein 15A-like (LOC111994734), auxin-responsive protein SAUR21-like (LOC112004178), auxin-responsive protein SAUR21-like (LOC111994737), uncharacterized protein LOC111994735 isoform X1 (LOC111994735), abscisic acid receptor PYL4-like (LOC112017749), auxin-responsive protein SAUR22-like (LOC112004181), auxin-induced protein IAA6 (LOC112027112), abscisic acid receptor PYL4-like (LOC111988217), ethylene-responsive transcription factor 1B-like (LOC112003251), auxin-responsive protein SAUR50-like (LOC112040183), and cyclin-D3-2 (LOC112030063). The upregulated genes included serine/threonine-protein kinase SAPK3-like isoform X1 (LOC112037432), probable protein phosphatase 2C 75 isoform X1 (LOC111987714), probable protein phosphatase 2C 24 (LOC112022545), probable xyloglucan endotransglucosylase/hydrolase protein 23 (LOC112028408), histidine-containing phosphotransfer protein 4 (LOC112033302), probable xyloglucan endotransglucosylase/hydrolase protein 23 (LOC112028322), probable protein phosphatase 2C 51 (LOC112008365), probable protein phosphatase 2C 51 (LOC112008236), and probable protein phosphatase 2C 51 (LOC111984042) (Figure 10). The number of downregulated genes significantly increased during the late recovery stage (R6) compared with that in the early recovery stage (R1) in Q. palustris. Thirty genes were regulated in the D vs. R1 comparison, whereas 46 were regulated in the D vs. R6 comparison. Comparatively, 21 genes (LOC112028322, LOC112028409, LOC112022146, LOC111987714, LOC1120106185, LOC112017594, LOC112037230, LOC112022193, LOC112035091, LOC112013268, LOC112013949, LOC111994734, LOC112015508, LOC112037142, LOC112028317, LOC112008862, LOC111995080, LOC112023869, LOC112028320, LOC111994735, and LOC111998829) upregulated before recovery were downregulated after rewatering. In the treatment group, D vs. R6, the following genes were downregulated: probable protein phosphatase 2C 51 (LOC111984042 and LOC111987714), auxin-induced protein 15A-like (LOC111994734), an uncharacterized protein LOC111994735 isoform X1, protein AUXIN SIGNALING F-BOX 3-like (LOC111995080), ethylene-responsive transcription factor 1B (LOC111996147), auxin-induced protein 22D-like (LOC111998829), gibberellin receptor GID1B-like (LOC112001486), probable protein phosphatase 2C 51 (LOC112008236 and LOC112008365), probable indole-3-acetic acid-amido synthetase GH3.1 (LOC112008862), indole-3-acetic acid-amido synthetase GH3.6-like (LOC112013268), probable xyloglucan endotransglucosylase/hydrolase protein 23 (LOC112013949), protein TIFY 10A-like isoform X1 (LOC112015508), pathogenesis-related protein 1-like (LOC112016185, LOC112017594, LOC112036655, and LOC112037142), auxin-responsive protein SAUR32-like (LOC112016936), protein ABSCISIC ACID-INSENSITIVE 5-like isoform X1 (LOC112017297), basic form of pathogenesis-related protein 1-like (LOC112017585 and LOC112036678), ethylene-responsive transcription factor 1B-like (LOC112018099), xyloglucan endotransglucosylase/hydrolase protein 22-like (LOC112022146), transcription factor MYC2-like (LOC112022193), probable protein phosphatase 2C 24 (LOC112022545), probable protein phosphatase 2C 8 (LOC112023869), indole-3-acetic acid-amido synthetase GH3.6-like (LOC112024715), xyloglucan endotransglucosylase/hydrolase protein 22-like (LOC112028317), probable xyloglucan endotransglucosylase/hydrolase protein 23 (LOC112028318, LOC112028322, and LOC112028408), xyloglucan endotransglucosylase/hydrolase protein 22-like (LOC112028409 and LOC112028320), probable indole-3-acetic acid-amido synthetase GH3.1 (LOC112032254), protein TIFY 10A-like (LOC112035090 and LOC112037230), and their isoform X1 (LOC112035091). While accounting upregulated genes in the D vs. R6 comparison, genes, such as auxin response factor 18 (LOC112005008), two-component response regulator ARR8-like (LOC112033539), cyclin-D3-1-like (LOC112038380), LOW QUALITY PROTEIN: auxin response factor 9-like (LOC112024852), transcription factor PIF5-like (LOC112027098), auxin-responsive protein SAUR50-like (LOC112040183), abscisic acid receptor PYL4-like (LOC112017749), and histidine-containing phosphotransfer protein 4-like (LOC112003445), were abundant. In the C vs. R6 comparison, few genes, such as indole-3-acetic acid-amido synthetase GH3.6-like (LOC112013268), uncharacterized protein LOC111994735 isoform X1 (LOC111994735), auxin-induced protein 15A-like (LOC111994734), auxin-responsive protein SAUR21-like (LOC112040181), ethylene-responsive transcription factor 1B-like (LOC112003251), auxin-induced protein 15A-like (LOC111994736), auxin-responsive protein SAUR24-like (LOC111994731), abscisic acid receptor PYL4-like (LOC112017749), histidine-containing phosphotransfer protein 4 (LOC112033302), pathogenesis-related protein 1-like (LOC112016185), and pathogenesis-related protein 1-like (LOC112036655) were downregulated whereas other genes, including basic form of pathogenesis-related protein 1-like (LOC112017585, LOC112017586, and LOC112017588) and probable protein phosphatase 2C 51 (LOC112008236), were upregulated. Genes encoding defense-related proteins, such as pathogenesis-related protein 1-like, were downregulated in the C vs. R6 comparison in Q. acutissima but were upregulated in Q. palustris. In Q. acutissima, most of the plant hormone signaling genes were downregulated during drought condition while after recovering the DEGs were significantly reduced. In Q. palustris, the number of upregulated genes were higher than the downregulated genes during the drought condition. After rewatering, most of the plant hormone signaling genes were downregulated while a few were upregulated.
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Figure 10 | Heatmap showing plant hormone signaling pathway-related differentially expressed genes (DEGs) regulated due to the impact of drought and rewatering conditions in Quercus acutissima and Quercus palustris.




3.10 Comparison of DEGs between Q. acutissima and Q. palustris

Analysis of Venn diagrams for the upregulated and downregulated genes in the C vs. D comparisons showed that 356 genes were common. Most genes were downregulated, whereas only a few were upregulated (Figures 5C–F). The following top DEGs were regulated in common: thaumatin-like protein 1 (LOC112038887, LOC112038888, LOC112038876, LOC112038861, LOC112038862, and LOC111989390), linoleate 13S-lipoxygenase 2-1, chloroplast-like isoform X1 (LOC111990529), uncharacterized protein LOC112031465 (LOC112031465), uncharacterized protein LOC111995089 (LOC111995089), uncharacterized protein LOC112021193 (LOC112021193), membrane protein PM19L (LOC112032815), cysteine proteinase inhibitor B-like, partial (LOC112025257), early light-induced protein 1, chloroplastic-like (LOC111987464), protein MOTHER of FT and TFL1 (LOC112038587), cucumber peeling cupredoxin-like (LOC111984751), and probable protein phosphatase 2C 51 (LOC111984042) were upregulated whereas genes encoding putative ripening-related protein 1 (LOC112035773), chitinase-like protein 1 isoform X2 (LOC112000839), epidermis-specific secreted glycoprotein EP1-like (LOC112035353), uncharacterized protein LOC112006350 (LOC112006350), UDP-glycosyltransferase 73C5-like (LOC111984523), uncharacterized protein LOC112014150 (LOC112014150), NDR1/HIN1-like protein 1 (LOC112026165), E3 ubiquitin-protein ligase RHA2B-like (LOC112033407), peroxidase 4-like (LOC112040198), protein NRT1/PTR FAMILY 4.6-like isoform X1 (LOC112006249), phylloplanin-like (LOC112013165), probable sulfate transporter 3.4 (LOC112012045), serine/threonine-protein kinase phg2-like isoform X1 (LOC112012913), putative receptor-like protein kinase At4g00960 (LOC111986751), Not Available (LOC112022298), Not Available (LOC112033153), flowering-promoting factor 1-like protein 2 (LOC112017395), GDSL esterase/lipase At1g29670-like (LOC112005926), uncharacterized protein LOC111986110 (LOC111986110), GDSL esterase/lipase At5g45670-like isoform X1 (LOC112005567), ethylene-responsive transcription factor WIN1-like (LOC112002896), jacalin-related lectin 3-like isoform X1 (LOC111986119), and glutaredoxin-C11 (LOC112035836) were downregulated. The top downregulated gens included galactinol synthase 2-like (LOC112007268), cyclin-SDS (LOC112029982), late embryogenesis abundant protein 2-like (LOC111983933), membrane protein PM19L (LOC112032815), heavy metal-associated isoprenylated plant protein 27-like (LOC112008221), RNA-binding motif protein, X-linked-like-3 isoform X3 (LOC111983007), dehydrin Rab18-like (LOC112018691), late embryogenesis abundant protein 2-like (LOC111990835), cucumber peeling cupredoxin-like (LOC111984751), uncharacterized protein LOC111997339 (LOC111997339), RNA-binding motif protein, X-linked-like-3 (LOC111983863), galactinol synthase 2-like, partial (LOC112023339), and probable protein phosphatase 2C 51 (LOC111984042). In the D vs. R6 comparison, 342 genes were regulated in Q. acutissima and Q. palustris. Only 336 DEGs were specific to Q. acutissima whereas 3525 DEGs were regulated in Q. palustris. Most of the regulated genes mimicked those regulated in the D vs. R1 comparison. Only a few genes were regulated in the C vs. R6 comparison: 95 DEGs were common, whereas 593 and 517 DEGs were specifically expressed in Q. acutissima and Q. palustris, respectively (Figure 5F). The top common genes upregulated in the C vs. R6 comparison corresponded to acid phosphatase 1-like (LOC112008844), 22.0 kDa class IV heat shock protein-like (LOC111990377), acid phosphatase 1-like (LOC112008845), acid phosphatase 1-like (LOC112016015), probable terpene synthase 9 (LOC111983939), 17.5 kDa class I heat shock protein-like (LOC112017482), acid phosphatase 1-like (LOC112016014), flavonoid ‘\\’-monooxygenase-like (LOC111993015), 17.5 kDa class I heat shock protein-like (LOC112024436), and 22.0 kDa class IV heat shock protein-like (LOC112016302) whereas those encoding germin-like protein subfamily 1 member 16 (LOC112029728), auxin-induced protein 15A-like (LOC111994734), LRR receptor-like serine/threonine-protein kinase EFR, partial (LOC112021260), pathogenesis-related protein 1-like (LOC112016185), wall-associated receptor kinase 2-like (LOC112008483), phylloplanin-like (LOC112013165), glu S. griseus protease inhibitor-like (LOC112033155), glucan endo-1,3-beta-glucosidase-like (LOC112041147), EG45-like domain containing protein (LOC112015556), and ethylene-responsive transcription factor WIN1-like (LOC112002896) were downregulated. One of these genes, encoding Annexin D2-like protein, was significantly upregulated. Overall study on the DEGs during drought and recovery using rewatering shows that a majority of the plant hormone signaling genes and antioxidant pathway related genes were highly regulated compared to the genes from other two pathways, starch and sucrose metabolism and glycolytic pathway.




3.11 Co-expression network construction and identification of WGCNA modules

Gene co-expression network gene clustering and module cutting combined genes with similar expression patterns on the same branch. Each branch represented a co-expression module with different colors represented by different modules. During WGCNA, more than half of the samples were filtered, the expression pattern of 3232 genes out of 57626 were studied from Transcriptome sequencing was performed by WGCNA. According to the similarity of the expression patterns, we identified a total of 4 modules (Figure 11). The modules associated with different drought stress, the module-trait relationship was constructed (Figure 11). We identified that those genes in the ‘brown’ module is positively correlated with the drought stress whereas those genes in the ‘grey’ module was negatively correlated due to drought stress. Those genes in the module ‘turquoise’ was negatively correlated among Q.palustris compared to Q.acutissima, irrespective of drought conditions whereas in ‘blue’ module, the scenario is vice versa. A total of 1318, 1055, 437 and 72 genes were located in the WGCNA modules, turquoise, blue, brown and grey respectively, while remaining genes did not pass through the filters (Figure 11).

[image: Graphs and a cluster dendrogram for gene expression analysis. Panel A shows two graphs: one for scale independence versus soft threshold power, and the other for mean connectivity versus soft threshold power. Panel B presents a cluster dendrogram with modules colored in blue, red, and cyan. Panel C displays a heatmap of module-trait relationships, with values color-coded according to correlation strength across conditions like control, drought, and rewatering for two species, *Q. acutissima* and *Q. palustris*.]
Figure 11 | Module-trait correlation analysis and the WGCNA co-expression network. (A) Summary network indices (Y axis) as functions of the soft-Thresholding power (X-axis). The numbers in the plot indicates the corresponding soft thresholding power. Co-expression modules found using the Dynamic Tree Cut approach are displayed in (B) of the hierarchical cluster tree. Every leaf, or little vertical line, represents a gene. The dendrogram’s branches are colored-coded according to how closely they are related to one another to form modules. Genes exhibiting high levels of co-expression (correlation > 0. 75) were combined to form a single module, yielding a total of 4 modules. (C) WGCNA modules and physiological trait correlations. Every row represents a module. The columns represent characteristics of drought. The correlation coefficient between the attributes and the module is indicated by the color of each cell. Positive correlation is shown by red, and negative correlation is shown by blue. (The correlation coefficient is shown by the top number in the cell and the bottom one in parentheses represents the P value).




3.12 Validation of RNA-seq results using qPCR

To validate the DEGs identified using RNA-Seq, we selected 16 representative DEGs from categories including glycolysis, sucrose and starch metabolism, antioxidants, and hormones, and performed qPCR (Figure 12). In the glycolysis pathway in Q. acutissima, LOC112034378 was upregulated during drought and only partially decreased at R1d and R6d. In the sucrose and starch synthesis pathway, LOC112037299 expression decreased during drought and displayed a tendency to recover upon rewatering. Additionally, LOC111986970 decreased during drought and recovered in R6d. A gene associated with antioxidant enzymes, LOC112003295, was downregulated during drought, and was substantially upregulated at R1d, recovering to control levels at R6d. LOC112028705 exhibited significant downregulation after drought. LOC112031072 remained increased during drought. The hormone synthesis-related gene, LOC111984042, was upregulated during drought, downregulated at R1d, and recovered to the control levels at R6d. Additionally, LOC112033302 was substantially upregulated during drought and only partially decreased after rewatering, maintaining an upregulated state compared with that in the control. In Q. palustris, the glycolysis pathway-related genes, LOC112001970 and LOC112005255, were downregulated during drought, and showed partial recovery at R6d, indicating a tendency to remain downregulated compared with that in the control. LOC112020169 and LOC112020346 in the sucrose and starch synthesis pathway were significantly upregulated during drought and recovered to control levels after rewatering. The antioxidant enzyme-related gene, LOC111997072, was upregulated during drought, further upregulated until R1d, and recovered to control levels at R6d. LOC112028705 was markedly downregulated during drought and exhibited partial recovery upon rewatering. LOC112033302, in the hormone synthesis pathway, did not recover, maintaining a downregulated state after significant downregulation during drought, whereas LOC112037230 was substantially upregulated during drought and recovered to the control levels at R6d. Except for the difference in LOC112037230 between drought and R1d, the results of DEG analysis, qPCR, and RNA-Seq exhibited similar trends in most cases, confirming the reliability of the RNA-Seq analysis. The log2 fold change values obtained from RNA-seq expression exhibited a strong correlation with those from qPCR, as indicated by an R2 value of 0.831 (Supplementary Figure 4).
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Figure 12 | Validation of the differential expression of 16 genes using qPCR. (A–H) qPCR results for Quercus acutissima, and (I) to (P) qPCR results for Quercus palustris. (A) LOC112031072: L-ascorbate oxidase homolog. (B) LOC112034378: alcohol dehydrogenase-like. (C) LOC112037299: alpha, alpha-trehalose-phosphate synthase [UDP-forming] 1-like [KO:K16055] [EC:2.4.1.15 3.1.3.12]. (D) LOC112003295: L-ascorbate oxidase-like. (E) LOC111986970: endoglucanase 8-like. (F) LOC112028705: cationic peroxidase 1-like. (G) LOC111984042: probable protein phosphatase 2C 51 [KO:K14497] [EC:3.1.3.16]. (H) LOC112033302: histidine-containing phosphotransfer protein 4 [KO:K14490]. (I) LOC112001970: aldehyde dehydrogenase family 3 member F1-like [KO:K00128] [EC:1.2.1.3]. (J) LOC112005255: fructose-1,6-bisphosphatase, cytosolic [KO:K03841] [EC:3.1.3.11]. (K) LOC112020169: probable alpha, alpha-trehalose-phosphate synthase [UDP-forming] 9 [KO:K16055] [EC:2.4.1.15 3.1.3.12]. (L) LOC112020346: SAS, acid beta-fructofuranosidase . (M) LOC111997072: cationic peroxidase 2-like. (N) LOC112028705: cationic peroxidase 1-like. (O) LOC112033302: histidine-containing phosphotransfer protein 4 [KO:K14490]. (P) LOC112037230: protein TIFY 10A-like [KO:K13464]. Different lowercase letters indicate significant differences (ANOVA with Tukey’s honestly significant difference test, p<0.05).





4 Discussion



4.1 Impact of drought stress on phenotypic traits

After subjecting the seedlings to 11 d drought, the soil moisture was below 10% (Figures 1C, E). In the 31-day treatment, it decreased to less than 3%. These results suggest that the seedlings were affected by water deficit. Despite being subjected to drought stress for the same period, the two species exhibited different phenotypic responses. Q. acutissima showed a definite decrease in tree growth, whereas Q. palustris showed a phenotype with extremely wilted leaves and only a slight decrease in growth (Figures 2A, E). These are presumed to be species-specific differences in the water deficit response. Leaf RWC is closely related to cell volume and provides a nuanced reflection of the balance between water supply and transpiration rate. It is a crucial indicator that influences a plant’s recovery from stress, thereby, impacting its yield and stability. RWC, especially under drought stress, is more informative than other water potential parameters. Normal RWC range from 98% in turgid, transpiring leaves to approximately 40% for severely desiccated leaves. For many plants, RWC at wilting is typically 60% to 70% (Lugojan and Ciulca, 2011). In this study, Q. acutissima and Q. palustris experienced water shortage due to drought treatment, and as a result, the RWC in both species decreased by approximately 55%, which indicates a wilting phenotype (Figures 1D, F). After rewatering, the normal state was restored. Therefore, it is presumed that the lack of water in plants due to drought stress and subsequent water replenishment were sufficiently induced. The decline in RWC during drought followed by recovery after rewatering suggests a dynamic response to water availability.




4.2 Photosynthetic efficiency and chlorophyll content

Drought stress influences plant growth, and its effects are contingent on the adaptation of plants to the duration and intensity of water deficit (Yang and Miao, 2010). We investigated the photochemical efficiency of PSII in response to drought using spectroscopic analysis of two oak leaves (Figures 2C, D, G, H). Water deficiency is widely recognized as a primary contributor to reduced PSII activity (Sagardoy et al., 2009). The two species showed completely different changes in Fv/Fo and Fv/Fm values. Q. acutissima showed no significant change, but Q. palustris showed a significant decrease in Fv/Fo and Fv/Fm during drought and recovered after rewatering. Fv/Fo reflects the ratio of the photochemical and nonphotochemical de-excitation fluxes of excited chlorophyll. These findings imply alterations in the rate of electron transport from PSII to primary electron acceptors with respect to density and size (Lu and Zhang, 2000). Fv/Fm signifies the maximum yield of primary photochemistry and overall PSII photosynthetic capacity. Fv/Fm less than 0.8 indicates inactivation or damage to the PSII reaction core. Therefore, the reduction in Fv/Fm in Q. palustris indicates damage to the photosynthetic system owing to drought. Analysis of PSII photochemical efficiency revealed distinct changes in the Fv/Fo and Fv/Fm values between Q. acutissima and Q. palustris.

Although influenced by factors, such as plant variety, duration, and growth stage, analyzing the leaf chlorophyll content remains a highly effective approach for assessing drought tolerance. No changes were observed in the chlorophyll content of Q. acutissima (Table 1). In Q. palustris, chlorophyll contents were slightly decreased after drought. Even after rewatering, the reduced chlorophyll content did not recover. The reduction in chlorophyll content caused by drought stress is commonly linked to oxidative stress and chlorophyll damage (Smirnoff, 1993). Stress affects chlorophyll levels, which are closely related to photosynthetic activity (Anjum et al., 2011), which is consistent with our observations in Q. palustris. Carotenoid levels remained steady in both species despite the drought, which is consistent with their reported antioxidant capacities (Deltoro et al., 1998). In summary, the response to drought was exclusively manifested as altered chlorophyll levels in Q. palustris, implying that it is more susceptible to drought stress than Q. acutissima.




4.3 Changes in metabolites and osmotic adjustment

Under drought stress, an increase in the level of soluble sugars can occur, which may help maintain their cell turgor by improving the water-holding and water-absorbing capacity (Guo et al., 2018). In the present study, the levels of total soluble sugars increased under drought (Table 2). However, after rewatering, the levels in Q. acutissima recovered to their original levels, whereas the change in Q. palustris was not recovered. Glucose and sucrose are osmolytes, whereas fructose is associated with secondary metabolite synthesis (Kaur and Gupta, 2005). Drought led to significant increases in the levels of glucose, fructose, and total soluble sugars, with the exception of sucrose and starch, in both species. Our findings align with those of a previous study indicating that drought generally leads to an increase in soluble sugar content (Rosa et al., 2009). Although it has been documented that many plants experience elevated sugar levels due to starch degradation during drought stress (Fischer and Höll, 1991), we observed only a slight increase in sucrose content in both species. In addition, there was no significant change in sucrose levels after rewatering. After rewatering, levels of glucose, total soluble sugars, and starch were completely recovered, and those of fructose were almost completely recovered in Q. acutissima; however, only starch levels were recovered, similar to that in the control, in Q. palustris. Therefore, Q. palustris responds more sensitively to drought stress than Q. acutissima and thus requires a longer recovery period. These results also show that Q. palustris requires more time to recover to normal levels after drought stress than does Q. acutissima.

In general, a decrease in the concentration of soluble proteins in plants is a representative feature of drought stress, although protein levels may increase rapidly in the immediate response to stress (Fischer and Höll, 1991). The accumulation of soluble proteins may be enhanced in plants under drought and confers drought tolerance (Chen and Plant, 1999). Under drought, levels of water-soluble proteins in both species increased and gradually normalized after rewatering (Figures 3D, H). Although Q. palustris had higher water-soluble protein content than Q. acutissima, it was phenotypically more susceptible to drought stress. The accumulation of proline, an osmolyte and a radical scavenger, in plants under drought is a drought-tolerance response (Yin et al., 2005). Both species showed a significant increase in proline during drought (Figures 3C, G). After rewatering, the levels were very rapidly recovered to normal. During drought, proline content also increased much more in Q. palustris than in Q. acutissima and then normalized after rewatering. Both species responded to drought and recovered by immediately and sensitively adjusting osmotic pressure by regulating proline concentration.

Osmotic balance in plants is maintained via the accumulation of compatible osmoprotectants by stabilizing cellular membranes and maintaining turgor (Sami et al., 2016). In the two oaks, the amounts of glucose, fructose, total soluble sugar, soluble proteins, and free proline increased under drought. Regarding resilience during rewatering, Q. acutissima tended to recover to normal levels. These results suggest that although Q. palustris responds sensitively to drought and increases osmoregulating substances, Q. acutissima has better drought tolerance and resilience owing to differences in regulatory ability.

In Q. palustris, genes related to alpha-amylase-like (LOC112024135 and LOC112024130) and beta-amylase 1 (LOC112017453) increased during drought and decreased upon rewatering (Figure 7) (Sun and Henson, 1991). Granule-bound starch synthase 1 (LOC112005619), a gene related to starch synthesis (Mérida et al., 1999), decreased and then recovered. These genes are related to starch-degrading enzymes, which is consistent with the increase in starch content compared with that in the control. Additionally, the increased expression of 1,4,-alpha-glucan-branching enzyme 3 (LOC112013021), which plays a role in structural transformation of starch (Ban et al., 2020) upon rewatering, was also associated with the recovery of starch levels. In Q. palustris, glucosidase-related genes (LOC112037103, LOC112010864, LOC111990919, LOC112033924, and LOC112040661), encoding cell wall lignification and starch hydrolytic enzymes (Minic, 2008), were downregulated, except for some genes (LOC112005967, LOC112006422, and LOC112010866). This appears to be related to changes in starch levels and growth of Q. palustris (Table 2). Notably, levels of genes related to endoglucanase, which converts cellulose polymers into small sugars and oligomeric polysaccharides (Glass et al., 2015), were decreased during drought but were recovered upon rewatering. This result is presumed to be related to sucrose levels, which showed little change in Q. palustris despite a decrease in starch during drought. LOC112004899, LOC111988691, LOC 112020169, LOC11997145, LOC111989484, and LOC112037299 are related to trehalose biosynthesis, which regulates the concentration of intracellular solvents during drought stress and contributes to the regulation of sucrose levels in higher plants (Figure 7) (Van Houtte et al., 2013). In Q. acutissima, changes in DEGs were observed upon drought and rewatering, which appears to be related to the results of our extraction experiments, in which sucrose levels continued to increase compared with those in the control (Table 2). In contrast, in Q. palustris, only minor changes in the results of extraction analysis were noted, but DEGs showed significant changes during drought and rewatering, and then tended to recover.

LOC112024098, LOC112024148, and LOC112024105 are related to NADPH-dependent aldo-keto reductase, which increased and then partially recovered (Figure 8). These are the first enzymes in the polyol pathway that converts glucose to sorbitol using NADPH as a cofactor (Singh et al., 2021). This is likely related to changes in glucose and fructose levels in Q. palustris (Table 2). Additionally, genes related to aldose-1-epimerase (LOC112026409, LOC112026414, and LOC111988576), which convert alpha-D-glucose to beta-D-glucose, showed a similar trend (Sheshukova et al., 2017). The expression of GAPCP (LOC112032055, LOC112032064, LOC112011777, and LOC112032025), a gene family that plays important roles in plant metabolic processes and is involved in stress response, increased during drought in Q. palustris and then decreased to some extent after rewatering, but remained higher compared than in the control (Figure 8) (Li et al., 2019b). These results indicated that the plant had not yet completely escaped the stressed state. The aldehyde dehydrogenase family (LOC112010331, LOC112010332, LOC112001970, LOC112010329, and LOC112010330) of enzymes, along with the cofactor, NAD+ or NADP+, convert aldehydes into carboxylic acids, NADH, or NADPH (Brocker et al., 2013). Compounds containing aldehyde functional groups are important intermediates in several catabolic and biosynthetic pathways. Q. palustris deteriorated during drought and did not fully recover thereafter, indicating that drought stress continued to affect glycolysis.




4.4 Oxidative damage and antioxidant enzymes

Q. palustris showed a significantly more wilted phenotype as drought progressed compared to Q. acutissima. MDA levels were slightly higher in Q. acutissima than in Q. palustris (Figures 3A, E). However, there was a difference in resilience after rewatering; levels in Q. acutissima recovered to normal, whereas those in Q. palustris did not recover until R6d. This also suggests that Q. acutissima has better drought tolerance than Q. palustris.

The H2O2 and SOD contents of Q. acutissima increased during drought and then recovered (Figures 3, 4). In contrast, no change was observed in the H2O2 content in Q. palustris, but SOD and GR levels increased during the drought and normalized after rewatering (Figures 3, 4). CAT and APX levels increased after drought and continued to increase after rewatering. SOD activity was significantly increased under drought, whereas POD activity tended to increase upon rewatering in both species, which is different from previous reports that SOD and POD activities are coregulated (Shigeoka et al., 2002). Previous studies have shown a different pattern than ours, noting increased POD activity under drought in various plants (Xiao et al., 2008). Our results showed that antioxidants control the increase in H2O2 through an appropriate response to drought at Q. palustris. However, when considering phenotypic changes or increases in MDA levels, it should be noted that cell damage is caused by a delay or lack of an antioxidant response or other factors. GR facilitates the reduction of GSH, which is involved in metabolic regulation and antioxidative processes using NADPH (Trivedi et al., 2013). Previous studies indicate the contribution of GR in enhancing drought stress tolerance (Romero-Puertas et al., 2006). Changes in GR activity were observed only in Q. palustris. No significant difference was noted between the control and drought groups; however, because the activity clearly decreased after rewatering, it might be the result of a reduction in stress factors (Figure 4L).

Differences in the responses of antioxidants among species suggest variations in the management of oxidative stress. Under drought stress conditions, the activities of APX, CAT, and GR, but not of SOD, showed better responsiveness in Q. palustris than to Q. acutissima; however, these results are contradictory to our other phenotypic observations. SOD primarily reduces cell damage by converting ROS, which damage cells more strongly, into H2O2, which has relatively weak activity. Therefore, the ability to express SOD and maintain its high activity is important for preventing cell damage. Considering these factors comprehensively, it is assumed that Q. acutissima, which has a good ability to initially remove ROS generated under stress through stronger SOD activity, has better durability and recovery than Q. palustris. Despite the tendency of antioxidant enzymes to increase at the beginning of the recognition of drought stress and then gradually decrease (Xiong et al., 2022), APX, CAT, POD, and GR responded more weakly in Q. acutissima than in Q. palustris. However, in this study, because we exposed the seedlings to drought for a relatively long period, we should consider whether the activities of these antioxidant enzymes were enhanced and then decreased, or whether the recognition of drought and the action of antioxidant enzymes were delayed. Notably, only the MDA levels in Q. acutissima recovered to the control level after rewatering. As a result, Q. palustris has poor tolerance and resilience under water stress, despite maintaining a higher composition and inductive activity of antioxidants, except for SOD, than does Q. acutissima. Our results show that antioxidants control the increase in H2O2 through an appropriate response to drought in Q. palustris. However, considering the phenotypic changes and increased MDA levels, cell damage might be due to a lack of control over other ROS.

In the transcriptome analysis, many DEGs related to antioxidants were identified, most of which were related to L-ascorbate oxidase or peroxidase (Figure 9). L-Ascorbic acid, commonly known as vitamin C, serves as a crucial redox buffer and a cofactor for enzymes that regulate various metabolic processes, including photosynthesis and hormone biosynthesis. In Q. acutissima, the expression of most of the genes related to L-ascorbate oxidase decreased during drought but showed a tendency to recover upon rewatering. However, only LOC112031072 maintained its upregulated expression. The peroxidase-related genes exhibited similar expression patterns. In particular, many peroxidase-related genes maintained reduced expression that did not recover after rewatering. Additionally, the remaining genes showed increased expression during drought. Upon rewatering, their levels decreased and recovered to the pre-drought levels. In Q. acutissima, cationic peroxidase genes related to POD showed increased expression in the D vs. R1 comparison, whereas in Q. palustris, genes with increased and decreased expression were observed. These genetic changes appear to have influenced the changes in POD levels in the oaks. In this study, we observed changes in the activities and expression of antioxidant activities, such as APX, CAT, and POD, during drought and recovery.




4.5 Hormonal regulation under drought stress

In the present study, Q. palustris showed a reciprocal interaction between IAA and ABA concentrations (Figures 4M, N). In contrast, ABA and IAA levels in Q. acutissima did not recover to pre-drought levels even after rewatering (Figures 4F, G). These results indicate an association between maintenance of high ABA levels and a substantial decrease in IAA levels, which likely contributed to the decline in shoot growth of Q. acutissima even after drought. In response to drought, IAA plays a crucial role in facilitating plant adaptation to drought. Recent studies have emphasized that alterations in auxin homeostasis under abiotic stress can affect ABA synthesis (Du et al., 2013). The equilibrium between auxin and ABA homeostasis has been identified as a pivotal factor in the diverse stress responses in Arabidopsis. In this study, IAA decreased significantly under drought in both the species and tended to increase again after recovery from stress to some extent on the 6th day after rewatering. This trend suggests that the plants entered a recovery period with an increase in antioxidants, such as CAT, APX, and POD, at R6d.

Both oaks showed changes in small auxin up-regulated RNA (SAUR)-related genes (LOC112004178, LOC111994731, LOC11240183, LOC112004181, and LOC112016936) in response to drought and rewatering (Figure 10). In addition, LOC112003582 and LOC11994737 showed changes in Q. acutissima, whereas LOC112040181 showed changes only in Q. palustris. Their expression decreased and then recovered, which is consistent with our results for IAA levels. They are involved in cell elongation and growth, and their expression is generally decreased under stress; however, these have not yet been well identified (Stortenbeker and Bemer, 2019). PYL is an ABA receptor, and the PYR/PYL/RCAR receptors that recognize ABA inhibit type 2C protein phosphatases (PP2Cs) and activate (SNF1)-related protein kinases 2 (SnRK2s) to transmit ABA response signals (Fidler et al., 2022). The expression of these genes (LOC112017749 and LOC11988217) decreased during drought, but the ABA levels were increased. This could be the result of feedback that regulates ABA responses. TIFY (TIF(F/Y)XG) proteins are key regulators of the jasmonic acid signaling pathway; they participate in defense and stress responses during plant development, and play important roles in responses to biotic and abiotic stresses (Wang et al., 2023). LOC112037230, LOC112025728, LOC112035090, LOC112035091, and LOC112015508 are TIFY protein-related genes, and their expression was changed only in Q. palustris. The xyloglucan endotransglucosylase/hydrolase (XTH) family plays important roles in plant cell-wall reorganization, shape maintenance, and stress resistance (Cheng et al., 2021). Xyloglucan endotransglucosylase/hydrolase-related DEGs identified only in Q. palustris were LOC112028320, LOC112028317, LOC112028409, LOC112022146, and LOC112013949, the levels of which tended to increase during drought and to decrease upon rewatering. Expression changes were confirmed in both two species with similar trends for LOC112028322 and LOC112028408. However, a different response was observed only for LOC112028319, the levels of which increased at the beginning of rewatering in the D vs. R1 comparison. When IAA-amido-synthase-related genes were resupplied in Q. acutissima, levels of LOC112008862 and LOC112013268 decreased or increased, respectively. In Q. palustris, levels of LOC112008862 and LOC112024715 increased and recovered, and those of LOC112013268 decreased in the D vs. R6 and C vs. R6 comparisons. On the contrary, in Q. acutissima, LOC112008862 expression decreased in the C vs. R6 comparison, and LOC112013268 expression increased in the D vs. R6 comparison. The results of transcriptome and concentration analysis also showed differences in sensitivity to IAA regulation between the two oaks. IAA-amido-synthase maintains auxin homeostasis by conjugating excess IAA to amino acids (Ding et al., 2008). In addition, many DEGs related to auxin-responsive and auxin-induced proteins were observed and showed various patterns depending on the treatment group. These changes in gene expression may have influenced the changes in IAA levels following drought and recovery.




4.6 Overview of the response of the two oak species to drought and rewatering

Significant differences in the DEGs were noted for Q. acutissima and Q. palustris in each treatment group. First, a much larger number of DEGs were identified in Q. palustris than in Q. acutissima. Only less than 10% of DEGs were common in the two species (Figures 5C–F). There were 862 and 3947 DEGs in Q. acutissima and Q. palustris, respectively, under drought stress, but these numbers were reduced to 231 (26.80% of 862 DEGs) and 327 (8.28% of 3947 DEGs), respectively, after recovery. The expression of these genes returned to normal (Figures 5A, B). In addition, Q. palustris had a greater number of drought stress-related genes. The DEGs related to recovery that appeared after rewatering were 1076 (55.4% of the total DEGs) in Q. acutissima and 1587 (28.7% of the total DEGs) in Q. palustris. However, the rate of induction of genes related to recovery was much higher in Q. acutissima than in Q. palustris, indicating that Q. acutissima is less stressed by drought and is more active in recovery. Among the DEGs related to recovery, 619 for Q. acutissima and 1302 for Q. palustris recovered to normal levels on the 6th day of rewatering, and these genes are presumed to be required initially for recovery from drought stress. Among the DEGs that were newly expressed after rewatering, the remaining 139 in Q. acutissima and 130 in Q. palustris were still identified in R6, and continued expression or repression of these genes is presumed to be required for recovery from drought stress. The two species also showed differences in the tendency of DEGs for recovery. In Q. acutissima, 337 (17.4%) DEGs in the D vs. R1 comparison and 198 (10.2%) DEGs in the D vs. R6 comparison showed a more active response immediately after rewatering. On the contrary, in Q. palustris, 402 (7.3%) and 707 (12.8%) DEGs were more active on the 6th day of water resupply, showing a relatively delayed recovery response. In addition, 318 DEGs (16.4% of the total DEGs) in Q. acutissima and 155 DEGs (2.8% of the total DEGs) in Q. palustris in the C vs. R6 comparison were genes whose expression changed regardless of drought or rewatering when comparing the control and treatment groups on day 6. It can be assumed that these DEGs are responsible for the memory response of the two oak species to recover normal growth upon rewatering. Similar results were reported for various plants (Li et al., 2019a, Li et al, 2021). These results suggest that more DEGs were identified in Q. palustris than in Q. acutissima, but a much smaller proportion of recovery-related genes was regulated.

With regard to the common significantly up- or downregulated genes in the two species, the following genes were upregulated in the C vs. D comparison: thaumatin-like protein 1 (TLP), which is involved in host defense and developmental processes (He et al., 2021); linoleate 13S-lipoxygenase 2-1, a chloroplast-like isoform involved in growth regulation; early light-induced protein 1, chloroplastic-like (ELIPs), known to protect photosynthetic organs against stress (Hutin et al., 2003); and Protein MOTHER of FT1 and TFL1 (MFT), involved in seed development, germination, and flowering time regulation (Xi et al., 2010) (Supplementary Table 2). Downregulated genes included galactinol synthase 2-like (GolS), which is involved in osmoprotectant synthesis, and late embryogenesis abundant protein 2-like (LEA), which plays a role in preventing the damage caused by drought stress (Chen et al., 2019). Additionally, heavy metal-associated isoprenylated plant protein 27-like (HIPP), a metallo chaperone, was identified (de Abreu-Neto et al., 2013). DEGs that continued to have an effect after rewatering were upregulated in the C vs. R6 comparison, including class I or IV heat shock proteins, which are representative stress response proteins, and acid phosphatase 1-like, which is involved in Pi regulation (Park and Seo, 2015). Additionally, hormone-related genes, such as auxin-induced protein 15A-like and ethylene-responsive transcription factor WIN-like, remained decreased. Pathogenesis-related protein 1-like, LRR receptor-like serine/threonine-protein kinase EFR, and glucan endo-1,3-beta-glucosidase-like were also decreased, indicating the possibility of differential disease resistance of the two species (Kebede and Kebede, 2021). These results show that both tree species’ growth and development were affected in response to drought stress, and that they were affected by abiotic as well as biotic stress responses, and that the effects were still evident even after significant recovery.





5 Conclusion

A comprehensive analysis of the phenotypic, physiological, and molecular parameters enhances our understanding of the complex mechanisms underlying drought adaptation in these oak species.

Q. acutissima showed an appropriate response despite delayed growth and minimal antioxidant enzyme activity in response to drought. Additionally, photosynthesis-related elements functioned without damage and consistently showed excellent overall tolerance and resilience against drought. Q. palustris showed adaptability but suffered severe phenotypic impairment and delayed recovery of several indices and poor drought resilience. Transcriptome analysis revealed that the number of genes involved in drought stress recovery was higher in Q. acutissima. Genes whose expression was altered under drought stress, showed recovery of expression after rewatering and normal levels were achieved for most of them. The DEGs related to sucrose and starch synthesis, glycolysis, antioxidant enzymes, and hormone synthesis were significantly more abundant in Q. palustris. DEGs that responded to drought in both species were primarily related to development, germination, growth regulation, photosynthetic organ protection, and flowering time regulation. Genes whose expression remained changed even after rewatering were mainly related to heat shock proteins, hormones, and pathogens. This study provides valuable insights into the differential responses of Q. acutissima and Q. palustris to drought stress and recovery. The results of this study provide useful information for the early establishment of seedlings for sustainable afforestation and ecosystem resilience.
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Arbuscular mycorrhizal fungi (AMF) are universally distributed in soils, including saline soils, and can form mycorrhizal symbiosis with the vast majority of higher plants. This symbiosis can reduce soil salinity and influence plant growth and development by improving nutrient uptake, increasing plant antioxidant enzyme activity, and regulating hormone levels. In this study, rhizosphere soil from eight plants in the Songnen saline–alkaline grassland was used to isolate, characterize, and screen the indigenous advantageous AMF. The promoting effect of AMF on alfalfa (Medicago sativa L.) under salt treatment was also investigated. The findings showed that 40 species of AMF in six genera were identified by high-throughput sequencing. Glomus mosseae (G.m) and Glomus etunicatum (G.e) are the dominant species in saline ecosystems of northern China. Alfalfa inoculated with Glomus mosseae and Glomus etunicatum under different salt concentrations could be infested and form a symbiotic system. The mycorrhizal colonization rate and mycorrhizal dependence of G.m inoculation were significantly higher than those of G.e inoculation. With increasing salt concentration, inoculation increased alfalfa plant height, fresh weight, chlorophyll content, proline (Pro), soluble sugar (SS), soluble protein (SP), peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT) activity while decreasing the malondialdehyde (MDA) content and superoxide anion production rate. The results highlight that inoculation with G.m and G.e effectively alleviated salinity stress, with G.m inoculation having a significant influence on salt resistance in alfalfa. AMF might play a key role in alfalfa growth and survival under harsh salt conditions.
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1 Introduction

Soil salinization, resulting from poor irrigation management and drought, is one of the most destructive environmental stresses causing significant declines in arable land area, crop productivity, and quality globally (Shahbaz and Ashraf, 2013). The Songnen Plain, one of the three main grasslands in northeastern China, has approximately 15.24% of its area covered with saline soil. Factors such as natural changes (climate and soil-forming parent material) and human activities (extensive land clearing and imperfect water conservancy facilities) have contributed to the continuous deterioration of environmental conditions in the Songnen grassland (Wang et al., 2009). Serious soil compaction, destruction of the granular structure, high soil pH, and nutrient depletion (Gong et al., 2021) not only limit plant growth and reduce the yields and quality of most crops but also affect the physicochemical properties of soils and the ecological balance (Shrivastava and Kumar, 2015). Methods such as physical improvement, chemical improvement, and hydraulic improvement have been adopted to address these problems (Zhao et al., 2023). However, these methods are time-consuming and labor-intensive, which, to some extent, hinder the restoration of saline–alkaline soils. Rhizosphere biotrophic bacteria such as plant beneficial bacteria (PBB) and arbuscular mycorrhizal fungi (AMF) can assist plants in surviving and growing under adverse conditions and increase their resistance to salinity, extreme temperature, and heavy metal stress, thereby increasing plant yield (Garg and Chandel, 2011). Among them, AMF have become a research focus in recent years due to their ability to increase plant salinity tolerance and promote plant nutrient uptake.

Alfalfa (Medicago sativa L.) is a high-quality leguminous fodder with excellent palatability and a developed root system (Ferreira et al., 2015). It is widely cultivated worldwide and holds significant economic value and ecological importance (Mei et al., 2022a). The growth of alfalfa is severely restricted in agricultural areas with high salinity, particularly during the early stages of seed germination and growth. High salinity inhibits or delays germination and the elongation of branches and roots due to osmotic stress (Li et al., 2010). Research indicates that elevated soil salinity levels decrease the content of trace elements (Fe2+, Mn2+, Cu2+, and Zn2+) in the roots, stems, and leaves of alfalfa, disrupting ion transport ratios and cation transport selectivity ratios (Bhattarai et al., 2021). Salt stress also hinders alfalfa growth by reducing plant growth rate and water absorption while increasing proline (Pro) content and membrane peroxidation (Choi et al., 2018). Additionally, salt stress indirectly impacts alfalfa growth by influencing plant metabolism, such as the symbiotic nitrogen fixation ability of rhizobia (Farooq et al., 2017). As salt concentration rises, the nitrogenase activity of alfalfa nodules decreases. Combined salt stress can destroy the nitrogenase component structure in root nodules, reducing the nitrogen fixation capability and ultimately decreasing the total nitrogen content.

AMF are endophytic fungi widely distributed in soil, capable of forming mycorrhizal symbiosis with most terrestrial plants (Zhang et al., 2024a). It is recognized as a biotechnological tool to increase plant resistance and restore ecosystems (Cao et al., 2020). Research has shown that AMF symbionts improve plant resistance by strengthening the water absorption capacity, promoting nutrient assimilation, sustaining ion balance, and increasing photosynthesis and the plant hormone levels (Han et al., 2024; Wang et al., 2024b). Under stress conditions, AMF’s extensive mycelial network extends the rhizosphere absorption area, increasing the plant’s absorption capacity (Liu et al., 2016; Kakouridis et al., 2022). AMF application reduced the negative effects of salt stress by increasing the absorption of microelements, regulating the absorption of Na and K in wheat (Huang et al., 2023). Plants inoculated with AMF exhibit higher transpiration rates and leaf water potential under salt conditions, significantly improving relative leaf water content and survival ability (Akhzari et al., 2016). Mycorrhizal seedling leaves display significantly higher activities of superoxide dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) compared to non-mycorrhizal seedlings, helping Elaeagnus angustifolia seedlings to cope with salinity (Chang et al., 2018). Furthermore, the levels of proline (Pro), soluble protein (SP), and antioxidant enzymes activity are higher in AMF-inoculated plants under high salt stress, indicating that the beneficial effects of mycorrhizal symbiosis are crucial for managing severe salt toxicity (Zong et al., 2023). Additionally, AMF-inoculated plants show stronger net photosynthetic rates, stomatal conductance, and chlorophyll content under salt stress (Chandrasekaran et al., 2019). AMF inoculation promotes the accumulation of alfalfa biomass under salt stress and increases the stomatal constraints of alfalfa leaves, increasing CO2 fixation capacity (Shi-Chu et al., 2019).

Soil salinization markedly inhibits plant growth and severely limits agricultural productivity. Therefore, the restoration of saline-alkali land has become an urgent problem to solve. The Songnen saline-alkali grassland, characterized by specific habitats and rich microbial resources, primarily comprises the dominant groups Ascomycota, Basidiomycota, and Mortierellomycota (Cui et al., 2023), making it a vital strategic resource for microbial strains. The unique environment of this grassland may lead to regional specificity in AMF. Alfalfa, an important forage, was selected as the experimental material due to its high yield, rich nutritional value, and strong stress resistance. However, its growth and development are severely limited in saline-alkali soils (Guo et al., 2024). AMF have been shown to significantly alleviate plant salinity stress (Evelin et al., 2009; Qin et al., 2021), and the role of AMF in enhancing salt stress tolerance in alfalfa has received increasing attention. Previous studies have outlined various mechanisms and strategies by which AMF alleviate salinity stress in alfalfa (Moradi, 2016; Laouane et al., 2019; Shi-Chu et al., 2019). However, the effects of the native AMF species in Songnen grassland to alfalfa salinity stress are still uncertain. Most of the strains used in prior studies were sourced commercially (Li et al., 2020; Zong et al., 2023; Jia et al., 2024). In our experiment, local strains from the Songnen grassland were cultured and propagated, and alfalfa was inoculated to cope with salt stress, aiming to overcome the poor adaptability of exogenous sourced strains to Northeast China’s conditions. Accordingly, AMF was isolated, screened, and identified from the rhizosphere of eight dominant saline-tolerant plants in the Songnen saline-alkali grassland, and the growth-promoting effects of two native dominant AMF inoculations on alfalfa were evaluated for the first time through a pot experiment. The aims were (1) to identify the diversity characteristics and dominant species of AMF in the rhizosphere of plants of Songnen saline-alkali grassland in salinized areas and (2) to analyze the efficiency of dominant AMF species isolated from the rhizosphere of plants in Songnen saline-alkali grassland to alleviate salt stress in alfalfa.




2 Materials and methods



2.1 Study site

This study site is located in Songnen grassland (Zhaodong City, Heilongjiang Province, China; 139–140 masl; 46°2′45″–46°3′12″ N, 125°53′51″–125°54′1″ E; Supplementary Figure S1). The region experiences hot and rainy summers and cold and dry winters, with a mean annual precipitation of 569.1 mm. The soil pH is 8.2. The predominant plant community consists of Leymus chinensis (Trin.) and Puccinellia tenuiflora (Griseb.), along with other companion species. Species diversity has decreased due to salinity stress and grazing.




2.2 Sample collection and sequencing

All soil samples used in the experiment were collected in September 2019 in Zhaodong, China, from the rhizosphere soil of eight salinity-tolerant plant species (Table 1). In the saline plot, three plants of each species were randomly selected, and impurities such as litter and stones were removed from the soil surface. Soil from the plant rhizosphere at a depth of 5–20 cm was dug up. The roots in the soil were shaken to separate loose soil, which was then mixed into one sample, sealed in a plastic bag, and returned to the laboratory on ice. All the rhizosphere soil samples were divided into two parts. One part was naturally air-dried and sieved (2 mm) for soil analysis, and the rest was stored at -80°C for sequencing.


Table 1 | Distribution locations of eight sampled plants in Songneng grassland.

[image: Table listing hosting plants with corresponding numbers and geographic coordinates. Plants include Arundinella anomala (A), Leymus chinensis (B), Taraxacum mongolicum (C), Puccinellia tenuiflora (D), Artemisia mongolica (E), Artemisia anethifolia (F), Clematis hexapetala (G), and Vicia amoena (H). Coordinates are in east longitude and north latitude format.]
DNA from rhizosphere soil samples of eight plants was extracted using the Power Soil DNA Isolation Kit (Mo Bio Laboratories, Inc., USA) according to the manufacturer’s instructions. Three repetitions were set, and quality and purity were checked using 1% agarose gel electrophoresis. Two pairs of primers (AML1F-AML2R and AMV4-5NF_AMDGR) were selected to amplify partial 16s rRNA gene fragments of AMF by nested polymerase chain reaction (PCR). Amplicon libraries were prepared and identified using the Illumina MiSeq sequencing method at Meijorbio Go. (Shanghai, China). Clean sequences were clustered into operational taxonomic units (OTUs) based on 97% similarity, and the most abundant sequences were selected as representative sequences. Annotation through the Silva and Unite databases was used to categorize soil microbial species. AMF alpha diversity indices including Chao, Sobs, Shannon, and Simpson index were calculated using QIIME (http://qiime.org/scripts/assign_taxonomy.html). Significant differences in alpha diversity were assessed with a non-parametric test in QIIME.




2.3 Experimental design and treatments

AMF spores were isolated using wet sieving and sucrose centrifugation (McKenney and Lindsey, 1987). The screened substances were stored in a petri dish at 4°C, and each soil sample was processed three times. Individual spores were placed under a light microscope with a pipette to observe their color, shape, and other superficial characteristics. Spore species were determined based on the Arbuscular Mycorrhizal Fungal Resources and Germplasm Resources of China, the International Arbuscular Mycorrhizal Fungi Conservation Center (INVAM), and species descriptions and pictures from published articles. Two dominant AMF species spores, Glomus mosseae and Glomus etunicatum, selected from the Songnen grassland rhizosphere soil were propagated. The propagation method involved sterilizing seedling trays with 75% alcohol, filling them to the top with sterilized quartz sand culture substrate (sterilized for 120 min at 121°C and 103 kPa), and digging a 6- to 7-cm-deep hole with a sterilized glass rod. Under a stereoscopic microscope, fresh, bright, full spores were collected and placed on the roots of Trifolium repens L. seedlings. The seedlings were then immediately transferred into pre-dug holes and compacted with glass rods. The setup was left in the dark for 24 h before being transferred to a greenhouse for 3 months (16-h light/8-h dark photoperiod, 23–26°C). Root colonization was checked after 15–20 days. After 3 months of cultivation, the roots and rhizosphere soil were collected.

Five salt concentration gradients (0, 50, 100, 150, and 200 mmol/L NaCl) were set up (Tani et al., 2018; Shi-Chu et al., 2019), with three replicates for each concentration. Three treatments were applied for each salt concentration: control (non-inoculation), inoculation with Glomus mosseae (G.m), and inoculation with Glomus etunicatum (G.e). The pot experiment was conducted in a greenhouse using the alfalfa variety “Dongnong No. 1” from Northeast Agricultural University. All the seeds were washed three times in distilled water, surface-disinfected with 75% alcohol, and germinated on wet paper in an incubator (16-h light/8-h dark photoperiod, 23–26°C). Every 10 seedlings were transplanted into a pot (12 cm in diameter; 15 cm in depth) and placed in the greenhouse for cultivation under a 16-h light/8-h dark photoperiod at approximately 23–26°C. The potting substrate consisted of sterilized soil (120 min, 121°C, 103 kPa) and vermiculite (3:1, V:V) to ensure drainage. Additionally, each pot was inoculated with 25 g of AMF mycorrhiza. An equal amount of sterilized soil was added to the non-inoculated treatment. Regular watering and seedling management were performed, and after 30 days of cultivation, the plants were watered with 100 mL of the corresponding NaCl concentration every 2 days. At 10 days later, the above-ground parts were sampled.




2.4 Experimental measurement methods

The mycorrhizal colonization rate of alfalfa roots after 40 days of growth was examined using the alkali dissociation-Trypan blue staining method (Jakobsen et al., 1992). Specifically, alfalfa roots were washed with distilled water, cut into segments of approximately 1.0 cm, then treated with 10% KOH, and boiled in a water bath at 90°C. After cooling, the roots were rinsed with distilled water, stained with Trypan blue dye in 90°C water bath, and then decolorized with lactate glycerin solution. The roots were randomly selected and placed on slides, and the mycorrhizal colonization rate was observed under a microscope. Five intact alfalfa plants with good growth were selected as a group to calculate mycorrhizal dependency using the formula (Hu et al., 2020).

The effects of AMF inoculation on alfalfa under salt treatment were determined by measuring various parameters. Fresh alfalfa height was measured from the root neck to the top of the plants, and fresh weight was recorded for the above-ground parts (Hu et al., 2020). Chlorophyll content was determined by acetone extraction, and the optical density (OD) of chlorophyll a (Chla) and chlorophyll b (Chlb) was measured at 663 and 645 nm, respectively. Total chlorophyll, Chla, and Chlb concentrations were calculated using the formula (Helaoui et al., 2020). The concentration of O2·- was measured according to a previously described method (Liu et al., 2020). Malondialdehyde (MDA) content was estimated using the thiobarbituric acid (TBA) reaction (Ortega-Villasante et al., 2005), and pro content was determined using the methodology described by Bates et al. (1973). Physiological traits, including peroxidase (POD), SOD, and CAT activities, as well as soluble sugar (SS) and SP content, were measured using reagent kits (Suzhou Keming, Suzhou, China). Specific test procedures followed the manufacturer’s instructions for the reagent kits. Three technical replicates were performed for all index determinations.




2.5 Statistical analysis

Diversity and taxonomic analyses of microorganisms were performed using the I-Sanger cloud platform of Shanghai Meiji Biomedical Technology Co. Excel 2019 was used to summarize and organize the data, and all data were tested for normality and homogeneity of variance. Two-way ANOVA was used to analyze the interactive effects between G.m, G.e, and salt concentration. One-way ANOVA was performed to analyze the effects of the same salt concentration on indicators in the control group, G.m group, and G.e group, and Duncan multiple comparison (P < 0.05) was used to test their differences. IBM SPSS Statistics 27 was used for statistical analysis, and Origin 2021 was used for graphing.





3 Results



3.1 AMF identification

The effective sequences obtained by high-throughput sequencing were clustered into 156 OTUs. AMF species annotation was carried out by comparison with the MaarjAM database (https://www.maarjam.botany.ut.ee), and 40 species of six genera were identified (34 in Glomus, two in Archaeospora, one in Diversispora, one in Gigaspora, and two in Paraglomus), but no species of Acaulospora was detected (Supplementary Table S1).

At the genus level, Glomus was the dominant genus in the rhizosphere soils of plants, accounting for 89.33%, while unclassified accounted for 10.16% and was the second most abundant genus (Figure 1A). At the species level, Glomus Wirsel OTU6 VTX00202 had the highest relative abundance, accounting for 29.27%, making it the dominant species. This was followed by unclassified_g_Glomus_f_ Glomeraceae, for which no specific bacterial species was detected, and Glomus sp VTX00304 had the least relative abundance, accounting for only 0.05% (Figure 1B).

[image: Two bar charts labeled A and B show species proportions across samples. Chart A includes samples A to H, dominated by Glomus. Chart B presents more detailed species data for samples A1 to H3, showing varied species proportions, with a color-coded legend for species identification. Both charts use percentage on the Y-axis to depict proportions.]
Figure 1 | (A) Species composition of rhizosphere AMF of different plants at the genus level (B) Species composition of rhizosphere AMF of different plants at the species level.




3.2 AMF diversity

The distribution of rhizosphere AMF varies among different plants. Among the eight soil samples, the most abundant AMF species were isolated from Leymus chinensis, Tragopogon mongolicum, and Puccinellia tenuiflora, with 12, 13, and 15 AMF species isolated, respectively. At least seven species of AMF were isolated from Clematis hexapetala. Glomus mosseae and Glomus etunicatum were the two most widely distributed AMF, being isolated from all soil samples (Supplementary Table S2).

The AMF community species richness and diversity indices varied significantly in the rhizosphere soils of different plants. The Sobs index indicated that species richness was highest in the Arundinella anomala samples (55.0 ± 22.0a), followed by Taraxacum mongolicum and Puccinellia tenuiflora, and lowest in the Clematis hexapetala samples (3.0 ± 2.0b). The Chao index showed that species richness was highest in the Puccinellia tenuiflora samples (45.33 ± 7.50a), followed by Taraxacum mongolicum and Arundinella anomala, and lowest in Clematis hexapetala (3.0 ± 2.0b). The Shannon and Simpson indices indicated similar results, showing a relatively high diversity in Taraxacum mongolicum and Puccinellia tenuiflora samples, while the lowest diversity was observed in the Artemisia mongolica sample (Table 2).


Table 2 | Comparison of AMF community diversity index in the rhizosphere soil of different plants.

[image: Table showing biodiversity indices for samples labeled A to H. Columns include Chao, Shannon, Simpson, and Sobs with values presented as mean ± standard deviation. Lowercase letters indicate significant differences in diversity among samples. Sobs indicates species richness; Chao estimates OTUs; Shannon measures microbial diversity; Simpson reflects community diversity.]



3.3 Mycorrhizal colonization of alfalfa

The native dominant AMF (G.m and G.e) inoculated with alfalfa under salt stress can infect and form a symbiotic system. Mycorrhizal colonization and dependence were higher in plants inoculated with G.m compared to those inoculated with G.e. Mycorrhizal colonization rates ranged from 33.3% to 76.6% for G.m and from 26.7% to 76.6% for G.e, while non-inoculated plants showed no colonization (Figure 2C). The colonization rate tended to decrease with increasing salt concentration. At 150 and 200 mM, inoculation with G.m resulted in significantly higher colonization rates than inoculation with G.e (p < 0.05, Figure 2A). Mycorrhizal dependence increased and then decreased with rising salt concentration, reaching a maximum at 100 mM (Figure 2B).

[image: Charts A and B show mycorrhizal infestation and dependence percentage in relation to salinity levels for different mycorrhizal types, G.m and G.e. Chart A indicates infestation, while Chart B shows dependence. In both, infestation and dependence generally decrease with increased salinity. Images in C display microscopic views of mycorrhizal structures in blue, showing various levels of structural detail.]
Figure 2 | (A) Infestation rate of alfalfa under different treatments. (B) Dependence of alfalfa under different treatments. (C) Microstructure of AMF mycorrhiza of alfalfa. Bar groups with different lowercase letters indicate significant differences (P < 0.05) between treatments under the same salt concentration.




3.4 Interactive effect of AMF and salt concentration on indicators

Salt concentration had a highly significant impact on all indicators (P < 0.01, Table 3). Inoculation with G.m significantly affected all indicators except Chl b (P < 0.01). Inoculation with G.e did not affect Chl b, but it significantly impacted MDA (P < 0.05, Table 3). The interaction between inoculation with G.m, inoculation with G.e, and salt concentration had a highly significant impact on Chl b, Chl, Pro content, and O2·- production rate (P < 0.01, Table 3) but no significant impact on plant height, fresh weight, SS, SP, and POD.


Table 3 | Two-way ANOVA of the effects of G.m, G.e, and salt concentration on indicators.

[image: A table displays various plant indicators compared across different conditions: G.m, Salt concentration, G.m with salt concentration, G.e, Salt concentration, and G.e with salt concentration. Indicators include P H, FW, Chla, Chlb, Chl, MDA, Pro, SP, SS, O2.-, SOD, POD, and CAT. Figures denote F-values. Asterisks indicate significant differences: * for \( p<0.05 \) and ** for \( p<0.01 \). P H indicates plant height.]



3.5 Effects on alfalfa growth indicators

The plant height and fresh weight of alfalfa decreased with increasing salt concentration. AMF-inoculated plants at corresponding salinity levels were significantly taller and had higher fresh weight than control plants (P < 0.05). The plant height and fresh weight of AMF-inoculated plants were significantly different from control plants at 150 and 200 mM (P < 0.05, Figures 3A, B). Plant height increased by 56.67% and 33.33% and by 86.36% and 63.63%, while fresh weight increased by 14.16% and 9.7% and by 41.61% and 27.95%, respectively, with increasing salt concentration. There was no significant difference between G.m and G.e.

[image: Nine bar graphs showing various plant growth parameters under different salinity levels, measured in millimols of NaCl per liter. Each graph compares three treatments: CK, G.m, and G.e. Parameters include plant height, fresh weight, chlorophyll content, MDA content, proline content, starch content, and others. Salinity levels range from zero to 200 millimols, showing varied effects on each parameter across treatments. Each graph includes statistical significance markers.]
Figure 3 | (A) Alfalfa plant height under different treatments. (B) Fresh weight of alfalfa under different treatments. (C) Chl a content of alfalfa under different treatments. (D) Chl b content of alfalfa under different treatments. (E) Chlorophyll content of alfalfa under different treatments. (F) MDA content in alfalfa under different treatments. (G) Pro content of alfalfa under different treatments. (H) SP content of alfalfa under different treatments. (I) SS content of alfalfa under different treatments. Bar groups with different lowercase letters indicate significant differences (P < 0.05) between treatments under the same salt concentration. Data are means ± standard error.




3.6 Effects on physiological indicators of alfalfa

Chl a, Chl b, and total chlorophyll content decreased with increasing salt concentration. Chl a content in alfalfa inoculated with G.m and G.e was significantly higher compared to non-inoculated plants at 100 mM (P < 0.05, Figure 3C). The trends for Chl b and total chlorophyll content were similar, with AMF inoculation showing higher levels than non-inoculated plants without salt stress. The Chl b and total chlorophyll contents in G.m- and G.e-inoculated plants were dramatically higher than in control plants at 100 and 150 mM (P < 0.05, Figures 3D, E). The chlorophyll content in G.m-inoculated plants was significantly higher than in non-inoculated plants at 200 mM. MDA content increased with increasing salt concentrations. AMF inoculation resulted in lower MDA content compared to control plants at the same salt concentration, reaching a maximum at 200 mM, which was significantly different from control plants (P < 0.05, Figure 3F).




3.7 Effects on osmoregulatory substances of alfalfa

The trends for Pro and SP content were similar, increasing with rising salt concentrations. AMF-inoculated plants at the same salt concentrations had significantly higher levels than control plants (P < 0.05). The Pro content in alfalfa inoculated with both G.m and G.e reached the highest levels at 200 mM, with G.m showing the most significant increase from 43.13 to 111.12 μg/g (P < 0.05, Figure 3G). The SP content in plants inoculated with G.m and G.e was significantly higher at 50, 100, and 150 mM (P < 0.05), but the difference disappeared at 200 mM (P < 0.05, Figure 3H). SS content in alfalfa increased and then decreased with rising salt concentrations, peaking at 100 mM, where the difference between AMF-inoculated and control plants was significant (P < 0.05). No significant difference was observed at 200 mM (Figure 3I).




3.8 Effects on antioxidant enzyme activities of alfalfa

The O2·- production rate in alfalfa under salinity stress increased with NaCl concentration. There was no difference between AMF-inoculated and non-inoculated plants without salt stress. However, AMF-inoculated plants showed significantly lower O2·- production rates than non-inoculated plants with increasing salt concentration (P < 0.05, Figure 4A). Salt stress and AMF inoculation significantly impacted antioxidant enzyme activity. SOD, POD, and CAT activities showed similar trends, increasing with rising salt concentrations. The activity levels in AMF-inoculated plants were significantly higher compared to control plants (P < 0.05), with the maximum observed at 200 mM. SOD activity in plants inoculated with G.m and G.e increased by 131.69% and 113.10%, respectively, compared to the control at 50 mM (P < 0.05, Figure 4B). POD and CAT activities in plants inoculated with G.m were significantly higher than in those inoculated with G.e at high concentrations (P < 0.05, Figures 4C, D).

[image: Four bar graphs labeled A to D show enzyme activities under different salinity levels for CK, G.m, and G.e groups. Graph A depicts O₂⁻ production rate, graph B shows SOD activity, graph C indicates POD activity, and graph D presents CAT activity. Each graph reveals increasing values with higher salinity, featuring statistical markers for different group comparisons.]
Figure 4 | (A) O2·- production rate of alfalfa under different treatments. (B) SOD activity of alfalfa under different treatments. (C) POD activity of alfalfa under different treatments. (D) CAT activity of alfalfa under different treatments. Bar groups with different lowercase letters indicate significant differences (P < 0.05) between treatments under the same salt concentration. Data are means ± standard error.




3.9 Correlation coefficients between physiological indicators of alfalfa

Pearson correlation analysis of 12 physiological indicators of alfalfa inoculated with AMF under salt stress revealed several significant relationships. The Pro content was significantly positively correlated with plant height and MDA content. The SS content was highly obviously positively correlated with the Chl b content and significantly positively correlated with the Chl content. The SP content showed a significant positive correlation with SOD and POD activities. CAT activity was negatively correlated with Chl content, while SS content had a positive correlation with POD activity (Table 4).


Table 4 | Correlation coefficient of the physiological indicators of AMF-inoculated alfalfa under salt stress.

[image: Correlation table showing relationships between various indicators: PH, FW, Chl a, Chl b, Chl, SS, SP, Pro, MDA, SOD, POD, and CAT. Notable correlations include PH and Pro (0.882, significant at p<0.01), Chl a and Chl (0.797, significant at p<0.01), and Chl b and Chl (0.863, significant at p<0.01). Asterisks indicate significance levels: * at p<0.05 and ** at p<0.01.]




4 Discussion



4.1 AMF diversity of salinity-tolerant plants of Songnen grassland

AMF, as a type of “biofertilizer,” not only promotes the absorption of mineral elements and water in plants but also improves resistance to diseases and adverse conditions, which is crucial for agroforestry production (Marro et al., 2022). We analyzed the distribution and diversity of rhizosphere AMF in the Songnen saline-alkali grassland ecosystem in China. Different host plants have specific functions, physiological metabolisms, and root exudates, leading to varied AMF community diversity among different vegetation types (Kokkoris et al., 2020). AMF community also vary with soil conditions, nutritional status, and microbial group dynamics (Frew, 2019; Blažková et al., 2021), as different AMF have distinct nutrient acquisition capabilities (Zhang et al., 2021). A previous study showed that the soil nutrient levels on the eastern slope of the Helan Mountains first increased and then decreased with increasing altitude, and the diversity of soil AMF communities followed the same trend (Shao et al., 2024). Geographical distance and climatic conditions can also have indirect effects (Li et al., 2023b). In our study, 40 AMF species from six genera were identified from the rhizosphere soil using high-throughput sequencing, with Glomus detected as the dominant genus. Our results align with the dominant genera of rhizosphere AMF in Inula japonica and Iris lactea in the Songnen saline-alkali grassland. Among them, G. mosseae and G. etunicatum were isolated from all soil samples and were the most widely distributed AMF, indicating optimal affinity with the experimental plants. Furthermore, Glomus has been identified as a dominant genus in many studies on Songnen saline-alkali grasslands and in various ecosystems (Shao et al., 2024; Guo et al., 2022; Zheng et al., 2022). This phenomenon could be related to the spore formation pattern of Glomus and the suitable concentration of organic matter and N and P elements in the soil, improving its competitiveness (Avio et al., 2006). Different rhizosphere AMF species were observed in the rhizospheres of different plants, showing that different host plants affect the AMF distribution (Sýkorová et al., 2007).

The diversity and structure of soil microbial communities are crucial for soil function and the ecological environment (Lin et al., 2022). Research has shown that the diversity indices of rhizosphere AMF in different plant soils, such as Sobs, Chao, Shannon, and Simpson, vary significantly. Consistent with previous studies, plant communities greatly affect the AMF community diversity (Brigido et al., 2017). AMF and host plants exhibit a certain preference when forming symbiotic systems, and their affinity and mutual selectivity determine the survival and development of AMF to a significant extent (Croll et al., 2008; Wang et al., 2024a). This might be associated with the different nutritional requirements and types of root cells in various plants. Studies have found that differences in longitude, latitude, or altitude create varying water, light, temperature, and soil gradients, affecting the AMF diversity (Zhao et al., 2020). Furthermore, abiotic factors such as insect herbivores, climate change, N and P addition, and human interference influence AMF diversity (Mei et al., 2022b; Li et al., 2023b). A variety of rhizosphere AMF symbionts are distributed in the Songnen saline land, allowing for the selection and utilization of the optimal AMF. This provides a crucial theoretical basis for restoring saline-alkali land.




4.2 Effect of dominant AMF on alfalfa colonization rate

AMF can form mutualistic symbioses with plant roots, acting as a symbiotic rhizosphere barrier to decrease the harmful impact of salinity stress (Malik et al., 2022). The higher the mycorrhizal colonization rate, the stronger the symbiotic ability between plants and AMF. In this study, AMF inoculation on alfalfa resulted in a decrease in mycorrhizal colonization rate with increasing NaCl concentration. This indicates that factors affecting AMF colonization status are not only related to the affinity between plants and AMF but also to environmental factors, especially soil conditions that affect plant root growth (Rúa et al., 2016; Liu et al., 2023b). Research suggests that salt stress impacts mycorrhizal colonization by inhibiting spore germination and mycelial growth (Zhang et al., 2024b). There is a degree of mutual selectivity between AMF and host plants, and the AMF selected by plants may vary in different environments. The study showed that inoculation with G. mosseae resulted in a higher colonization rate than G. etunicatum under different NaCl stress levels. Plant AMF mycorrhizal dependence is an indicator of the symbiotic relationship between plants and AMF. In this experiment, mycorrhizal dependence showed an increasing and then decreasing trend with rising salt concentration, similar to the findings in maize (Ahmed et al., 2023). This may be because alfalfa can tolerate low salt concentrations, and AMF gradually plays a role as the salt concentration increases to 100 mmol/L. However, at 150 mmol/L, the growth of alfalfa is disrupted, inhibiting the elongation of AMF mycelium and reducing alfalfa’s mycorrhizal dependence. Additionally, reduced mycorrhizal dependence may also be due to the inhibition of AMF development and structure by salinity stress (Hashem et al., 2019).




4.3 Effects of dominant AMF on alfalfa

Plant growth and development are severely restricted by salinity stress (Guo et al., 2024). Salt stress is closely related to water status, increasing ion content and reducing the water absorption capacity of plants, leading to a rapid decrease in biomass (Li et al., 2019). Our study showed that the above-ground height and fresh weight of alfalfa decreased with increasing salt concentration. However, inoculation with AMF effectively improved plant height and fresh weight under certain salt stress conditions. This demonstrates that AMF inoculation can effectively promote the growth and development of alfalfa. AMF colonization can protect the host plant from the harmful impacts of salt stress (Santander et al., 2019). Our results agree with the findings that AMF colonization in wheat increased shoot length and fresh weight and that AMF inoculation increased the shoot biomass of tomato under salt treatment (Huang et al., 2023; Liu et al., 2023a). Inoculation with AMF under salt stress may expand the root absorption area, making it easier for plants to absorb water and nutrients, thus promoting growth (Wang et al., 2022).

Changes in chlorophyll content can reflect the impact of salinity stress on plant photosynthesis. In this study, increasing salt concentration had a significant negative impact on chlorophyll content in alfalfa leaves, consistent with previous studies (Hashem et al., 2018; Huang et al., 2023). The likely reason is that high salt concentrations affect the role of Mg in the plant, slowing down the chlorophyll synthesis rate. Chl a, Chl b, and total chlorophyll content in alfalfa inoculated with AMF at higher NaCl concentrations (100 and 150 mM) showed significant differences from control plants. Similar results have been observed in studies on tomato (Kong et al., 2020), indica rice (Tisarum et al., 2020), and Citrus aurantium (Hadian-Deljou et al., 2020). Notably, the differences reduced at 200 mM, with inoculation with G. mosseae being more effective than G. etunicatum. The findings indicated that the presence of AMF promoted chlorophyll synthesis within a certain range. This promotion may be due to AMF’s contribution to maintaining the intact ultrastructure of chloroplast thylakoids and mitochondria (Liu et al., 2023c) and upregulating the expression and activity of enzymes related to chlorophyll synthesis (Li et al., 2023a). Additionally, the increase in chlorophyll content in mycorrhizal plants may be due to the release of cytokinin-like substances by the fungus, promoting chloroplast development (Navarro et al., 2014).

Plants subjected to salt stress mobilize osmoregulatory mechanisms, produce osmoregulatory substances, and balance cell membrane permeability to resist injury (Xu et al., 2023). Our study found that SS, SP, and Pro content increased with rising salt concentrations and were significantly higher in AMF-inoculated plants compared to non-inoculated ones. This suggests that plants resist salinity stress by accumulating SS, SP, and Pro and that AMF can effectively alleviate the harmful effects of NaCl stress on the osmotic metabolic system. Similar results were observed in studies on poplar seedlings and Xanthoceras sorbifolium Bunge (Zong et al., 2023; Han et al., 2024). This indicates that AMF inoculation may increase the secretion of osmoregulatory substances under salinity stress, reduce osmotic potential, maintain normal cell metabolism, and improve plant salt resistance (Zong et al., 2023). Notably, there was no significant difference in SS content between AMF-inoculated and uninoculated plants at 200 mM, suggesting that excessively high salt concentrations may impair plant metabolic activity, reducing SS synthesis and accelerating decomposition.

As salt concentration increases, the plant’s antioxidant system fails to clear all reactive oxygen species (ROS), leading to membrane lipid peroxidation and increased production of MDA (Latef and Chaoxing, 2011; Ali et al., 2019). In this study, the MDA content in alfalfa increased with higher salt concentrations and was significantly reduced by AMF inoculation. This is consistent with the research of Wang et al., which showed that AMF inoculation in maize under salt stress reduced the MDA content (Wang et al., 2020). Increased MDA may be associated with the increase in antioxidant enzyme activities caused by oxidative damage (Wang et al., 2023). Salinity and other stressors can induce the formation of ROS, with O2·- being a particularly toxic type that is highly reactive and harmful, causing damage to proteins and lipids (Chen et al., 2020). AMF inoculation significantly reduced the O2·- production rate under salt stress compared to non-inoculated plants, indicating that AMF inoculation could reduce the degree of membrane lipid peroxidation in alfalfa.

Salt stress can cause lipid peroxidation, carbohydrate oxidation, and enzyme activity damage in cell membranes, leading to the production of excessive ROS that damage cells (Yan et al., 2021). Antioxidant enzymes such as SOD, POD, and CAT are commonly found in plants and help reduce damage to plant membrane systems under adverse conditions. AMF contribute to the direct or indirect clearance of ROS and increase antioxidant enzyme activity in plants under salinity stress (Mehta and Vyas, 2023), which is consistent with our results. We observed that SOD, POD, and CAT activities in alfalfa increased with rising salt concentrations and were significantly higher in AMF-inoculated plants compared to non-inoculated ones. Research has shown that AMF inoculation significantly increases antioxidant oxidase activities in Gossypium hirsutum and Cucumis sativus L. under salinity stress (Hashem et al., 2018; Zhang et al., 2024b). It can be inferred that AMF colonization benefits the synthesis of antioxidant enzymes and improves the defense system of antioxidant enzymes (Evelin et al., 2019). Moreover, the higher activity of antioxidant enzymes in AMF mycorrhizal plants could be related to the lower accumulation of lipid peroxidation (Latef and Chaoxing, 2011), resulting in reduced oxidative damage.





5 Conclusion

The diversity of AMF in the rhizospheres of eight common plants in the Songnen saline-alkali grassland and the impact of dominant native AMF species on the salt tolerance of alfalfa are explored for the first time. A total of 40 species of AMF from six genera were identified from rhizosphere soil samples of different plants in Songnen grassland. G.m and G.e were identified as dominant AMF species. The utility of these two dominant AMF species from the locations in alleviating salinity stress in pot-cultured alfalfa was tested in greenhouse conditions. The significant findings were that AMF improve the salt-alkali tolerance of alfalfa under salt stress by increasing the plant height, fresh weight, chlorophyll, SS, SP, Pro content, and SOD, POD, and CAT activities while reducing the MDA content. Future research should focus on multiple bacterial strains to improve alfalfa resistance, especially on cultivating and propagating multiple native bacterial strains, to provide a theoretical basis for the improvement of saline-alkali land.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

WX: Conceptualization, Data curation, Investigation, Methodology, Writing – original draft. QL: Data curation, Formal analysis, Writing – original draft. BW: Investigation, Software, Writing – review & editing. NZ: Methodology, Writing – review & editing. RQ: Investigation, Writing – original draft. YY: Resources, Writing – review & editing. MY: Formal analysis, Writing – original draft. FW: Visualization, Writing – original draft. LM: Conceptualization, Methodology, Supervision, Writing – review & editing. GC: Conceptualization, Funding acquisition, Project administration, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by research and the Natural Science Foundation of Heilongjiang Province of China (LH2022C034); the National Natural Science Foundation of China (32201469) and Breeding Technology Innovation and New Provenance Creation of Cold-resistant and High-yield Alfalfa (2022ZD040120401).





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.2024.1438771/full#supplementary-material


References
	 Ahmed, M., Abdel-Fattah, G. G., Holford, P., Korany, S. M., Alsherif, E. A., AbdElgawad, H., et al. (2023). Funneliformis constrictum modulates polyamine metabolism to enhance tolerance of Zea mays L. @ to salinity. Microbiological Res. 266, 127254. doi: 10.1016/j.micres.2022.127254
	 Akhzari, D., Mahdavi, S., Pessarakli, M., and Ebrahimi, M. (2016). Effects of arbuscular mycorrhizal fungi on seedling growth and physiological traits of Melilotus officinalis L. grown under salinity stress conditions. Commun. Soil Sci. Plant Anal. 47, 822–831. doi: 10.1080/00103624.2016.1146897
	 Ali, A. Y. A., Ibrahim, M. E. H., Zhou, G., Nimir, N. E. A., Jiao, X., Zhu, G., et al. (2019). Ameliorative effects of jasmonic acid and humic acid on antioxidant enzymes and salt tolerance of forage sorghum under salinity conditions. Agron. J. 111, 3099–3108. doi: 10.2134/agronj2019.05.0347
	 Avio, L., Pellegrino, E., Bonari, E., and Giovannetti, M. (2006). Functional diversity of arbuscular mycorrhizal fungal isolates in relation to extraradical mycelial networks. New Phytol. 172, 347–357. doi: 10.1111/j.1469-8137.2006.01839.x
	 Bates, L. S., Waldren, R., and Teare, I. (1973). Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207. doi: 10.1007/BF00018060
	 Bhattarai, S., Liu, N., Karunakaran, C., Tanino, K. K., Fu, Y.-B., Coulman, B., et al. (2021). Tissue specific changes in elements and organic compounds of alfalfa (Medicago sativa L.) cultivars differing in salt tolerance under salt stress. J. Plant Physiol. 264, 153485. doi: 10.1016/j.jplph.2021.153485
	 Blažková, A., Jansa, J., Püschel, D., Vosátka, M., and Janoušková, M. (2021). Is mycorrhiza functioning influenced by the quantitative composition of the mycorrhizal fungal community? Soil Biol. Biochem. 157, 108249. doi: 10.1016/j.soilbio.2021.108249
	 Brigido, C., Van Tuinen, D., Brito, I., Alho, L., Goss, M. J., and Carvalho, M. (2017). Management of the biological diversity of AM fungi by combination of host plant succession and integrity of extraradical mycelium. Soil Biol. Biochem. 112, 237–247. doi: 10.1016/j.soilbio.2017.05.018
	 Cao, Y., Wu, X., Zhukova, A., Tang, Z., Weng, Y., Li, Z., et al. (2020). Arbuscular mycorrhizal fungi (AMF) species and abundance exhibit different effects on saline-alkaline tolerance in Leymus chinensis. J. Plant Interact. 15, 266–279. doi: 10.1080/17429145.2020.1802524
	 Chandrasekaran, M., Chanratana, M., Kim, K., Seshadri, S., and Sa, T. (2019). Impact of arbuscular mycorrhizal fungi on photosynthesis, water status, and gas exchange of plants under salt stress–a meta-analysis. Front. Plant Sci. 10, 433629. doi: 10.3389/fpls.2019.00457
	 Chang, W., Sui, X., Fan, X.-X., Jia, T.-T., and Song, F.-Q. (2018). Arbuscular mycorrhizal symbiosis modulates antioxidant response and ion distribution in salt-stressed Elaeagnus angustifolia seedlings. Front. Microbiol. 9, 338240. doi: 10.3389/fmicb.2018.00652
	 Chen, J., Zhang, H., Zhang, X., and Tang, M. (2020). Arbuscular mycorrhizal symbiosis mitigates oxidative injury in black locust under salt stress through modulating antioxidant defence of the plant. Environ. Exp. Bot. 175, 104034. doi: 10.1016/j.envexpbot.2020.104034
	 Choi, J., Summers, W., and Paszkowski, U. (2018). Mechanisms underlying establishment of arbuscular mycorrhizal symbioses. Annu. Rev. Phytopathol. 56, 135–160. doi: 10.1146/annurev-phyto-080516-035521
	 Croll, D., Wille, L., Gamper, H. A., Mathimaran, N., Lammers, P. J., Corradi, N., et al. (2008). Genetic diversity and host plant preferences revealed by simple sequence repeat and mitochondrial markers in a population of the arbuscular mycorrhizal fungus Glomus intraradices. New Phytol. 178, 672–687. doi: 10.1111/j.1469-8137.2008.02381.x
	 Cui, H., Li, Y., Wang, W., Chen, L., Han, Z., Ma, S., et al. (2023). Effects of male and female strains of salix linearistipularis on physicochemical properties and microbial community structure in saline–alkali soil. Microorganisms 11, 2455. doi: 10.3390/microorganisms11102455
	 Evelin, H., Devi, T. S., Gupta, S., and Kapoor, R. (2019). Mitigation of salinity stress in plants by arbuscular mycorrhizal symbiosis: current understanding and new challenges. Front. Plant Sci. 10, 450967. doi: 10.3389/fpls.2019.00470
	 Evelin, H., Kapoor, R., and Giri, B. (2009). Arbuscular mycorrhizal fungi in alleviation of salt stress: a review. Ann. Bot. 104, 1263–1280. doi: 10.1093/aob/mcp251
	 Farooq, M., Gogoi, N., Hussain, M., Barthakur, S., Paul, S., Bharadwaj, N., et al. (2017). Effects, tolerance mechanisms and management of salt stress in grain legumes. Plant Physiol. Biochem. 118, 199–217. doi: 10.1016/j.plaphy.2017.06.020
	 Ferreira, J. F., Cornacchione, M. V., Liu, X., and Suarez, D. L. (2015). Nutrient composition, forage parameters, and antioxidant capacity of alfalfa (Medicago sativa, L.) in response to saline irrigation water. Agriculture 5, 577–597. doi: 10.3390/agriculture5030577
	 Frew, A. (2019). Arbuscular mycorrhizal fungal diversity increases growth and phosphorus uptake in C3 and C4 crop plants. Soil Biol. Biochem. 135, 248–250. doi: 10.1016/j.soilbio.2019.05.015
	 Garg, N., and Chandel, S. (2011). Arbuscular mycorrhizal networks: process and functions. Sustain. Agric. 2, 907–930. doi: 10.1051/agro/2009054
	 Gong, H., Li, Y., and Li, S. (2021). Effects of the interaction between biochar and nutrients on soil organic carbon sequestration in soda saline-alkali grassland: A review. Global Ecol. Conserv. 26, e01449. doi: 10.1016/j.gecco.2020.e01449
	 Guo, R., Zhou, Z., Cai, R., Liu, L., Wang, R., Sun, Y., et al. (2024). Metabolomic and physiological analysis of alfalfa (Medicago sativa L.) in response to saline and alkaline stress. Plant Physiol. Biochem. 207, 108338. doi: 10.1016/j.plaphy.2024.108338
	 Guo, Y., Zhang, H., Bao, Y., Tan, H., Liu, X., and Rahman, Z. U. (2022). Distribution characteristics of soil AM fungi community in soft sandstone area. J. Environ. Manage. 316, 115193. doi: 10.1016/j.jenvman.2022.115193
	 Hadian-Deljou, M., Esna-Ashari, M., and Mirzaie-Asl, A. (2020). Alleviation of salt stress and expression of stress-responsive gene through the symbiosis of arbuscular mycorrhizal fungi with sour orange seedlings. Scientia Hortic. 268, 109373. doi: 10.1016/j.scienta.2020.109373
	 Han, S., Cheng, Y., Wu, G., He, X., and Zhao, G. (2024). Enhancing salt tolerance in poplar seedlings through arbuscular mycorrhizal fungi symbiosis. Plants 13, 233. doi: 10.3390/plants13020233
	 Hashem, A., Abd_Allah, E. F., Alqarawi, A. A., Wirth, S., and Egamberdieva, D. (2019). Comparing symbiotic performance and physiological responses of two soybean cultivars to arbuscular mycorrhizal fungi under salt stress. Saudi J. Biol. Sci. 26, 38–48. doi: 10.1016/j.sjbs.2016.11.015
	 Hashem, A., Alqarawi, A. A., Radhakrishnan, R., Al-Arjani, A.-B. F., Aldehaish, H. A., Egamberdieva, D., et al. (2018). Arbuscular mycorrhizal fungi regulate the oxidative system, hormones and ionic equilibrium to trigger salt stress tolerance in Cucumis sativus L. Saudi J. Biol. Sci. 25, 1102–1114. doi: 10.1016/j.sjbs.2018.03.009
	 Helaoui, S., Boughattas, I., Hattab, S., Mkhinini, M., Alphonse, V., Livet, A., et al. (2020). Physiological, biochemical and transcriptomic responses of Medicago sativa to nickel exposure. Chemosphere 249, 126121. doi: 10.1016/j.chemosphere.2020.126121
	 Hu, S., Chen, Z., Vosatka, M., and Vymazal, J. (2020). Arbuscular mycorrhizal fungi colonization and physiological functions toward wetland plants under different water regimes. Sci. Total Environ. 716, 137040. doi: 10.1016/j.scitotenv.2020.137040
	 Huang, S., Gill, S., Ramzan, M., Ahmad, M. Z., Danish, S., Huang, P., et al. (2023). Uncovering the impact of AM fungi on wheat nutrient uptake, ion homeostasis, oxidative stress, and antioxidant defense under salinity stress. Sci. Rep. 13, 8249. doi: 10.1038/s41598-023-35148-x
	 Jakobsen, I., Abbott, L., and Robson, A. (1992). External hyphae of vesicular—arbuscular mycorrhizal fungi associated with Trifolium subterraneum L. 2. Hyphal transport of 32P over defined distances. New Phytol. 120, 509–516. doi: 10.1111/j.1469-8137.1992.tb01800.x
	 Jia, B., Cui, X., Zhang, Z., Li, X., Hou, Y., Luo, J., et al. (2024). Arbuscular mycorrhizal fungi regulate amino acid metabolism, phytohormones and glycolysis pathway to promote the growth of Suaeda salsa under combined Cd and NaCl stresses. Plant Physiol. Biochem. 214, 108921. doi: 10.1016/j.plaphy.2024.108921
	 Kakouridis, A., Hagen, J. A., Kan, M. P., Mambelli, S., Feldman, L. J., Herman, D. J., et al. (2022). Routes to roots: direct evidence of water transport by arbuscular mycorrhizal fungi to host plants. New Phytol. 236, 210–221. doi: 10.1111/nph.18281
	 Kokkoris, V., Lekberg, Y., Antunes, P. M., Fahey, C., Fordyce, J. A., Kivlin, S. N., et al. (2020). Codependency between plant and arbuscular mycorrhizal fungal communities: what is the evidence? New Phytol. 228, 828–838. doi: 10.1111/nph.16676
	 Kong, L., Gong, X., Zhang, X., Zhang, W., Sun, J., and Chen, B. (2020). Effects of arbuscular mycorrhizal fungi on photosynthesis, ion balance of tomato plants under saline-alkali soil condition. J. Plant Nutr. 43, 682–698. doi: 10.1080/01904167.2019.1701029
	 Laouane, B., Meddich, A., Bechtaoui, N., Oufdou, K., and Wahbi, S. (2019). Effects of arbuscular mycorrhizal fungi and rhizobia symbiosis on the tolerance of Medicago sativa to salt stress. Gesunde Pflanzen 71, 135–146. doi: 10.1007/s10343-019-00461-x
	 Latef, A. A. H. A., and Chaoxing, H. (2011). Effect of arbuscular mycorrhizal fungi on growth, mineral nutrition, antioxidant enzymes activity and fruit yield of tomato grown under salinity stress. Scientia Hortic. 127, 228–233. doi: 10.1016/j.scienta.2010.09.020
	 Li, H., Zhang, L., Wu, B., Li, Y., Wang, H., Teng, H., et al. (2023a). Physiological and proteomic analyses reveal the important role of arbuscular mycorrhizal fungi on enhancing photosynthesis in wheat under cadmium stress. Ecotoxicology Environ. Saf. 261, 115105. doi: 10.1016/j.ecoenv.2023.115105
	 Li, J., Wang, X., Wu, J. H., Sun, Y. X., Zhang, Y. Y., Zhao, Y. F., et al. (2023b). Climate and geochemistry at different altitudes influence soil fungal community aggregation patterns in alpine grasslands. Sci. Total Environ. 881, 163375. doi: 10.1016/j.scitotenv.2023.163375
	 Li, R., Shi, F., Fukuda, K., and Yang, Y. (2010). Effects of salt and alkali stresses on germination, growth, photosynthesis and ion accumulation in alfalfa (Medicago sativa L.). Soil Sci. Plant Nutr. 56, 725–733. doi: 10.1111/j.1747-0765.2010.00506.x
	 Li, S., Li, Y., He, X., Li, Q., Liu, B., Ai, X., et al. (2019). Response of water balance and nitrogen assimilation in cucumber seedlings to CO2 enrichment and salt stress. Plant Physiol. Biochem. 139, 256–263. doi: 10.1016/j.plaphy.2019.03.028
	 Li, S., Yang, W., Guo, J., Li, X., Lin, J., and Zhu, X. (2020). Changes in photosynthesis and respiratory metabolism of maize seedlings growing under low temperature stress may be regulated by arbuscular mycorrhizal fungi. Plant Physiol. Biochem. 154, 1–10. doi: 10.1016/j.plaphy.2020.05.025
	 Lin, Y., Li, B., Zhang, P., Sun, S., and Cui, G. (2022). Leymus chinensis resists degraded soil stress by modulating root exudate components to attract beneficial microorganisms. Front. Microbiol. 13, 951838. doi: 10.3389/fmicb.2022.951838
	 Liu, S., Guo, X., Feng, G., Maimaitiaili, B., Fan, J., and He, X. (2016). Indigenous arbuscular mycorrhizal fungi can alleviate salt stress and promote growth of cotton and maize in saline fields. Plant Soil 398, 195–206. doi: 10.1007/s11104-015-2656-5
	 Liu, M.-Y., Li, Q.-S., Ding, W.-Y., Dong, L.-W., Deng, M., Chen, J.-H., et al. (2023a). Arbuscular mycorrhizal fungi inoculation impacts expression of aquaporins and salt overly sensitive genes and enhances tolerance of salt stress in tomato. Chem. Biol. Technol. Agric. 10, 5. doi: 10.1186/s40538-022-00368-2
	 Liu, J., Li, Z., Ghanizadeh, H., Kerckhoffs, H., Sofkova-Bobcheva, S., Wu, W., et al. (2020). Comparative genomic and physiological analyses of a superoxide dismutase mimetic (SODm-123) for its ability to respond to oxidative stress in tomato plants. J. Agric. Food Chem. 68, 13608–13619. doi: 10.1021/acs.jafc.0c04618
	 Liu, Y., Lu, J., Cui, L., Tang, Z., Ci, D., Zou, X., et al. (2023c). The multifaceted roles of Arbuscular Mycorrhizal Fungi in peanut responses to salt, drought, and cold stress. BMC Plant Biol. 23, 36. doi: 10.1186/s12870-023-04053-w
	 Liu, X.-Q., Xie, M.-M., Hashem, A., Abd-Allah, E. F., and Wu, Q.-S. (2023b). Arbuscular mycorrhizal fungi and rhizobia synergistically promote root colonization, plant growth, and nitrogen acquisition. Plant Growth Regul. 100, 691–701. doi: 10.1007/s10725-023-00966-6
	 Malik, J. A., AlQarawi, A. A., Dar, B. A., Hashem, A., Alshahrani, T. S., AlZain, M. N., et al. (2022). Arbuscular mycorrhizal fungi isolated from highly saline “Sabkha Habitat“ soil alleviated the NaCl-induced stress and improved Lasiurus scindicus Henr. growth. Agriculture 12, 337. doi: 10.3390/agriculture12030337
	 Marro, N., Grilli, G., Soteras, F., Caccia, M., Longo, S., Cofré, N., et al. (2022). The effects of arbuscular mycorrhizal fungal species and taxonomic groups on stressed and unstressed plants: a global meta-analysis. New Phytol. 235, 320–332. doi: 10.1111/nph.18102
	 McKenney, M. C., and Lindsey, D. L. (1987). Improved method for quantifying endomycorrhizal fungi spores from soil. Mycologia 79, 779–782. doi: 10.1080/00275514.1987.12025458
	 Mehta, D., and Vyas, S. (2023). Comparative bio-accumulation of osmoprotectants in saline stress tolerating plants: A review. Plant Stress 9, 100177. doi: 10.1016/j.stress.2023.100177
	 Mei, L., Zhang, P., Cui, G., Yang, X., Zhang, T., and Guo, J. (2022b). Arbuscular mycorrhizal fungi promote litter decomposition and alleviate nutrient limitations of soil microbes under warming and nitrogen application. Appl. Soil Ecol. 171, 104318. doi: 10.1016/j.apsoil.2021.104318
	 Mei, L., Zhang, N., Wei, Q., and Cui, G. (2022a). Alfalfa modified the effects of degraded black soil cultivated land on the soil microbial community. Front. Plant Sci. 13, 938187. doi: 10.3389/fpls.2022.938187
	 Moradi, A. (2016). Effect of mycorrhizal inoculation on growth, nitrogen fixation and nutrient uptake in alfalfa (Medicago sativa) under salt stress. Cercetări Agronomice în Moldova XLIX 1(165), 67–80. doi: 10.1515/cerce-2016-0006
	 Navarro, J. M., Pérez-Tornero, O., and Morte, A. (2014). Alleviation of salt stress in citrus seedlings inoculated with arbuscular mycorrhizal fungi depends on the rootstock salt tolerance. J. Plant Physiol. 171, 76–85. doi: 10.1016/j.jplph.2013.06.006
	 Ortega-Villasante, C., Rellán-Alvarez, R., Del Campo, F. F., Carpena-Ruiz, R. O., and Hernández, L. E. (2005). Cellular damage induced by cadmium and mercury in Medicago sativa. J. Exp. Bot. 56, 2239–2251. doi: 10.1093/jxb/eri223
	 Qin, W., Yan, H., Zou, B., Guo, R., Ci, D., Tang, Z., et al. (2021). Arbuscular mycorrhizal fungi alleviate salinity stress in peanut: Evidence from pot-grown and field experiments. Food Energy Secur. 10, e314. doi: 10.1002/fes3.314
	 Rúa, M. A., Antoninka, A., Antunes, P. M., Chaudhary, V. B., Gehring, C., Lamit, L. J., et al. (2016). Home-field advantage? Evidence of local adaptation among plants, soil, and arbuscular mycorrhizal fungi through meta-analysis. BMC Evolutionary Biol. 16, 1–15. doi: 10.1186/s12862-016-0698-9
	 Santander, C., Sanhueza, M., Olave, J., Borie, F., Valentine, A., and Cornejo, P. (2019). Arbuscular mycorrhizal colonization promotes the tolerance to salt stress in lettuce plants through an efficient modification of ionic balance. J. Soil Sci. Plant Nutr. 19, 321–331. doi: 10.1007/s42729-019-00032-z
	 Shahbaz, M., and Ashraf, M. (2013). Improving salinity tolerance in cereals. Crit. Rev. Plant Sci. 32, 237–249. doi: 10.1080/07352689.2013.758544
	 Shao, L., Yan, P., Ye, S., Bai, H., Zhang, R., Shi, G., et al. (2024). Soil organic matter and water content affect the community characteristics of arbuscular mycorrhizal fungi in Helan mountain, an arid desert grassland area in China. Front. Microbiol. 15, 1377763. doi: 10.3389/fmicb.2024.1377763
	 Shi-Chu, L., Yong, J., Ma-Bo, L., Wen-Xu, Z., Nan, X., and Hui-hui, Z. (2019). Improving plant growth and alleviating photosynthetic inhibition from salt stress using AMF in alfalfa seedlings. J. Plant Interact. 14, 482–491. doi: 10.1080/17429145.2019.1662101
	 Shrivastava, P., and Kumar, R. (2015). Soil salinity: A serious environmental issue and plant growth promoting bacteria as one of the tools for its alleviation. Saudi J. Biol. Sci. 22, 123–131. doi: 10.1016/j.sjbs.2014.12.001
	 Sýkorová, Z., Wiemken, A., and Redecker, D. (2007). Cooccurring Gentiana verna and Gentiana acaulis and their neighboring plants in two Swiss upper montane meadows harbor distinct arbuscular mycorrhizal fungal communities. Appl. Environ. Microbiol. 73, 5426–5434. doi: 10.1128/AEM.00987-07
	 Tani, E., Sarri, E., Goufa, M., Asimakopoulou, G., Psychogiou, M., Bingham, E., et al. (2018). Seedling growth and transcriptional responses to salt shock and stress in Medicago sativa L., Medicago arborea L., and their hybrid (Alborea). Agronomy 8, 231. doi: 10.3390/agronomy8100231
	 Tisarum, R., Theerawitaya, C., Thongpoem, P., Singh, H. P., and Cha-um, S. (2020). Alleviation of salt stress in upland rice (Oryza sativa L. ssp. indica cv. Leum Pua) using arbuscular mycorrhizal fungi inoculation. Front. Plant Sci. 11, 487251. doi: 10.3389/fpls.2020.00348
	 Wang, J., Gao, X., Wang, J., Song, J., Zhu, Z., Zhao, J., et al. (2024a). Host plants directly determine the α diversity of rhizosphere arbuscular mycorrhizal fungal communities in the National Tropical Fruit Tree Field Genebank. Chem. Biol. Technol. Agric. 11, 20. doi: 10.1186/s40538-024-00540-w
	 Wang, H., Li, J., Liu, H., Chen, S., Zaman, Q. U., Rehman, M., et al. (2023). Variability in morpho-biochemical, photosynthetic pigmentation, enzymatic and quality attributes of potato for salinity stress tolerance. Plant Physiol. Biochem. 203, 108036. doi: 10.1016/j.plaphy.2023.108036
	 Wang, H., Liang, L., Liu, B., Huang, D., Liu, S., Liu, R., et al. (2020). Arbuscular mycorrhizas regulate photosynthetic capacity and antioxidant defense systems to mediate salt tolerance in maize. Plants 9, 1430. doi: 10.3390/plants9111430
	 Wang, Q., Liu, M., and Huang, D. (2024b). The role of arbuscular mycorrhizal symbiosis in plant abiotic stress. Front. Microbiol. 14, 1323881. doi: 10.3389/fmicb.2023.1323881
	 Wang, L., Seki, K., Miyazaki, T., and Ishihama, Y. (2009). The causes of soil alkalinization in the Songnen Plain of Northeast China. Paddy Water Environ. 7, 259–270. doi: 10.1007/s10333-009-0166-x
	 Wang, F., Zhang, L., Zhou, J., Rengel, Z., George, T. S., and Feng, G. (2022). Exploring the secrets of hyphosphere of arbuscular mycorrhizal fungi: processes and ecological functions. Plant Soil 481, 1–22. doi: 10.1007/s11104-022-05621-z
	 Xu, X., Guo, L., Wang, S., Wang, X., Ren, M., Zhao, P., et al. (2023). Effective strategies for reclamation of saline-alkali soil and response mechanisms of the soil-plant system. Sci. Total Environ. 905, 167179. doi: 10.1016/j.scitotenv.2023.167179
	 Yan, F., Wei, H., Ding, Y., Li, W., Liu, Z., Chen, L., et al. (2021). Melatonin regulates antioxidant strategy in response to continuous salt stress in rice seedlings. Plant Physiol. Biochem. 165, 239–250. doi: 10.1016/j.plaphy.2021.05.003
	 Zhang, J., Quan, C., Ma, L., Chu, G., Liu, Z., and Tang, X. (2021). Plant community and soil properties drive arbuscular mycorrhizal fungal diversity: A case study in tropical forests. Soil Ecol. Lett. 3, 52–62. doi: 10.1007/s42832-020-0049-z
	 Zhang, D.-J., Tong, C.-L., Wang, Q.-S., and Bie, S. (2024b). Mycorrhizas affect physiological performance, antioxidant system, photosynthesis, endogenous hormones, and water content in cotton under salt stress. Plants 13, 805. doi: 10.3390/plants13060805
	 Zhang, C., Xiang, X., Yang, T., Liu, X., Ma, Y., Zhang, K., et al. (2024a). Nitrogen fertilization reduces plant diversity by changing the diversity and stability of arbuscular mycorrhizal fungal community in a temperate steppe community. Sci. Total Environ. 918, 170775. doi: 10.1016/j.scitotenv.2024.170775
	 Zhao, F., Feng, X., Guo, Y., Ren, C., Wang, J., and Doughty, R. (2020). Elevation gradients affect the differences of arbuscular mycorrhizal fungi diversity between root and rhizosphere soil. Agric. For. Meteorology 284, 107894. doi: 10.1016/j.agrformet.2019.107894
	 Zhao, Y., Zhang, Z., Li, Z., Yang, B., Li, B., Tang, X., et al. (2023). Comprehensive study on saline-alkali soil amelioration with sediment of irrigation area in northeast China. Arabian J. Chem. 16, 104608. doi: 10.1016/j.arabjc.2023.104608
	 Zheng, Z., Ma, X., Zhang, Y., Liu, Y., and Zhang, S. (2022). Soil properties and plant community-level traits mediate arbuscular mycorrhizal fungal response to nitrogen enrichment and altered precipitation. Appl. Soil Ecol. 169, 104245. doi: 10.1016/j.apsoil.2021.104245
	 Zong, J., Zhang, Z., Huang, P., and Yang, Y. (2023). Arbuscular mycorrhizal fungi alleviates salt stress in Xanthoceras sorbifolium through improved osmotic tolerance, antioxidant activity, and photosynthesis. Front. Microbiol. 14, 1138771. doi: 10.3389/fmicb.2023.1138771




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 © 2024 Xu, Liu, Wang, Zhang, Qiu, Yuan, Yang, Wang, Mei and Cui. 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: 04 September 2024

doi: 10.3389/fpls.2024.1432258

[image: image2]


Zinc oxide nanoparticles application alleviates salinity stress by modulating plant growth, biochemical attributes and nutrient homeostasis in Phaseolus vulgaris L


Aayushi Gupta 1, Rohit Bharati 2, Jan Kubes 1, Daniela Popelkova 3, Lukas Praus 4, Xinghong Yang 5, Lucie Severova 2, Milan Skalicky 1* and Marian Brestic 1,5


1 Department of Botany and Plant Physiology, Faculty of Agrobiology, Food and Natural Resources, Czech University of Life Sciences Prague, Prague, Czechia, 2 Department of Economic Theories, Faculty of Economics and Management, Czech University of Life Sciences Prague, Prague, Czechia, 3 Materials Chemistry Department, Institute of Inorganic Chemistry AS CR v.v.i., Husinec-Řež, Czechia, 4 Department of Agro-Environmental Chemistry and Plant Nutrition, Faculty of Agrobiology, Food and Natural Resources, Czech University of Life Sciences Prague, Prague, Czechia, 5 College of Life Sciences, State Key Laboratory of Crop Biology, Shandong Agricultural University, Taian, China




Edited by: 

Sunil Kumar Sahu, Beijing Genomics Institute (BGI), China

Reviewed by: 

Walid Zorrig, Center of Biotechnology of Borj Cedria (CBBC), Tunisia

Ahmed El Moukhtari, University of Hassan II Casablanca, Morocco

JinPeng Wan, Chinese Academy of Sciences (CAS), China

*Correspondence: 

Milan Skalicky
 skalicky@af.czu.cz


Received: 13 May 2024

Accepted: 19 August 2024

Published: 04 September 2024

Citation:
Gupta A, Bharati R, Kubes J, Popelkova D, Praus L, Yang X, Severova L, Skalicky M and Brestic M (2024) Zinc oxide nanoparticles application alleviates salinity stress by modulating plant growth, biochemical attributes and nutrient homeostasis in Phaseolus vulgaris L. Front. Plant Sci. 15:1432258. doi: 10.3389/fpls.2024.1432258



Salt stress poses a significant challenge to global agriculture, adversely affecting crop yield and food production. The current study investigates the potential of Zinc Oxide (ZnO) nanoparticles (NPs) in mitigating salt stress in common beans. Salt-stressed bean plants were treated with varying concentrations of NPs (25 mg/L, 50 mg/L, 100 mg/L, 200 mg/L) using three different application methods: foliar application, nano priming, and soil application. Results indicated a pronounced impact of salinity stress on bean plants, evidenced by a reduction in fresh weight (24%), relative water content (27%), plant height (33%), chlorophyll content (37%), increased proline (over 100%), sodium accumulation, and antioxidant enzyme activity. Application of ZnO NPs reduced salt stress by promoting physiological growth parameters. The NPs facilitated enhanced plant growth and reduced reactive oxygen species (ROS) generation by regulating plant nutrient homeostasis and chlorophyll fluorescence activity. All the tested application methods effectively mitigate salt stress, with nano-priming emerging as the most effective approach, yielding results comparable to control plants for the tested parameters. This study provides the first evidence that ZnO NPs can effectively mitigate salt stress in bean plants, highlighting their potential to address salinity-induced growth inhibition in crops.
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1 Introduction

Salt stress is a major abiotic stress that threatens global food security by negatively impacting agriculture and food production. Current estimates suggest that over 20% of cultivated land worldwide is afflicted by salinity stress, which is steadily rising each year (Shrivastava and Kumar, 2015). With this pace, it is estimated that over 50% of the total arable land will be afflicted by salt stress (Jamil et al., 2011). Anthropogenic activities like deforestation, excessive use of fertilizers, poor irrigation practices, salt-contaminated water irrigation, intensive cropping, etc., contribute to salinity stress in soil (Singh, 2019; Kumari et al., 2022). Some natural phenomena, such as rock weathering, irregular rainfall, rising levels of oceans, and high rates of evaporation, further exacerbate salinity stress. Salt stress, primarily caused by higher concentrations of Na+ in the soil, impedes the ability of plants to absorb water and nutrients and hampers nutrient balance (Hasegawa et al., 2000). Additionally, salt stress induces toxic radicals like reactive oxygen species (ROS), which negatively affect the photosynthetic machinery of the plants, often causing early leaf senescence and chlorosis (Sudhir and Murthy, 2004). These toxic radicals also damage cell membranes and degrade proteins, enzymes, and pigments, causing plant cellular death and ultimately causing a significant decrease in crop yield (Wu et al., 2014).

To mitigate the salt stress, various measures are employed, including adding organic matter, improving irrigation systems like drip irrigation, fertilization management, and application of NPs. Among these, the application of NPs is gaining attention among researchers for their potential to effectively alleviate numerous abiotic stresses (Juhel et al., 2011).

NPs are characterized by their diminutive particle size within the range of 10-100 nm, with a higher surface area-to-weight ratio, enhancing their reactivity and absorption capability (Ghassemi-Golezani and Abdoli, 2021). Numerous studies have demonstrated that NPs possess the ability to mitigate salt stress and improve plant growth (Avestan et al., 2019; Mahmoud et al., 2019; Pérez-Labrada et al., 2019; Abdoli et al., 2020; Alabdallah and Alzahrani, 2020; Moradbeygi et al., 2020; Zulfiqar and Ashraf, 2021; Ul Haq et al., 2023). Among the array of nanoparticles (NPs) used in agriculture, ZnO stands out for its ability to alleviate salt stress across plant species. It has been employed in numerous studies where it positively alleviated salt stress, including Oryza sativa L (Singh et al., 2022), Brassica napus L (El-Badri et al., 2021), Triticum aestivum L (Adil et al., 2022), Lycopersicon esculentum L (Faizan et al., 2021a), Hordeum vulgare L (Ali et al., 2022). and Vicia faba L (Mogazy et al., 2022). Zinc (Zn) is an essential mineral with numerous roles in plant growth and development (Burman et al., 2013; Farooq et al., 2021; Nasrallah et al., 2022). It is involved in the maintenance of membrane structure, chlorophyll biosynthesis, cell division, and the activity of enzymes, including RNA and DNA polymerase (Davarpanah et al., 2016; Abbasifar et al., 2020; Vaghar et al., 2020).

Based on the literature, the uptake and transport of NPs can be influenced by particle size, concentration, exposure time, surface charge, and plant species. Different application modes, such as foliar application, nano priming, and soil application, can also influence the NPs uptake and transport within the plant system (Dilnawaz et al., 2023). For example, in the foliar application, the NPs enters the plant system through stomata, cuticle penetration, hydathodes, and leaf wounds (Singh et al., 2018). In the case of soil application, the NPs enter through the symplastic pathway, apoplastic pathway, lenticel, and injuries (Singh et al., 2018). In contrast, in nano-priming, the NPs can enter the seeds through a class of ubiquitous membrane proteins known as aquaporins, which are involved in transporting water and other solutes (Wohlmuth et al., 2022). Thus, selecting the appropriate application method for NPs in plants is critical for achieving optimal results.

Phaseolus vulgaris L., commonly known as bush beans, is a widely cultivated legume valued for its high nutritional content. However, salt stress significantly hampers its growth and productivity, given its high sensitivity to salinity (Garcia et al., 2019). Despite advancements in NPs mediated stress alleviation, the potential of ZnO NPs to mitigate salt stress in P. vulgaris remains largely unexplored. Moreover, previous studies on ZnO NPs in P. vulgaris primarily focus on enhancing plant growth and productivity, leaving a notable gap in understanding their role in salt stress mitigation. Therefore, this study aims to assess the salt stress mitigating potential of ZnO NPs in P. vulgaris through three distinct modes of application: foliar application, nano-priming, and soil application. Specifically, the objectives include evaluating the effect of ZnO NPs on the physiological and biochemical attributes of P. vulgaris under salt stress conditions and identifying the optimal concentration of ZnO NPs application across these three modes to enhance plant resilience.




2 Materials and methods



2.1 Plant growth conditions and experimental setup

Common bush bean (Phaseolus vulgaris L.; BLANCHE, yellow 68204) seeds were collected from MORAVOSEED CZ, Czech Republic. Seeds were sterilized using a 1% (v/v) solution of commercial bleach-Savo (NaClO) for 10 minutes and subsequently washed thoroughly with distilled water several times (Bharati et al., 2023a). Afterward, the seeds were placed on a paper towel to dry until they reached their natural moisture level.

The sterilized seeds were potted in plastic pots (11×11×23 cm) filled with substrate containing a light peat mixture (KLASMANN TS2, Czech Republic). For the first 48 hours, they were kept in the dark to promote germination. Afterward, the growth chamber was set with a controlled environment with 285 µmolm-2s-1 (PPFD), a photoperiod of 16 light/8 dark hours, and a temperature of 25°C during light and 22°C during the dark phase with a relative humidity of 65-70%. Plants were left to grow until the first true leaves were grown. It took around 10 days to attain a full-grown true leaf. The experimental setup comprised 14 treatments to evaluate the effects of ZnO nanoparticles and salt stress on plant growth. The treatments included a control group, a salt stress group (200 mM NaCl), and combinations of salt stress with ZnO nanoparticle applications via priming (P), foliar spray (F), and soil application (S) at four different concentrations (25 mg/L, 50 mg/L, 100 mg/L, and 200 mg/L). ZnO nanoparticle solutions (Sigma-Aldrich, <50 nm) were prepared using double-distilled water and dissolving using a BANDALIN SONOPLUS sonicator.

Salt stress was induced by adding 15 ml of a 200 mM NaCl solution to the soil in each pot. The optimal salt concentration was determined from preliminary germination tests (Supplementary Table S1). ZnO nanoparticle treatments were administered in the above-mentioned three modes. For foliar spray, 15 ml of ZnO nanoparticle solution was sprayed onto each salt-stressed plant at the specified concentration. For soil application, 15 ml of ZnO nanoparticle solution at the specified concentration was added to the soil of each salt-stressed plant. For seed priming, sterilized seeds were primed with ZnO nanoparticle solutions at the specified concentrations for six hours with occasional shaking (Ul Haq et al., 2023). The primed seeds were then rinsed with distilled water, dried to their natural moisture level, planted, and grown to the true leaf stage before being subjected to salt stress.

ZnO nanoparticle and salt solutions were applied together every alternative day for two weeks, consisting of seven applications. All treatments were replicated five times and arranged in a completely randomized design. Water levels in the pots were monitored throughout the experiment using double distilled water. However, irrigation was avoided on treatment days. No additional nutrients were provided to the plant during the experiment.




2.2 Nanoparticle characterization

X-ray diffraction (XRD) patterns were produced for the nano powder by high-resolution transmission electron microscopy (HRTEM) using the FEI Talos F200X microscope operating at 200 kV. A microscopic copper grid covered by a holey carbon film was used as specimen support for TEM investigations.




2.3 Plant growth analysis

Morphological growth parameters such as fresh weight, dry weight, plant height, root length, and leaf thickness of randomly selected plants were measured to assess the effect of salinity stress and nanoparticle applications.




2.4 Pigments contents

To calculate total chlorophyll and carotenoids, leaf cuts (using cork borer) of randomly selected young leaves were macerated in 1 mL N, N-Dimethylmethanamide for six hours in the dark. After that, the solutions were kept on the horizontal shaker for 30 minutes, and then the solution was run on a spectrophotometer (Evolution 201, Thermo Scientific) at 663 nm, 646 nm, and 480 nm for chlorophyll a, b, and carotenoids. Total chlorophyll content was measured by adding chlorophyll a and b. MultispeQ was used to measure relative chlorophyll content (SPAD values).




2.5 Leaf relative water content

The leaf relative water content (LRWC) was measured by leaf cuts of fresh leaves of beans plants; firstly, the fresh weight (FW) of leaves was measured using an electrical weighing balance, then leaves were kept in distilled water for at least four hours then turgid weight (TW) was recorded. After that, leaves were placed in a drying oven at 60°C, and the oven dry weight (DW) was determined, then LWRC was calculated using the below-mentioned formula (Mullan and Pietragalla, 2012).

[image: Formula for Relative Water Content (RWC) is shown: RWC (%) = (FW - DW) / (TW - DW) × 100, where FW is fresh weight, DW is dry weight, and TW is turgid weight.]	




2.6 Photosynthetic parameters

To assess fluorescence-based photosynthetic parameters, electrochromic shifts, and photosynthetic assessment were done using a MultispeQ V 2.0 device, which is linked with the PhotosynQ platform (http://www.photosynq.org). Parameters like linear electron flow (LEF), Proton conductivity of the thylakoid membrane (gH+), non-photochemical excitation quenching (ϕNPQ), non-regulatory energy dissipation(ϕNO), non-photochemical quenching (qN), photochemical quenching (qP), steady- state proton flux (vH+), and QA redox state (qL), PSI active centers and PSI over reduced centers were observed (Bharati et al., 2023b).




2.7 Proline content

The proline content (µg/g fresh weight of tissue) was measured using the (Bates et al., 1973) protocol. Leaf tissue (0.5g) was homogenized with glacial acetic acid in mortar and pestle and then filtered through filter paper. Then, the filtrate was mixed with an equal volume of ninhydrin and placed in a water bath at 90°C for 30 minutes. After that, the samples were allowed to cool down completely to arrest the reaction. Then, toluene was added to each tube and placed on a shaker for 30 minutes. Blank was used to set the spectrophotometer; absorbance was taken at 520 nm.




2.8 Malondialdehyde content

The total malondialdehyde (MDA) content was quantified using the thiobarbituric acid (TBA) assay with slight modifications to the published protocol (Du and Bramlage, 1992). Briefly, leaf samples were homogenized in liquid nitrogen, extracted, and filtered through filter paper. 700 µL of ethanolic extract was mixed with 700 µL of 0.6% TBA and 10% trichloroacetic acid (TCA). The mixture was then heated in a water bath at 95°C for 25 minutes, cooled to room temperature, and centrifuged at 11,000 g for one minute in a Hermle Z216 MK centrifuge. The absorbance of the supernatant was measured at 600, 532, and 440 nm against blank.




2.9 Total phenolic content

To quantify the total phenolic content (TPC), an aliquot of ethanolic extract was mixed with a 10-fold diluted Folin-Ciocalteau reagent and 7% sodium carbonate to prepare a reaction mixture. The volume was adjusted to 2.5 mL using ultrapure water (Singleton and Rossi, 1965), allowed to react for 90 min, then the absorbance of the samples was measured at 765 nm against the blank using a UV/VIS spectrophotometer (Evolution 201, Thermo Scientific). The TPC was calculated as gallic acid equivalents (mg/g FW) used for the calibration curve.




2.10 Hydrogen peroxide assay

For the determination of H2O2 in plant tissues, an adapted method (Junglee et al., 2014) was used. Leaf samples (100 mg) were homogenized with 1 mL of solution containing 0.25 mL (0.1% w/v) trichloroacetic acid (TCA), 0.5 mL potassium iodide (KI) (1 M) and 0.25 mL (10 mM) potassium phosphate buffer (pH 7) at 4°C. The homogenate was centrifuged at 12,000 g for 15 min at 4°C. One tube with H2O instead of KI is used for the tissue coloration background for blanks. 200µL of supernatant from each tube was taken and placed at room temperature for 20 minutes of incubation. Samples and blanks (without plant extract) were prepared in triplicates. The absorbance was measured at 350 nm.




2.11 Total protein content

Leaf tissue (100 mg) was grounded with liquid nitrogen and extracted with 1 mL of phosphate buffer (50 mM; pH 7). The homogenate was centrifuged at 10,000 rpm, 4°C for 20 minutes. The protein concentration was determined using the Bradford method (Bradford, 1976), which used a spectrophotometer and bovine serum albumin as a standard for the construction of the calibration curve. The absorption of samples was measured at 595 nm, and the extraction buffer was used as blank.




2.12 Antioxidant enzyme assay

For the determination of enzyme activity, phosphate extract was prepared. Catalase (CAT) activity was adapted according to (Lück, 1965) protocol. The supernatant was mixed with H2O2 and 50 mM phosphate buffer (pH 7.0), and a change of absorbance was measured at 240 nm. 1 unit of CAT activity was determined as the decrease 0.01 A240 unit min-1. A previously described method was used for the estimation of guaiacol peroxidase activity (POD) (MAEHLY and CHANCE, 1954). Briefly, 50 mM of phosphate buffer (pH 7.0) was mixed with guaiacol and H2O2, and this mixture was added to the protein extract. The absorbance was immediately measured at 420 nm. 1 unit of POD activity was determined as the 0.01 A420 unit min-1 increase. Superoxide dismutase (SOD) activity was measured according to adapted (Giannopolitis and Ries, 1977) method. The reaction solution consisted of H2O, 50 mM phosphate buffer (pH 7.8), L-methionine, Triton-X, NBT, and protein extract or extraction buffer as blank. The reaction was started by adding riboflavin, and the samples were kept under light for 15 minutes. Incubation was stopped by putting the samples in the dark, and absorbance was measured at 560 nm. 1 unit of SOD activity was considered as the ability to inhibit NBT photo-reduction for 50%.




2.13 Quantification of Na, Zn, and other elements

Approximately 600mg of dried samples were weighed and placed in a quartz vessel, and 4 mL of HNO3 (Analpure®, Analytika, Czech Republic) and 2.0 mL of H2O2 (Rotipuran®, Carl Roth, Germany) were added. The prepared samples were then digested in a closed vessel microwave system for 20 mins at 180°C. The digested solutions were transferred to 50 mL polypropylene tubes and filled with Milli-Q water (≥ 18.2 MΩ cm-1; MilliQ system, Millipore, SAS, France) up to a final volume of 45 mL. Then, the elemental concentration of some macro and micro elements was analyzed by an inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7700×, Agilent Technologies Inc., USA). A certified reference material, namely peach leaves, was included for quality assurance (SRM-1547, NIST). Three biological and three technical replicates were taken for each genotype.




2.14 Statistical analysis

The statistical analysis of all procured data was done by one-way ANOVA (analysis of variance), using Tukey’s honest significant difference post hoc comparison test. The significant difference was used at a 0.05% level of significance. Principal component analysis was done using Graph Pad Prism version 10.





3 Results



3.1 Characterization of zinc oxide nanoparticles

Transmission electron microscopy (TEM), X-ray diffraction (XRD), and selected area electron diffraction pattern (SAED) were used to determine the form and real size of the ZnO NPs. XRD planes corresponding to the (002), (101), (102), and (202) plane indicated typical Zinc Oxide crystals. The hexagonal rod-shaped ZnO has an average length of 87.52 nm and a width of 39.76 nm (Figure 1).

[image: Panel of TEM images and data visualizations. A: Aggregated particles at 200 nm scale. B: Lattice structure at 2 nm scale. C: FFT diffraction pattern with labeled points. D: Graph showing intensity over scattering vector, with inset of diffraction pattern showing circular pattern of spots.]
Figure 1 | (A) TEM micrograph of ZnO nanoparticles shows broad particle size distribution; (B) High-resolution transmission electron micrograph (HRTEM) of hexagonal structure of ZnO; (C) FFT of HRTEM micrograph, most intensive reflections can be indexed to the (002), (101), (102) and (202) planes of ZnO hexagonal phase; (D) Selected area electron diffraction (SAED) pattern processed using process. The diffraction program and SAED data are in very good agreement with XRD reference data of cubic of ZnO (01-089-0511).




3.2 Morphological parameters

The impact of salinity stress on bean plants was investigated, revealing a notable reduction in fresh weight by approximately 24% compared to control plants (Table 1). However, applying ZnO NPs led to a significant improvement in fresh weight, increasing it by 39-83% in foliar application, 60-68% in nano-priming, and 31-55% in soil application compared to salt-stressed plants. Similarly, dry weight analysis further underscored the beneficial effect of NPs, demonstrating a significant increase of 30-52% in foliar application, 52-92% increase in nano-priming, and 52-56% increase in soil application treatment compared to salt-treated plants. The salt stress caused a 27.13% reduction in dry weight compared to the control plants. Salt stress also significantly affected relative water content among leaves and was reduced by 27% compared to the control plants. All modes of ZnO NPs application effectively augmented the relative water content in leaves. Specifically, foliar application elevated it by 50-78%, nano-priming by 40-75%, and soil application by 27-41%. Regarding plant height, salt-treated plants experienced a notable decrease in height by 33% compared to the control plants. However, nano-priming exerted a substantial influence, enhancing plant height by 59-92%. In contrast, other application modes, such as foliar application and soil treatment, exhibited no significant changes compared to salt-stressed plants. Conversely, salt stress did not significantly affect root length and was comparable with the control plants. However, moderate levels of ZnO NPs through foliar application and nano-priming significantly augmented the root growth compared to control plants. Interestingly, salt-treated plants demonstrated a significant augmentation, exhibiting a 2.4-fold increase in leaf thickness compared to control plants. Similarly, plants subjected to NP treatment through soil application also displayed a substantial increase, ranging between a 2 to 2.3-fold change in leaf thickness relative to the control group. However, other treatments, including foliar application and priming, yielded leaf thickness values comparable to control plants (Table 1; Figure 2).


Table 1 | Effect of different concentrations and modes of ZnO nanoparticle application on plant morpho-physiological parameters.

[image: A table compares treatments on plant growth metrics: fresh weight, dry weight, relative water content, plant height, root length, and leaf thickness. Various treatments include control, salt, and different concentrations of F, P, and S at 25, 50, 100, and 200 mg/L. Values include means and standard deviations with significant differences denoted by letters.]
[image: Five panels showing the effects of various treatments on plant leaves. Panel A: Control with healthy leaves. Panel B: Salt stress (200 mM) with smaller leaves. Panel C: Zinc oxide nanoparticles (ZnO NP) foliar application with salt stress at concentrations of 25, 50, 100, and 200 mg/L, showing varied leaf sizes. Panel D: ZnO NP priming with salt stress showing similar incremental increases in concentration. Panel E: ZnO NP soil application with salt stress also at increasing concentrations, resulting in differing leaf sizes. Each panel has a scale of 5 cm.]
Figure 2 | Leaf morphology of plants under different treatments; (A) control; (B) salt treatment; (C) foliar application of ZnO NPs with salt stress; (D) ZnO NPs priming with salt stress; (E) soil application of ZnO NPs with salt stress.




3.3 Pigment content

Relative chlorophyll content was assessed to elucidate the effects of salt stress. A significant decrease of 20% was observed in salt-treated plants’ SPAD values compared to control plants (Table 2). Conversely, the application of NPs yielded no significant differences relative to both stressed and control plants. Similarly, salt stress resulted in a substantial reduction of 37% in total chlorophyll content compared to control plants, with no discernible differences observed in total chlorophyll content following NPs application relative to salt-stressed plants, except for low to moderate levels of NPs applied via foliar and soil application. Specifically, foliar application of NPs led to an increase in chlorophyll content ranging from 27% to double that of salt-stressed plants. Nano-priming exhibited no significant change relative to salt-stressed plants, while soil application markedly enhanced chlorophyll content by 47-57%. Similarly, carotenoid content was also afflicted by salinity stress and displayed a decline of 43.6% compared to control plants. However, applying NPs exhibited a promising trend in mitigating this decline. Specifically, foliar application of moderate NPs (50 and 100 mg/L) significantly enhanced carotenoid content by 66% to 90%. Moreover, at a higher concentration of nano priming (200 mg/L), carotenoid levels showed a notable increase of 47%. Conversely, soil application of NPs yielded no significant difference compared to salt-stressed plants (Table 2).


Table 2 | Effect of different concentrations and modes of ZnO nanoparticle application on pigments.

[image: Table showing various treatments and their effects on chlorophyll a, chlorophyll b, total chlorophyll, carotenoids, and SPAD values. Values are mean ± SD, with different letters indicating significant differences at 0.05% significance.]



3.4 Photosynthetic parameters

Linear electron flow (LEF) is a process that occurs during the light-dependent reactions of photosynthesis. It involves the flow of electrons through a series of protein complexes and molecules in the thylakoid membrane of chloroplasts. The primary purpose of LEF is to generate ATP and NADPH, which are used in the Calvin cycle to produce carbohydrates. Linear electron flow also showed a significant decline of 27% in the presence of salt compared to control plants. Lower concentrations of foliar application of ZnO NPs (25, 50 mg/L) significantly increased electron flow by 63% and 49%, respectively, compared to salt-stressed plants. Nano priming did not show any significant difference, while the soil application of ZnO NPs increased electron flow by 44% to 72% compared to salt-stressed plants (Figure 3A).

[image: Bar graphs labeled A to K compare the effects of different treatments on various parameters. Treatments include control, salt stress, foliar application, nano-priming, and soil application. Each color represents a different treatment. Vertical bars show values for LEF, qL, ΦPSII, ΦNO, ΦNPQ, and other measurements, with letters indicating statistical differences. Error bars are present, showing variability within treatments.]
Figure 3 | Effect of different concentration and modes of ZnO NPs application on fluorescence-based photosynthetic parameters (A) LEF, (B) qL, (C) ϕ PSII, (D) ϕNO, (E) ϕNPQ, (F) qN, (G) qP (H) gH+, (I) vH+, (J) PS I open centres, and (K) PS I over reduced centres. Bar values show mean value and error bars show standard deviation. Different letters on the bar show statistical significance at level 0.05%.

The qL parameter quantifies the extent of state transitions occurring within the photosynthetic apparatus, providing valuable insights into the dynamic regulation of photosynthetic light harvesting and photoprotection mechanisms. qL parameter significantly decreased by 26% in comparison to control plants. The foliar application of ZnO NPs significantly increased qL by 48% to 51% compared to salt-stressed plants. Nano priming also elevated qL by 33% to 35% compared to salt-stressed plants. However, soil application of ZnO NPs did not significantly differ in qL values compared to salt-treated plants (Figure 3B).

Φ PSII, the quantum efficiency of PSII decreased by 12% in salt-stressed plants compared to control plants. In ZnO NPs treatment through the foliar application, all the tested concentrations significantly increased by 16% to 18%; in nano priming, an increase of 9% to 14% was observed, while all concentrations of ZnO NPs through soil treatment and lower concentrations of nano-priming (25 mg/L) does not show any significant difference when compared with salt-stressed plants (Figure 3C).

Φ NO was not found to be statistically significant between the control and salt-stressed plants. Similarly, all the modes of application of ZnO NPs did not exhibit any significant difference, except for soil treatment of NPs, where it showed an increase of 29% compared to salt-stressed plants (Figure 3D). Φ NPQ showed a significant 35% drop in salt-stressed plants compared to control plants, and the drop was consistent among all the concentrations of the foliar and nano-priming mode of application of NPs, where the values remained statistically insignificant compared to salt-stressed plants. However, ZnO NP application through soil treatment displayed an increase in Φ NPQ values by 33-67% compared to salt-stressed plants (Figure 3E). However, the non-photochemical quenching (qN) that protects plants from damage caused by excess light energy did not exhibit any difference in the salt-stressed plants compared to control plants. In contrast, photochemical quenching (qP) was found to decrease significantly in salt-stressed plants compared to control plants. Only priming with zinc oxide was found to be effective in maintaining photochemical quenching at levels comparable to the control (Figures 3F, G).

The proton conductivity (gH+) in plants is primarily required for the function of the proton pump complexes in the thylakoid membranes of chloroplasts during photosynthesis. gH+ decreased by 16% in salt-treated plants compared to control plants. NPs application significantly improved this parameter. In foliar application, an increase of 24% to 26% was observed; in nano priming, an increase of 22% to 31% was observed; and in soil applications, an increase of 17% to 20% was observed (Figure 3H).

The vH+ parameter in photosynQ provides valuable insights into the dynamic regulation of steady sate proton flux employed by photosynthetic organisms to optimize photosynthetic efficiency. vH+ has not shown any significant difference between control plants and salt-treated plants. However, foliar and soil application of ZnO NPs significantly increased this parameter by 100% to 200% and 150% to 250%, respectively, compared to salt-treated and control plants. Nano priming of ZnO NPs showed no significant difference between salt-treated and control plants (Figure 3I).

The impact of salt stress on the Photosystem I (PSI) light-harvesting capacity was substantial. Under salt stress conditions, the open PSI center showed a significant reduction of 58.6% compared to control plants, indicating a marked decrease in the plant’s ability to harvest light efficiently. In line with this, the PSI-reduced active center exhibited an increase of 51.9% compared to control plants, further establishing the adverse effects of salinity on PSI functionality. The application of ZnO NPs demonstrated a promising mitigation strategy against the detrimental effects of salt stress on PSI activity. Both foliar and soil applications of ZnO NPs were effective in managing the PSI active center. Specifically, these treatments alleviated the stress-induced reductions in PSI functionality and contributed to maintaining higher levels of PSI activity under salt stress conditions (Figures 3J, K).




3.5 Biochemical analysis

Proline, an evident mark of osmotic stress, accumulated more than 100% in salt-stressed plants compared to the control plants. All the modes of ZnO NPs application were effective in reducing proline accumulation. Foliar application of ZnO NPs was found effective in decreasing the cellular accumulation of proline by 52% to 83%; ZnO nano priming and soil application were also potent in reducing the proline accumulations by 37%-47% and 45-53%, respectively (Figure 4A).

[image: Bar charts in eight panels (A-H) show effects of salt stress and different treatments: foliar application, nano-priming, and soil application. Measurements include proline, protein, phenolic, malondialdehyde, peroxide content, and enzyme activities (catalase, peroxidase, superoxide dismutase). Treatments compared to control, indicated by different colors and letters for statistical significance.]
Figure 4 | Effect of different concentrations and modes of ZnO NPs application on biochemical parameters (A) Proline, (B) Total protein content, (C) TPC, (D) MDA, (E) H2O2, (F) CAT, (G) POD, (H) SOD. Bar values show mean value and error bars show standard deviation. Different letters on the bar show statistical significance at level 0.05%.

Proteins are very important elements of cells as structural and functional parts with a wide spectrum of activities in the form of various enzymes. Salinity stress reduces protein formation in plants; results show a decline of 69% in salt-stressed plants compared to control plants. ZnO NPs application significantly supported protein production; foliar application increased their amount by 3 folds to 6 folds, and nano priming increased protein production ranging from 5 folds to 6 folds at moderate concentrations (50, 100 mg/L). The level of proteins was comparable with that of the control after NPs application (Figure 4B).

Phenolic compounds are a crucial component in maintaining plant growth and managing stresses by plants. Salinity reduced the total phenolic content by 29% in the salt-stressed plants compared to the control plants. ZnO NP application in all the application modes did not exhibit any significant difference in total phenolic content compared to salt-stressed plants (Figure 4C).

MDA accumulation nearly doubled in salt-stressed plants, marking the salinity stress and cell membrane damage. ZnO NPs application was found to be effective in decreasing the MDA accumulation. Specifically, foliar applications decreased MDA accumulation by 17% to 35%, and nano priming at lower to moderate concentrations (25-100 mg/L) reduced it by 17%-33%. Soil application effectively decreased MDA content (by 31%) only at higher concentrations (200 mg/L) (Figure 4D).

In plants under stress conditions, production of hydrogen peroxide is often elevated (e.g., through detoxification of superoxide), and its role as one of the signal molecules can lapse, and it participates in the creation of other reactive oxygen species (ROS) (Smirnoff and Arnaud, 2019). In the presence of salt stress, the peroxide content in plants increased by more than two-fold compared to control plants. However, when foliar applications of ZnO NPs were administered at lower concentrations (25 and 50 mg/L), there was a reduction in peroxide production by 18% to 20%. Similarly, nano-priming with ZnO NPs at lower to moderate concentrations (25-100 mg/L) decreased peroxide content by 16% to 20%. Interestingly, higher concentrations of foliar application (100 and 200 mg/L) and nano-priming (200 mg/L) showed no significant difference compared to control plants. Additionally, all concentrations of ZnO NPs applied through soil treatment did not significantly reduce peroxide content and remained comparable to levels observed in salt-stressed plants (Figure 4E).

CAT is an antioxidant enzyme that combats surplus H2O2 to reduce ROS toxicity; it was highly active in salt-stressed plants and increased by 63% compared to control plants. ZnO NPs foliar application reduced the salinity stress severity indicated by the reduced CAT production by 39% to 60%. Similarly, soil applications of ZnO NPs significantly decreased CAT production ranging from 45% to 60%. However, the ZnO nano priming did not display any significant difference compared to salt-stressed plants (Figure 4F).

POD is another enzyme that acts against oxidative stress. POD concentration was found to have increased significantly by 90% in salt-stressed plants compared to control plants. The amount of POD was decreased under foliar application of ZnO NPs, especially at a specific concentration of 100 mg/L, where the concentration was reduced by 46%. Nano priming also affected this enzyme (except at 25 mg/L) by decreasing POD by at least 38% and up to 74%. Soil application of ZnO NPs, significantly manifested at lower concentrations (25, 50 mg/L) and reduced it by 20% to 50% (Figure 4G).

SOD is a very effective enzyme as it converts superoxide into oxygen and hydrogen peroxide. In response to salt stress, the SOD content shot up by 27% in salt-stressed plants compared to control plants. However, the foliar application of ZnO NPs reduced the SOD presence significantly by 36% to 68%, and lower to moderate concentrations (25-100 mg/L) of ZnO NPs in soil application decreased SOD production by 40% to 51%. Nano-priming of ZnO was effective at a specific concentration of 50 mg/L (Figure 4H).




3.6 ICP-MS

Salinity stress is known to influence plants’ nutrient uptake significantly. This study examined the nutrient profiles of both macro and micronutrients in plant shoot and root samples.



3.6.1 Nutrient homeostasis in shoot and root

Salt stress induced a remarkable accumulation of sodium (Na) in the aerial parts of plants, reaching nearly 9-fold higher levels compared to control plants. However, applying ZnO NPs significantly reduced Na accumulation in aerial parts. Specifically, all concentrations of ZnO NPs via foliar application and nano-priming led to reductions in Na accumulation by 70-77% and 75-94%, respectively. Conversely, soil application of ZnO NPs failed to decrease Na concentration; instead, it increased significantly by 1.6 to 2.7-fold (Figure 5D). Similarly, Salt stress caused a significant increase in the Na accumulation by more than 5 folds in roots. Foliar applications and nano-priming of ZnO NPs, both modes of application at all the tested concentrations, were ineffective in reducing the higher Na concentration in the roots, and the values were comparable to the salt-stressed plants. However, the soil application of ZnO NPs effectively reduced the Na accumulation in the root by 69-93% across the tested concentrations (Figure 5D).

[image: Bar graphs depicting the concentration of elements in plant shoots and roots across different treatments. Graphs (A) Sodium, (B) Potassium, (C) Magnesium, (D) Calcium, and (E) Zinc show varying levels of accumulation in shoots and roots. Each element is measured in micrograms per gram, with distinct color-coded bars representing different treatment conditions and statistical significance indicated by letters above bars.]
Figure 5 | Effect of different concentrations and modes of ZnO NPs application on ion uptake (A) Sodium, (B) Potassium, (C) Magnesium, (D) Calcium, (E) Zinc. Bar values show mean value and error bars show standard deviation. Different letters on the bar show statistical significance at level 0.05%.

Potassium (K) levels showed insignificant differences between the aerial parts of control and salt-stressed plants. Notably, a specific concentration of 100 mg/L of ZnO NPs through nano-priming led to a 24% reduction in K concentration. Conversely, lower concentrations (25, 50 mg/L) of ZnO NPs via soil treatment and a higher concentration (200 mg/L) of foliar application significantly increased K accumulation by 26%, 30%, and 28%, respectively (Figure 5A). K was also reduced in the salt-treated plant roots by 18%, although a higher concentration of 200 mg/L of Foliar increased the potassium concentration by 29%. On the contrary, the higher concentration (200 mg/L) of nano-priming significantly reduced the K concentration by 32%. Following a similar trend, all the tested concentrations of ZnO NPs through soil application reduced the K concentrations by 72-95% (Figure 5A).

Magnesium (Mg) concentration did not significantly differ between control and salt-stressed plants. Similarly, nano-primed plants exhibited comparable Mg accumulation to control and salt-stressed plants. However, foliar application and soil treatment of ZnO NPs showed a significant decline in Mg accumulation, except for the lower concentration (25 mg/L) of soil application, which did not differ from salt-stressed plants. Specifically, foliar application reduced Mg accumulation by 19-36%, while soil application reduced it by 24-33% (Figure 5C). Likewise, Salt stress induced a significant reduction of 30% in Mg levels in roots. Nevertheless, specific concentrations of foliar application (50 mg/L) and nano-priming (50,100 mg/L) exhibited augmented Mg levels in roots. In contrast, all tested concentrations of ZnO NPs through soil application reduced Mg concentration by 62 to 74% (Figure 5C).

Calcium (Ca) concentration between control and salt-stressed plants did not differ significantly. However, applying ZnO NPs through foliar application and soil treatment led to a significant decline in Ca concentration by 12 to 37% and 46 to 63%, respectively. Interestingly, ZnO NPs nano-priming at all concentrations increased Ca accumulation by 20-52%, except for the 50 mg/L concentration treatment, which did not differ from salt-stressed plants (Figure 5B). While Ca remained unaffected by salt stress in roots, its levels increased significantly in treatments where ZnO NPs were applied through foliar and soil treatment.

Zinc (Zn) levels showed no significant differences between control and salt-stressed plants. However, foliar application of ZnO NPs resulted in a substantially higher accumulation of Zn in aerial parts, increasing by 3 to nearly 24-fold compared to salt-stressed plants. Additionally, a specific concentration of 100 mg/L of ZnO NPs treatment via soil application increased Zn accumulation by 2.5-fold compared to salt-stressed plants. Nano-priming with ZnO NPs and other concentrations of soil application did not significantly differ from control and salt-stressed plants (Figure 5E). Conversely, Zn experienced a significant increase of 29% under salt stress in roots, further escalating by 20% at lower concentrations (25 mg/L) of ZnO NP foliar application compared to salt-treated plants. Notably, higher concentrations of ZnO NPs through foliar application (200 mg/L) and nano-priming (100, 200 mg/L) yielded lower accumulations of Zn in roots compared to salt-stressed plants. However, soil application of ZnO NPs at lower to mid concentrations demonstrated higher accumulations of Zn in the roots of treated plants (Figure 5E). A detailed table is available in the Supplementary Material (Supplementary Table S2).





3.7 Evaluation of correlation between measured parameters using PCA analysis

PC score and loading plot using 14 different treatments and 38 measured parameters were prepared. The eigenvalues (Supplementary Table S3) of the correlation matrix indicated that there were 13 principal components (PC), which showed a 100% correlation of data. PC 1 and PC 2 exhibited 31.68% and 29.18% variability within data, respectively. Therefore, they explained a total variance of 60.86%. According to the PCA scores, the ZnO NP mode of applications was distinctly clustered, with priming closely clustered with the control, whereas foliar and soil application formed entirely different clusters.

According to PCA loadings, the parameters including vH+, POD, peroxidase content (H2O2), K shoot, LEF, qN, Ca root, Zn root, leaf thickness, are Na shoot are positively correlated to PC1 while negatively correlated to PC2. Additionally, parameters such as Mg shoot, Mg root, Ca shoot, height, qP, K root, Na root, fresh weight, dry weight, root length, qL, gH+, and RWC are positively correlated to PC2 while negatively correlated to PC1. Some parameters such as Zn shoot, total protein, SOD, POD, CAT, MDA, Chl a, Chl b, total chlorophyll, carotenoids, SPAD, and PSI open centers were found to be positively correlated to both PC1 and PC2. The parameter PS I over reduced centers was found to be negatively correlated to both PC 1 and PC 2 (Figure 6).
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Figure 6 | The principal component of the analysis of measured parameters is represented by (A) treatments and (B) variables. PC 1 and PC 2 exhibited 31.68% and 29.18% variability respectively, a total variance of 60.86%.





4 Discussion

The detrimental effects of salinity stress on plant growth and productivity are well-documented, posing significant challenges to agricultural sustainability and food security. Salt hampers water uptake and osmotic potential, leading to cell turgidity loss. Salinity also hampers pigments in plants, further disrupting photosynthetic efficiency and leading to loss of plant growth (Jajoo, 2013; Wu et al., 2014). Furthermore, salinity produces reactive oxygen species due to the impairment of different physicochemical reactions, which disrupts cell integrity and function (Munns and Tester, 2008). Sodium accumulation also leads to disturbance in plant ion homeostasis, which adversely affects many channel proteins and leads to an imbalance in ion uptake, causing yield loss (Jajoo, 2013). To mitigate salt stress, among many measures, ZnO NP application is found effective in many plants (Mahdieh et al., 2018; El-Badri et al., 2022; Mogazy et al., 2022). The nanoparticle introduction method is also playing a significant role in its effectiveness. In this study, foliar application, priming, and soil application of ZnO NPs were tested to observe the mitigation of salinity stress in bean plants (Salehi et al., 2023).

Bean plants were severely affected when subjected to salinity stress. Many physiological changes were prominent in salt-stressed plants, such as reduced fresh weight, dry weight, and relative water content, indicating water imbalance in plants. Results from (Zia-ur-Rehman et al., 2023) show a similar pattern of osmotic imbalance, loss in fresh weight, and RWC in wheat plants. In the current study, ZnO NP application through all application modes effectively mitigated the water imbalance in salt-stressed plants. This suggests that ZnO NPs may enhance the ability of bean plants to maintain water balance and mitigate the negative impacts of salt stress on growth. Exogenous application of ZnO NPs is known for improving osmotic imbalance in plants by promoting the synthesis of antioxidants and enzymatic activity and regulating carbohydrate metabolism when plants are exposed to saline stress (Sun et al., 2021). Consequently, this contributes to enhancements in biochemical and physiological responses, such as maintaining water equilibrium, increasing the accumulation of compatible solutes, and safeguarding cells against reactive oxygen species (Li et al., 2021).

The salt-stressed plants displayed shunted growth with reduced shoot and root length. The studied morphological parameters were improved upon ZnO NPs application, particularly nano-priming and foliar application. Previous studies employing ZnO NPs through foliar application and nano-priming effectively increased salt tolerance in tomato and Zea mays, respectively (Faizan et al., 2021b; Mohammadi et al., 2023). The current results also align with previous studies on green peas and moringa (Guha et al., 2018). These effects can be attributed to the imperative role of Zn in protein synthesis, chlorophyll synthesis, and protection of biological membrane integrity by reducing excess Na+ and Cl- ions (Faizan et al., 2021b).

The observed reduction in chlorophyll and carotenoid content in response to salinity stress highlights the detrimental impact of this abiotic stressor on the photosynthetic pigment composition of plants. Chlorophyll and carotenoids play crucial roles in photosynthesis and photoprotection, and their decline under salt stress conditions can severely impair plant growth and productivity (Zahra et al., 2022). The current study’s findings align with previous studies demonstrating the susceptibility of chlorophyll and carotenoid pigments to disruption under saline conditions (Taïbi et al., 2016), resulting in diminished photosynthetic efficiency and compromised plant performance (Qados, 2010). However, the application of NPs presented a promising avenue for mitigating the adverse effects of salinity stress on chlorophyll and carotenoid levels. Despite falling short of control values, NP treatment led to significantly higher pigment concentrations than salt-stressed plants alone. The foliar application was found most effective in maintaining chlorophyll and carotenoid content, which is supported by (Mahawar et al., 2024), who found that ZnO foliar application maintains pigments in salinity stress conditions.

Salinity stress significantly adversely affected key fluorescence-based photosynthetic parameters, disrupting crucial processes such as electron transport, energy storage, and photoprotection mechanisms (Wu et al., 2014; Faizan et al., 2021b). Linear electron flow (LEF), a crucial process in photosynthesis for ATP and NADPH generation, was significantly impaired by salinity stress in this study. The foliar application and soil treatment of ZnO NPs showed promising results in increasing LEF. Similar observations were previously made where authors reported that the ZnO NPs improve water splitting and improve electron flow (Rai-Kalal and Jajoo, 2021). Similarly, foliar application and priming were able to maintain the quantum yield (ϕ PSII) in salt-stressed plants approximately to the levels of control plants (Mahawar et al., 2024). According to Elshoky et al. (2021), this could be attributed to the ability of ZnO NPs to enhance stomatal activity in plants, which might improve the quantum yield of photosystem II. Likewise, foliar application and nano priming observed increased proton conductivity (gH+) and steady-state proton flux (vH+). Proton conductivity and steady-state proton flux are crucial parameters that maintain the proton gradient in the thylakoid membrane and produce energy currencies continuously to maintain different physiological processes in plants (Guo et al., 2019; Khatri and Rathore, 2019). According to (Rai-Kalal and Jajoo, 2021), ZnO NP priming influences the increase in the reaction center in leaves, which leads to an increase in electron transport and proton conductivity in wheat. PSI activity was also significantly influenced by the treatment of ZnO NPs; it protected the reaction center by over-reducing in salt stress (Elshoky et al., 2021).

Results of the current study provide valuable insights into the biochemical responses of bean plants to salinity stress and the potential mitigating effects of ZnO nanoparticle treatments on various stress indicators and antioxidant systems. Total protein content, crucial for plant building blocks and defense mechanisms, declined in salt-treated plants, indicating disruptions in protein synthesis and function under salinity stress. NPs application, primarily through foliar application and nano priming, significantly increased protein content, suggesting a restoration of protein synthesis and potential enhancement of defense mechanisms against stress. A similar increase in the protein content in the presence of ZnO NP application was reported by (Tavallali et al., 2021), indicating their potential to enhance protein levels or mitigate protein degradation under salinity stress conditions. Similarly, proline is an amino acid that acts as an osmoregulator in plant cells and manages osmotic fluctuation (Hayat et al., 2012). The salt stress induced a significantly higher proline accumulation in the current study, indicating an increased osmotic imbalance. However, ZnO NPs application displayed a significant decrease in proline accumulation irrespective of mode of application, highlighting the potential of ZnO NPs in mitigating the osmotic stress caused by salinity. Many results support our result, where ZnO NPs are effective in reducing proline accumulation by decreasing stress levels (Alabdallah and Alzahrani, 2020; Singh et al., 2022).

ROS production directly participates in the overproduction of MDA, which causes oxidative stress by impairing the cell membrane integrity of the bean plants under salt stress (Rizwan et al., 2019; Fatemi et al., 2021). In our study, we found MDA showing a downward trend in the presence of ZnO NPs in all three treatments. In contrast, some concentrations of foliar application and nano priming effectively reduced peroxide content compared to salt-stressed plants. A previous study by (Foroutan et al., 2019) reported similar results, where ZnO NPs treatment effectively protected cell membrane integrity by reducing the MDA contents in Moringa peregrina (Forssk.) Fiori. These results demonstrate ZnO NPs application supports ROS scavenging activity and oxidative stress mitigating potential in bean plants.

Oxidative stress in plants causes increased production of antioxidant enzymes such as SOD, POD, and CAT (Sharma and Dubey, 2005; Smirnoff and Arnaud, 2019). Many studies have shown that NPs application enhances antioxidants to manage salinity stress (Schützendübel and Polle, 2002). Antioxidant enzyme assays revealed complex responses of catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD) to salinity stress and NPs treatments. While salt stress-induced increases in CAT and POD content, NPs treatments led to varied responses in enzyme activity levels. Foliar application and soil treatment of ZnO effectively restored CAT and POD content to control levels, while POD remained unaffected. However, higher concentrations of nano-priming and lower concentrations of soil application resulted in the reduction of SOD accumulation. Previously, nano-priming in wheat yielded a similar role of ZnO NPs in reducing enzymatic activities, including SOD, POD, and CAT. Studies suggest that the decreased antioxidant enzymatic activities might be caused by the reduction of ROS formation (Mahawar et al., 2024).

The role could also play non-enzymatic antioxidants here, like carotenoids or various phenolic compounds that participate in defense reactions. As was described in a study focused on canola, the application of zinc NPs improved the content of these metabolites under salt stress (Farouk and Al-Amri, 2019).

Salinity stress causes significant elemental imbalance, leading to ion toxicity in plants (Singh et al., 2018). It was evident from the ICP-MS results that Na+ accumulation in the salt-stressed plants was significantly higher than in control plants. The higher accumulation of Na+ is known to impede the uptake of other crucial nutrients, adversely affecting plant growth (Assaha et al., 2017). Na+ accumulation in roots was unaffected by foliar and priming treatment and remained comparable to salt-stressed plants. However, it reduced significantly in the aerial part of the plants in both foliar and priming applications. Plants often regulate other nutrients like K+ or Ca2+ to decrease the accumulation of Na+ (Bacha et al., 2015). Correspondingly, the plants treated with ZnO NPs through foliar application displayed significant Ca2+ accumulation in roots, whereas nano-priming promoted higher accumulation of Ca2+ in the aerial parts. Plants are well known to exhibit a rapid increase in calcium concentrations under salt stress (Manishankar et al., 2018). This suggests that the ZnO NPs promoted the accumulation of higher calcium concentrations in plants to combat the excessive Na+.

Similarly, soil application of ZnO NPs also displayed a significant decrease in Na+ accumulation with a sharp increase of Ca2+ in the roots. Interestingly, Na+ was significantly higher in the plants’ areal part than in all the other treatments. This could be attributed to the increased permeability of cell membranes or altered ion transport processes facilitated by NPs (Schwab et al., 2016).

In summary, our results highlight the substantial potential of ZnO nanoparticles (NPs) as a sustainable approach to alleviate salinity stress and boost the resilience of P. vulgaris under high salinity conditions. Our comprehensive PCA analysis indicates that nano-priming with ZnO NPs yields a response similar to that of control plants for the parameters assessed, positioning it as a superior method for mitigating salt stress in bean plants compared to the other mode of application used. Nano-priming offers additional advantages for large-scale agriculture due to its cost-effectiveness and efficiency, making it an attractive option for broader applications. In contrast, while foliar application and soil treatment are practical, they are better suited for smaller farms due to their labor-intensive nature and sensitivity to environmental conditions such as heavy rain and high temperatures. Furthermore, these methods may leave residual nanoparticles, which could have potential long-term effects (Tourinho et al., 2012). While the beneficial effects of nanoparticles on plant growth are well-documented, it is crucial to consider possible negative impacts. Previous research has highlighted concerns about nanoparticles potentially decreasing chlorophyll synthesis, impairing photosynthetic performance, and affecting plant antioxidant activities.

Moreover, concerns exist regarding their impact on soil microbiota and potential risks to human health (Rasheed et al., 2022). Considering this, future research should focus on field trials to evaluate these application methods in real-world agricultural settings, which will help confirm and expand upon the findings of this study. These insights provide a foundation for future investigations and practical applications in agricultural sustainability.




5 Conclusion

In conclusion, this study elucidates for the first time the potential of Zinc Oxide (ZnO) NPs in alleviating salinity stress in common beans. Through a comprehensive analysis encompassing physiological, biochemical, and nutrient parameters, we demonstrated ZnO NPs’ efficacy in mitigating salinity stress’s detrimental effects on bean plants. Specifically, ZnO NPs have been observed to diminish oxidative stress by reducing the accumulation of proline, malondialdehyde (MDA), and hydrogen peroxide while affecting the activities of pivotal antioxidant enzymes such as catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD). These findings underscore the capacity of ZnO NPs to modulate antioxidant defense mechanisms, thereby attenuating oxidative damage and improving plant growth under salinity stress conditions. Furthermore, ZnO NPs exhibit promise in regulating ion uptake and accumulation, thereby influencing nutrient homeostasis. Notably, ZnO NPs have effectively reduced sodium (Na) accumulation in aerial parts while facilitating the uptake of calcium (Ca), consequently contributing to enhanced nutrient balance and overall plant growth. Based on the PCA analysis, nano-priming with ZnO NPs was the most effective among the tested application methods. In summary, our findings underscore the significant potential of ZnO NPs as a sustainable solution for mitigating salinity stress and enhancing the resilience of P. vulgaris L. to elevated saline conditions. Future research should focus on elucidating the underlying mechanisms governing ZnO nanoparticle-mediated stress tolerance and exploring their broader applicability in diverse crop species to address the prevailing challenges in global agriculture.
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Superoxide dismutase (SOD) is widely present in plants and plays a crucial role in defending against oxidative stress and preventing tissue damage. This study discovered that the PagSOD2a gene in 84K poplar (Populus alba × P. glandulosa) exhibits a distinct capacity to be induced in response to salt stress. To delve into the pivotal role of PagSOD2a in conferring salt tolerance, the entire PagSOD2a fragment was successfully cloned from 84K poplar and the potential function of PagSOD2a was explored using bioinformatics and subcellular localization. PagSOD2a was found to encode a CuZn-SOD protein localized in chloroplasts. Furthermore, six CuZn-SOD family members were identified in poplar, with closely related members displaying similar gene structures, indicating evolutionary conservation. Morphological and physiological indexes of transgenic 84K poplar overexpressing PagSOD2a (OE) were compared with non-transgenic wild-type (WT) plants under salt stress. The OE lines (OE1 and OE3) showed improved growth performance, characterized by increased plant height and fresh weight, along with reduced malondialdehyde (MDA) content and electrolyte leakage rate under salt stress. Meanwhile, overexpression of PagSOD2a significantly augmented CuZn-SOD and total SOD enzyme activities, leading to a reduction in superoxide anion accumulation and an enhancement of salt tolerance. Additionally, co-expression and multilayered hierarchical gene regulatory network (ML-hGRN) mediated by PagSOD2a constructed using transcriptome data revealed that PagSOD2a gene may be directly regulated by SPL13, NGA1b and FRS5, as well as indirectly regulated by MYB102 and WRKY6, in response to salt stress. These findings provide a theoretical and material foundation for further elucidating the function of PagSOD2a under salt stress and for developing salt-tolerant poplar varieties.
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1 Introduction

At present, global climate change, along with the intensifying severity of soil salinization, has made salt stress one of the major challenges impacting the growth and development of plants. Studies have indicated that the global area of salinized land is nearly 954 million hectares (Wang et al., 2017), which adversely affects plant growth and crop yields. The impact of salt stress on plants is mainly manifested by the hindrance of water absorption due to excessive salts, leading to cellular dehydration and ultimately affecting normal plant growth and development (Munns and Tester, 2008). Simultaneously, salt stress leads to an increase in the levels of reactive oxygen species (ROS) within plants, which can react with intracellular lipids, proteins, and nucleic acids, to trigger lipid peroxidation, protein denaturation, and nucleic acid damage. Without timely scavenging, these effects may damage cellular structure and function or even cause cell death, posing a serious threat to plant survival (Bose et al., 2013).

To mitigate these ROS, plants have evolved complex antioxidative defense systems comprising a series of enzymatic antioxidative mechanisms as well as non-enzymatic antioxidants. Enzymatic antioxidants such as superoxide dismutase (SOD), peroxidase (POD), glutathione peroxidase (GPX), and catalase (CAT) are important components of the plant’s antioxidative defense system (Alscher et al., 2002). Among them, SOD is a widely existing enzyme responsible for converting harmful superoxide radicals (O2-) into oxygen (O2) and hydrogen peroxide (H2O2), the latter of which can be further transformed and decomposed by antioxidative systems like CAT and GPX, hence maintaining the cell’s redox homeostasis (Mittova et al., 2000). Through this catalytic action, SOD enzymes are critical in resisting oxidative stress and preventing tissue damage (Zelko et al., 2002). SOD enzymes can be classified into several types based on their metal cofactors. The three main types are copper/zinc SOD (CuZn-SOD), manganese SOD (Mn-SOD), and iron SOD (Fe-SOD) (Wuerges et al., 2004). CuZn-SOD primarily resides within the cytoplasm and mitochondria-intermembrane spaces of eukaryotes, with a structure consisting of a β-barrel that holds a copper ion and a zinc ion. Mn-SOD and Fe-SOD are mainly located in the mitochondria and some prokaryotic organisms, with manganese and iron ions bound, respectively. Though they share similar tertiary structures, their catalytic mechanisms are different. Beyond these primary types, studies have also identified nickel-containing SODs (Ni-SOD) in a minority of bacteria (Alscher et al., 2002).

Research has shown that enhancing the expression of SOD in Solanum lycopersicum through genetic engineering under drought and salt stress conditions significantly strengthens the plant’s stress tolerance and optimizes growth performance (Shafi et al., 2017). Additionally, transgenic plants overexpressing SOD and APX enhanced lignification and starch biosynthesis, and improved salt tolerance (Sharma and Dietz, 2006; Shafi et al., 2015). Furthermore, the metabolic processing of heavy metals by SOD in plants is crucial that plant cells alleviate toxicity and damage from metals such as lead (Pb) or cadmium (Cd) through upregulating SOD activity (Suzuki and Mittler, 2006; Li et al., 2017). An increase in SOD activity in Zea mays under cold conditions demonstrates its key roles in resisting low-temperature stress (McKersie et al., 1993). In transgenic Medicago sativa, overexpression of Nicotiana benthamiana Mn-SOD enhanced tolerance to freezing stress (Che et al., 2020). Similarly, overexpressing potato Cu/Zn-SOD improved transgenic S. tuberosum’ tolerance in cold environments (Khanna-Chopra, 2012). In addition to play a protective role during environmental stress, SOD is also involved in the normal physiological process in plants via regulating ROS levels to help maintain cellular function (Zhou et al., 2023). However, researches on CuZn-SOD members in woody plants is scarce and existing studies suggest CuZn-SOD functions vary among different plants.

Poplars (Populus L.) are extensively used in biofuel production, road greening, and desertification prevention forests (Tuskan et al., 2006). With the establishment of genetic transformation systems as well as the availability of genomic database, poplars have become one of the most valuable model systems in woody plant biology research (Cseke et al., 2007; Wang et al., 2021a). Due to land reclamation and unsustainable irrigation practices, salt stress has emerged as a significant environmental stress factor limiting the growth and products of poplar trees (Tuskan et al., 2006). Therefore, exploring the regulatory mechanism of the SOD genes in poplars and breeding new poplar varieties with salt tolerance is of great significance. In this study, among the six CuZn-SOD family genes identified in poplar, PagSOD2a (homologous with Potri.004G216700 of P. trichocarpa) was found to be significantly induced by salt stress, with its transcript levels being higher than those of the other poplar CuZn-SOD family members (Supplementary Figure S1). Subsequently, PagSOD2a was selected for further experiments, and a comparative analysis of morphological and physiological indices was conducted between PagSOD2a overexpressing transgenic lines (OE) and non-transgenic plants (WT) under salt stress conditions to elucidate the function of PagSOD2a under salt stress.




2 Materials and methods



2.1 Bioinformatic analysis

The protein sequences of poplar were downloaded from the Phytozome database (https://phytozome-next.jgi.doe.gov/, accessed on 5 July 2023) (Tuskan et al., 2006; Goodstein et al., 2012). Then, the Sod_Cu domain (PF00080) was obtained from the Pfam database (https://www.ebi.ac.uk/interpro/, accessed on 3 October 2023) and searched to identify the CuZn-SOD proteins using hmmsearch (http://www.hmmer.org/, accessed on 3 October 2023) with a threshold of E-value < 1×10-5 (El-Gebali et al., 2019). Members containing the conserved domain were selected and validated using Pfam and SMART databases (http://smart.embl-heidelberg.de/, accessed on 3 October 2023) (Letunic et al., 2015; Letunic and Bork, 2018; El-Gebali et al., 2019). After confirming the members of the CuZn-SOD gene family, the protein sequences of each member were retrieved from the Phytozome database (https://phytozome-next.jgi.doe.gov/, accessed on 7 October 2023) and were used to perform multiple sequence alignment by Bioedit 7.2.5 (Hall, 1999). A phylogenetic tree was constructed using MEGA 11.0.13 via the Neighbor-Joining method and 1,000 bootstrap replicates. Subsequently, the coding sequences and genomic sequences of the genes were downloaded from the Phytozome database (https://phytozome-next.jgi.doe.gov/, accessed on 7 October 2023) (Tuskan et al., 2006; Goodstein et al., 2012). The conserved motifs in the CuZn-SOD proteins were identified using the MEME Suite (https://meme-suite.org/meme/, accessed on 7 October 2023) (Bailey et al., 2009), and the annotated information file of poplar gene structure was downloaded from the Phytozome database (https://phytozome-next.jgi.doe.gov/, accessed on 5 July 2023). The identified motifs and intron/exon structures of CuZn-SOD members were visualized using the Gene Structure View (Advanced) in TBtools 2.086 (Chen et al., 2020).




2.2 Plant growth condition

The 84K poplar (P. alba × P. glandulosa) and N. benthamiana used in this study were grown on a 1/2 MS plant medium in a greenhouse (25 ± 2°C, 60–70% relative humidity, 16/8 h light/dark cycle, with supple-mental light of ~300 μEm−2s−1, three-band linear fluorescent lamp T5 28 W 6400 K). The roots, stems, and leaves used in this experiment were excised from the plants, immediately frozen in liquid nitrogen, and then stored at −80°C (Wang et al., 2021a).




2.3 Gene cloning and vector construction

Total RNA was extracted using RNAprep pure Plant Kit from plant leaves (TIANGEN, Beijing, China). cDNA was synthesized using FastKing gDNA Dispelling RT SuperMix (TIANGEN, Beijing, China). PagSOD2a was amplified using SOD2a-F/R primers (Supplementary Table S1) and ligated into the pMD19-T vector (Takara, Beijing, China) via TA cloning for sequencing. PagSOD2a without the stop codon was then amplified with the SOD2a-121-F/R primers (Supplementary Table S1) and inserted into the pBI121 vector via the Sma I and Spe I restriction sites to fuse GFP expression. Finally, the recombinant plasmid 35S:PagSOD2a-GFP was obtained.




2.4 Gene expression pattern analysis

To investigate the temporal expression pattern of the PagSOD2a, one-month-old tissue culture seedlings of 84K poplar with uniform statues were treated with 150 mM NaCl for 0 h, 3 h, 6 h, 12 h, 24 h and 36 h, respectively, with three replicates for each treatment. After the treatments, the roots, stems, leaves and buds of the plants were harvested and immediately frozen in liquid nitrogen. RNA was extracted from each sample for Real-time quantitative reverse transcription PCR (RT-qPCR) analysis with three technique repetition.




2.5 Subcellular localization

A 5 mL sterile needleless syringe was used to infiltrate tobacco leaves with Agrobacterium tumefaciens (GV3101) containing the GFP vector 35S:PagSOD2a-GFP or the empty vector 35S:GFP as control. After growing in the dark for 2-3 days, fluorescence signals were observed and photographed under a confocal laser scanning microscope (Olympus FV1000, Olympus, Tokyo, Japan) from different fields of view (Zhou et al., 2023).




2.6 Generation and identification of transgenic poplars

Transgenic poplars were obtained through A. tumefaciens-mediated transformation (He et al., 2018). In short, the 5th and 6th mature leaves of one-month old poplar seedlings were isolated and infected with the GV3101 solution at an OD600 of 0.6 for 10 mins, using the LB liquid medium without the addition of AS (acetosyringone). During this period, the leaves were shaken at 3-minute intervals to facilitate contact between the bacterial solution and the leaves. Then, the leaves were positioned on a differentiation medium containing 60mM kanamycin for differentiation culture. DNA and RNA were extracted from the leaves of the transgenic plants to detect the positive lines using PCR and RT-qPCR, respectively. Primers PagSOD2a-F/R (Supplementary Table S1) were employed to determine the relative expression of PagSOD2a in each line using SuperReal PreMix Plus (SYBR Green, TIANGEN, Beijing, China), with Actin as the internal reference gene. The fold change in gene expression was calculated using the 2−ΔΔCT method (Livak and Schmittgen, 2001).




2.7 Salt tolerance assay

Salt tolerance assays were conducted using both transgenic poplars and WT plants. Three-month-old, uniformly grown, and robust plants from each line were selected for the experiments. The plants were subjected to either 0 mM or 150 mM NaCl solutions for a duration of 15 days. After the treatment period, plant height and fresh weight were measured and recorded. Various plant tissues were then harvested, and root systems were scanned and imaged using an EPSON EXPRESSION 10000 XL root scanning system (with a resolution set at 400 dpi) to measure primary root length, root diameter, root area, and root volume. The data were analyzed using WinRHIZO 2016p software (Regent Instruments Inc., Quebec, QC, Canada) (Wang et al., 2021b; Zhou et al., 2023).




2.8 Measurement of xylem fiber

Xylem fibers were isolated from the 10th internode of three-month-old poplar stems. Initially, the epidermis and phloem were carefully removed from the stem segments to obtain an adequate amount of xylem fiber material. The collected material was then subjected to a dissociation process using a xylem fiber dissociation solution (Lourenço et al., 2016). After thoroughly washing away the residual dissociation solution, the isolated xylem fibers were stained using a 1% safranin solution. The length of the stained xylem fibers was subsequently observed and measured under a microscope (Leica DM6B).




2.9 Histochemical staining and physiological index determination

Transgenic and WT lines were subjected to treatments with either 0 mM or 150 mM NaCl for 15 days, with the 0 mM NaCl treatment serving as the control. Then, 4th leaves were excised and stained using nitroblue tetrazolium chloride (NBT) as described in previous studies (Kim et al., 2003; Zhao et al., 2019). The remaining leaves were utilized for the determination of various physiological indices. The total SOD activity, Copper-zinc superoxide dismutase (CuZn-SOD) activity, POD activity, proline content, and MDA content were measured using commercially available assay kits from Jiancheng Bioengineering Institute (Nanjing, China) following the instructions. Additionally, O2- content was quantified using an O2- content determination kit from Solarbio Science and Technology (Beijing, China). Electrolyte leakage rate was assessed according to the method described by Fan (Fan et al., 1997).




2.10 Multilayered hierarchical gene regulatory network

Transcriptome data of 84K poplar under salt stress were analyzed using the Majorbio Cloud Platform (https://cloud.majorbio.com). Leaves (second) from one-month-old WT plants were used for RNA-seq. WT plants were treated with 100 mM NaCl solution (WT_S) for 24 h. Sequencing was performed on 3 replicates of WT samples and 3 replicates of WT_S samples (each replicate consisting of material from 6 plants per treatment) using the Illumina NovaSeq 6,000 platform with 2 × 150 bp paired-end reads. The sequencing services were provided by Majorbio Biomedical Technology Co., Ltd. (Shanghai, China). The sequencing methods and differential expression gene screening followed the studies conducted by Wang and Huang (Huang et al., 2020; Wang et al., 2021a). A gene set comprising differentially expressed genes and PagSOD2a was created, and expression correlation analysis (coefficient = 0.5 and adjusted P-value < 0.05) was conducted using the Spearman method. KEGG pathway enrichment analysis of the co-expressed genes of PagSOD2a was performed using the online tools provided by the Majorbio Cloud Platform, employing Fisher’s exact test, with significant enrichment determined at an adjusted P-value < 0.05. The multilayered hierarchical gene regulatory network (ML-hGRN) was constructed using the BWERF method as described by Sisi Chen et al. and visualized using Cytoscape 3.10.2 (Shannon et al., 2003; Chen et al., 2024).




2.11 Statistical analysis

The data were processed using SPSS 22.0. Statistical significance between experimental and control groups was determined using a p-value threshold of < 0.05. Plots were generated using OriginPro 2021 and Adobe Photoshop 2022. Each experiment included three technical replicates.





3 Results



3.1 Phylogenetic tree and sequence structure analysis

The hmmsearch alignment results were validated using the Pfam and SMART databases, resulting in the identification of six members of the poplar CuZn-SOD family (Figures 1A, D). PagSOD2a, a homologous gene of PtrSOD2a (Potri.004G216700) in P. trichocarpa cloned from 84K poplar, was found to be significantly induced by salt stress compared to the other members of the poplar CuZn-SOD family (Supplementary Figure S1). Given the results obtained, PagSOD2a was chosen for further investigation due to its noteworthy response to salt stress, suggesting its potential significance in this particular context. MEME analysis illuminated that the CuZn-SOD family members possess 10 conserved motifs, with motifs 1, 2, 3, and 5 constituting fragments that are belong to the CuZn-SOD domain (Figure 1B). However, Motifs 4 and 6 were found only in PagSOD2a and its closest homologs, PtrSOD2a and PtrSOD2b, potentially indicating a specific biological function. Additionally, the intron-exon structure of the poplar CuZn-SOD members was examined (Figure 1C). These members possess 7 to 8 exons, and closely related members share similar gene structures, suggesting evolutionary conservation. Multiple sequence comparisons revealed that these proteins all possess a conserved CuZn-SOD_Dismutase super family structural domain, indicating their membership in the CuZn-SOD family (Figure 1D).

[image: Phylogenetic tree, motifs, gene structure, and sequence alignment of superoxide dismutase (SOD) genes. Panel A shows a phylogenetic tree with bootstrap values. Panel B illustrates motif distribution across different SOD genes, with various colors representing different motifs. Panel C displays the gene structure with untranslated regions (UTRs) and coding sequences (CDS). Panel D depicts the sequence alignment of selected SOD proteins, highlighting the Cu-Zn superoxide dismutase superfamily.]
Figure 1 | Comparative analyses of the phylogenetic relationships, protein conserved motifs, and gene structures of CuZn-SOD family in Arabidopsis and poplar. (A) Phylogenetic tree of 10 CuZn-SODs. (B) Motif composition of CuZn-SODs. The motifs are displayed by different-colored boxes. (C) Gene structures of CuZn-SOD genes. The black lines represent the introns, while the black and red boxes represent the untranslated regions (UTRs) and exons, respectively. (D) Multiple alignment of CuZn-SODs amino acid sequences. Black indicates identical amino acids and grey indicates similar amino acids. PtrSOD2a: Potri.004G216700.4; PtrSOD2b: Potri.009G005100.3; PtrSOD1b: Potri.013G031100.9; PtrSOD1a: Potri.005G044400.5; PtrSOD3a: Potri.013G056900.2; PtrSOD3b: Potri.019G035800.2; AtCSD2: AT2G28190; AtCSD1: AT1G08830; AtCSD3: AT5G18100.1.




3.2 Analysis of gene expression patterns

To investigate the differential expression patterns of the PagSOD2a gene in various tissues of 84K poplar, RT-qPCR was used to measure its expression levels in roots, stems, leaves and buds. The results, as shown in Figure 2A, indicated that the PagSOD2a gene has the highest expression levels in roots, followed by leaves and buds. The lowest expression level was observed in the stems.

[image: Panel A shows a bar graph comparing relative expression levels across different plant parts: stem, leaf, shoot, and root. The root has the highest expression, while the stem has the lowest. Panel B displays expression levels over time intervals from zero to thirty-six hours, with the three-hour mark showing the highest expression. Error bars indicate variability.]
Figure 2 | PagSOD2a gene expression pattern. (A) Expression levels of PagSOD2a gene in various tissues. The expression level of PagSOD2a in the stem is used as a reference for calculating the expression levels in other tissues; the error bar represents the standard deviation; different letters represent significant differences (P<0.05). (B) Temporal expression pattern analysis of PagSOD2a gene in the leaves of poplar under salt stress. Expression levels at other time points are calculated using the gene’s expression level at 0 h as the baseline; error bars represent standard deviation; * indicates significant differences compared to the expression level of the gene at 0 h (P < 0.05).

Additionally, under salt stress conditions, PagSOD2a expression peaked at 3 hours after NaCl treatment and then decreased, but remained relatively high until the end of the treatment period (Figure 2B). This suggests that the PagSOD2a gene can rapidly respond to salt stress and actively participate in the poplar’s stress response throughout the duration of the salt treatment.




3.3 Localization analysis of PagSOD2a

The green fluorescent signal of 35S:PagSOD2a-GFP was predominantly localized in the chloroplasts of tobacco leaf cells, whereas the 35S:GFP signal was observed in the nucleus, cytoplasm, and cell membrane (Figure 3). These results indicate that PagSOD2a is a chloroplast-localized protein.

[image: Microscopic images showing leaf epidermal cells. The top row depicts 35S:GFP cells with green fluorescence, red chlorophyll, bright field view, and merged channels. The bottom row shows 35S:PagSOD2a-GFP cells with similar arrangements, indicating variations in fluorescence patterns.]
Figure 3 | Subcellular localization of the PagSOD2a protein. The recombinant vector (35S:PagSOD2a-GFP) and the control vector (35S: GFP) were transiently expressed in tobacco leaves; GFP stands for green fluorescent protein; CHI represents chlorophyll fluorescence; Bright is the bright field; Merged is the overlay field; scale bar = 40µm.




3.4 Generation and identification of transgenic plants

The 35S:PagSOD2a-GFP recombinant plasmid was transformed into 84K poplar using the A. tumefaciens-mediated leaf disk method, resulting in the cultivation of transgenic lines overexpressing PagSOD2a. Transgenic saplings that were able to root normally on 1/2 Murashige and Skoog (MS) medium supplemented with 50 mg/L Kanamycin and 200 mg/L Timentin were selected as positive clones (Supplementary Figure S2). The expression levels of PagSOD2a in four transgenic lines were measured using RT-qPCR. As shown in Supplementary Figure S3, compared with the WT line, PagSOD2a was significantly upregulated in two of the OE lines. The two lines with higher expression levels, OE1 and OE3, were selected for subsequent physiological experiments.




3.5 PagSOD2a enhances salt tolerance of poplar

After 15 days of treatment with 150 mM NaCl solution, all lines experienced stress, with leaves turning yellow and wilting (Figure 4A). The shoot apices of WT line was the first to wilt, while the shoot apices of OE1 and OE3 lines remained viable. In the observation experiment on xylem fiber (Figures 4B, C), under control conditions, the xylem fiber length of the OE1 line was approximately 3.85% longer than that of the WT line, while the OE3 line had a xylem fiber length that was approximately 8.20% shorter than that of the WT line. Under salt stress conditions, the xylem fiber length of the OE1 line was approximately 2.63% shorter than that of the WT line, whereas the OE3 line exhibited a xylem fiber length approximately 12.28% longer than that of the WT line. All in all, PagSOD2a didn’t have much influence on the form of xylem fiber of poplar no matter under salt stress or not.

[image: Panel A shows three plant variants (WT, OE1, OE3) under control and NaCl conditions, illustrating differences in growth and root structure. Panel B displays xylem fiber images for the same variants and conditions. Panels C to I present bar graphs comparing plant height, electrolyte leakage rate, proline content, fresh weight, MDA content, and POD activity across the variants, highlighting the impact of NaCl exposure.]
Figure 4 | Stress tolerance analysis of PagSOD2a overexpression transgenic poplar. (A) Growth phenotype. (B) Morphology of xylem fibers. Scale bar: 100µm. (C) Statistical analysis of xylem fiber length; (D) Plant height. (E) Electrolyte leakage rate of each line under different treatments. (F) Proline content of each line under different treatments. (G) Fresh weight of above ground parts. (H) MDA content in each line under different treatments. (I) POD enzyme activity of each line under different treatments. Control is the water treatment control group, NaCl is the 150mM NaCl treatment group; WT is a non-transgenic line, OE1 and OE3 are lines overexpressing the PagSOD2a gene. The error bar represents the standard deviation. * indicates a significant difference between two samples (P < 0.05).

To investigate the specific effects of salt stress on the growth and development of each line, plant height and shoot fresh weight were first measured across different lines (Figures 4D, G). Under control conditions, there were no differences in plant height or shoot fresh weight among the different lines. After salt stress treatment, the plant height of OE1 and OE3 lines was approximately 13.09% and 4.33% higher than that of the WT line, respectively. The shoot fresh weight of OE1 and OE3 lines was approximately 57.43% and 33.68% higher than that of the WT line, respectively. However, there was no significant differences in root length, average root diameter, root area, or root volume (Supplementary Figure S4).

Subsequently, physiological indicators such as electrolyte leakage rate, MDA content, proline content, and POD enzyme activity were analyzed. The results showed that overexpression of the PagSOD2a gene significantly reduced electrolyte leakage and MDA content in OE leaves under salt stress (Figures 4E, H), indicating that the degree of cell membrane damage of OE was lower compared to WT line. Although proline content showed a significant increase in the OE3 line under control conditions, there was no significant difference under salt stress (Figure 4F). Additionally, the difference in POD enzyme activity was not significant (Figure 4I).




3.6 PagSOD2a enhances the O2- scavenging capacity of poplar

In plants, SOD enzymes can convert O2- to O2 and H2O2, thereby reducing the risk of lipid peroxidation and cellular damage in the plant membrane, and enhancing the plant’s stress resistance. In this study, NBT staining and O2- measurement indicated that, under control conditions, there were no significant differences in staining and O2- content between the OE1 and OE3 lines and the WT line (Figure 5A). However, under salt treatment, the staining was lighter and had a smaller area in the OE1 and OE3 lines compared to the WT line. The average O2- content in the OE1 and OE3 lines showed significant differences with approximately 31.10% and 27.64% lower than that in the WT line, respectively, (Figure 5B). The results of CuZn-SOD enzyme activity measurement showed that the CuZn-SOD and the total SOD enzyme activities in the OE1 and OE3 lines were significantly higher than that in the WT line under both control and salt stress conditions (Figures 5C, D). These results demonstrate that overexpression of the PagSOD2a gene can significantly increase the CuZn-SOD enzyme activity and total SOD enzyme activity in poplar, thereby reducing the accumulation of O2- and enhancing salt tolerance of poplar.

[image: Panel A displays leaves from three groups: WT, OE1, OE3, under control and NaCl conditions, treated with NBT. Panel B shows a bar graph of O₂⁻ content, with experimental groups WT, OE1, and OE3 under control and NaCl conditions. Panel C illustrates CuZn-SOD activity, and Panel D shows Total-SOD activity. Both panels C and D indicate increased enzyme activities under NaCl conditions, especially for OE1 and OE3. Error bars denote variability, and asterisks indicate significant differences.]
Figure 5 | O2- content and SOD enzyme activity of PagSOD2a overexpression transgenic poplar under different treatment. (A) NBT staining situation. (B) O2- content. (C) CuZn-SOD enzyme activity. (D) Total SOD enzyme activity. Control is the water treatment control group, NaCl is the 150mM NaCl treatment group; WT is a non-transgenic line, OE1 and OE3 are lines overexpressing the PagSOD2a gene. The error bar represents the standard deviation; * indicates a significant difference between two samples (P < 0.05).




3.7 PagSOD2a participates stress related pathways

Based on the RNA-seq data, a total of 50 genes showed expression correlations with PagSOD2a, among which 43 genes are directly related to PagSOD2a with a strong correlation, while 7 genes are indirectly co-expressed with PagSOD2a (Figure 6A). KEGG enrichment analysis revealed that the co-expressed genes of PagSOD2a were primarily enriched in the plant MAPK signaling pathway, nitrogen metabolism, and plant-pathogen interaction pathways, with additional enrichment in fructose and mannose metabolism, peroxisome, and plant hormone signal transduction pathways (Figure 6B).

[image: Diagram with three panels: A) A network graph with numerous nodes, mostly blue, one red, connected by intricate lines, labeled with IDs. B) Bar chart showcasing gene involvement in KEGG pathways, such as MAPK signaling and nitrogen metabolism, with logarithmic p-values. C) Interaction diagram with pink and blue nodes linked by lines, labeled with gene names.]
Figure 6 | PagSOD2a participates stress related pathways via being regulated by transcription factors in different levels. (A) Genes co-expressed with PagSOD2a based on the RNA-seq data. Each node represents a gene, and the connections between nodes represent the correlation in expression between genes. The larger the node, the more genes it represents that have expression correlations with it. (B) KEGG enrichment analysis. (C) Multilayer hierarchical gene regulatory network. Yellow is PagSOD2a; Blue is the gene that directly regulates PagSOD2a; Pink is other co-expressed genes; The arrows represent the moderating relationships calculated by BWERF; The line width represents the im value.

Furthermore, a multi-layer hierarchical gene regulatory network was successfully constructed using the BWERF method. PagSOD2a, as a functional gene, was located at the bottom of the regulatory network and may be directly regulated by the third-tier transcription factors SPL13 (Potri.012G100700), NGA1b (Potri.001G452200) and FRS5 (Potri.016G058700) (Figure 6C). The second-tier transcription factors ARF36 (Potri.014G036800), ZF2 (Potri.009G089400), DNAJA3a (Potri.006G097300) and bHLH48 (Potri.006G057200), and the first-tier factors NAC100 (Potri.017G086200), WRKY22 (Potri.003G132700), MYB102 (Potri.004G033100) and WRKY6 (Potri.004G007500) may indirectly participate in the regulation of PagSOD2a.





4 Discussion

Plants often produce excessive ROS when subjected to abiotic stresses such as high salinity, drought, cold, and heavy metal pollution. If these ROS are not promptly cleared, they can cause severe oxidative damage to cells, affecting the stability of biological macromolecules and the permeability of cell membranes (Zhang et al., 2016; Juan et al., 2021). ROS are usually normal byproducts of plant cell metabolism, but their production increases sharply under stress conditions (Apel and Hirt, 2004). Plants eliminate these ROS and maintain a balance between oxidation and reduction through a series of antioxidant enzymes. Among these, SOD intervenes early in the ROS scavenging mechanism, converting superoxide anions into O2 and H2O2, which are then converted into H2O by CAT or POD, thus reducing the toxic effects of ROS (McCord and Fridovich, 1969; Alscher et al., 2002). Numerous studies have shown that SOD genes can respond to various abiotic stresses. For example, in wheat and Arabidopsis, TaSOD2 enhances salinity tolerance by regulating redox homeostasis through promoting NADPH oxidase activity (Wang et al., 2016). In rapeseed, overexpression of the MnSOD gene enhances tolerance to aluminum stress by increasing SOD enzyme activity (Basu et al., 2001). Similarly, overexpression of tamarisk TaMnSOD under salt stress reduces MDA content in poplar and increases SOD enzyme activity in transgenic poplar (Wang et al., 2010).

CuZn-SOD is one of the main members of the SOD family, widely present in higher plants, and actively participates in the plant response to abiotic stress. For instance, overexpression of the Saussurea involucrata SikCSD gene enhances tolerance to drought, low-temperature, oxidative, and salt stress in tobacco and cotton (Zhang et al., 2017, 2021). In rice, overexpression of the OsCuZnSOD gene similarly enhances salt tolerance (Guan et al., 2017). CuZn-SOD genes also play an active role in plant growth regulation and biomass synthesis. For example, under salt stress, overexpression of the CuZn-SOD and APX genes positively regulates secondary cell wall biosynthesis in Arabidopsis, promoting plant growth and yield (Shafi et al., 2015). Similarly, overexpression of the CuZn-SOD and APX genes not only enhances salt tolerance in transgenic potatoes but also increases lignin and starch biosynthesis (Shafi et al., 2017). These studies confirm the important role of CuZn-SOD genes in improving plant tolerance to salt stress.

In this study, we successfully cloned the PagSOD2a gene from 84K poplar, and our analysis revealed that the encoded protein is a member of the CuZn-SOD family. Previous studies have indicated that the CuZn-SOD family plays crucial roles in mitigating oxidative stress by scavenging superoxide radicals (Mishra and Sharma, 2008). Consistent with these findings, our results showed that the PagSOD2a gene shares evolutionary conservation with other CuZn-SOD family members, exhibiting similar gene structures among closely related members (Figures 1A, D). Our expression analysis revealed that PagSOD2a exhibits tissue-specific expression patterns, with the highest expression in roots, followed by leaves and buds, and the lowest in stems (Figure 2A). This finding aligns with previous studies suggesting that SOD genes often have tissue-specific expression patterns, contributing to their specialized functions in different plant parts (Feng et al., 2016). Under salt stress conditions, PagSOD2a expression peaked at 3 hours post-treatment but remained elevated thereafter, suggesting a potential role in early stress response mechanisms (Mittler et al., 2022). Such temporal expression patterns have also been observed in other SOD genes, indicating a complex regulatory network that modulates their expression under stress conditions (Feng et al., 2016; Yadav et al., 2019). Our subcellular localization experiments demonstrated that PagSOD2a is localized in chloroplasts (Figure 3), which is consistent with the essential role of chloroplasts in ROS metabolism and photooxidative stress management (Asada, 2006). This localization underscores the potential involvement of PagSOD2a in protecting chloroplasts from oxidative damage during salt stress. PagSOD2a expression was higher in roots, probably due to the presence of various non-chloroplast plastids in plant roots, such as amyloplasts, which are present in roots and can perform various essential functions, including starch storage, hormone synthesis, and stress responses (Köhler and Hanson, 2000; Natesan et al., 2005; Jarvis and Lopez-Juez, 2013; Quian-Ulloa and Stange, 2021). These non-chloroplast plastids may play a role in regulating the expression of PagSOD2a in roots. Physiological indicator analysis showed that PagSOD2a overexpressing lines had lower levels of MDA and electrolyte leakage rate under salt stress compared to WT line. Overexpression of the PagSOD2a gene significantly reduced the accumulation of O2- by increasing CuZn-SOD and total SOD enzyme activities, thereby enhancing salt tolerance in poplar, though there were no significant differences in proline content and POD activity under salt stress, which might be due to their relatively independent roles in the salt stress response (Sharma et al., 2012).

Transcriptome data analysis of 84K poplar under salt stress revealed that 50 genes showed expression correlation with PagSOD2a, primarily enriched in plant MAPK signaling pathways, nitrogen metabolism, and plant-pathogen interaction pathways, suggesting that the PagSOD2a gene might be involved in plant growth and development processes, as well as responses to biotic and abiotic stresses. The multi-layer hierarchical gene regulatory network showed that PagSOD2a might be directly regulated by SPL13, NGA1b, and FRS5. Additionally, MYB102 and WRKY6 in the first tier might indirectly regulate PagSOD2a in responding to salt stress. MYB102 enhances biotic stress sensitivity in Arabidopsis (Zhu et al., 2018) and may act in osmotic stress and wounding signal pathways (Denekamp and Smeekens, 2003), whereas WRKY6 positively regulates ABA signaling in seed germination and early seedling development in Arabidopsis (Huang et al., 2016) and plays essential roles in senescence, pathogen defense (Robatzek and Somssich, 2002) and phosphate homeostasis (Su et al., 2015). This indicates that PagSOD2a, as a downstream gene of MYB102 and WRKY6, may also participates in biotic and abiotic stress responses. All of the above results suggest the important roles of the PagSOD2a gene in plant response to abiotic stress and provide a theoretical basis for further elucidating the regulatory relationships in plant abiotic stress pathways, though specific regulatory mechanisms require further validation.




5 Conclusion

The results of this study highlight the significant role of the PagSOD2a gene in enhancing poplar’s salt tolerance. By elevating SOD activity and decreasing MDA contents, PagSOD2a contributes to reducing oxidative stress damage and maintaining better developmental states in poplar under salt stress. This provides a valuable theoretical and material basis for the cultivation of salt-tolerant poplar varieties, which is of great importance for sustainable commercial production of poplar. With the increasing challenges posed by soil salinization, developing salt-tolerant poplar varieties can help expand suitable planting areas and improve the productivity and quality of poplar trees. This, in turn, can contribute to the sustainable development of the forestry industry and related commercial applications, including biofuel production, road greening, and desertification prevention. In conclusion, transgenic poplar overexpressing the PagSOD2a gene can significantly mitigate oxidative stress damage induced by salt stress, thereby maintaining better developmental states. These results provide a solid foundation for future efforts in cultivating salt-tolerant tree species and advancing the related commercial and ecological applications.
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Drought stress is a major constraint on plant growth and agricultural productivity. Caffeic acid O-methyltransferase (COMT), an enzyme involved in the methylation of various substrates, plays a pivotal role in plant responses to abiotic stress. The involvement of COMTs in drought response, particularly through the enhancement of lignin and melatonin biosynthesis, remains poorly understood. In this study, LcCOMT was firstly proposed to be associated with the biosynthesis of both lignin and melatonin, as demonstrated through sequence comparison, phylogenetic analysis, and conserved motif identification. In vitro enzymatic assays revealed that LcCOMT effectively methylates N-acetylserotonin to melatonin, albeit with a higher Km value compared to caffeic acid. Site-directed mutagenesis of residues Phe171 and Asp269 resulted in a significant reduction in catalytic activity for caffeic acid, with minimal impact on N-acetylserotonin, underscoring the specificity of these residues in substrate binding and catalysis. Under drought conditions, LcCOMT expression was significantly upregulated. Overexpression of LcCOMT gene in Arabidopsis plants conferred enhanced drought tolerance, characterized by elevated lignin and melatonin levels, increased chlorophyll and carotenoid content, heightened activities of antioxidant enzymes peroxidase (POD), catalase (CAT), and superoxide dismutase (SOD), and reduced malondialdehyde (MDA) and hydrogen peroxide (H2O2) accumulation. This study is among the few to demonstrate that COMT-mediated drought tolerance is achieved through the simultaneous promotion of lignin and melatonin biosynthesis. LcCOMT represents the first functionally characterized COMT in Apiaceae family, and it holds potential as a target for genetic enhancement of drought tolerance in future crop improvement strategies.
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1 Introduction

The global demand for increased crop yield has significantly escalated to accommodate the continuous growth of the population in recent decades. Abiotic stresses represent significant adverse environmental conditions that impact plant growth, development, and productivity (Gong et al., 2020). Drought stands out as one of the most severe abiotic stresses that plants frequently face (Billah et al., 2021). The ongoing emission of greenhouse gases is leading to a warmer and drier climate, thereby increasing the projected intensity and frequency of drought events (Gadani and Vyas, 2011; Patz et al., 2014; Huang et al., 2023). Therefore, the comprehension and enhancement of plant responses to drought stress are crucial. Previous studies have revealed that drought stress triggers the excessive accumulation of reactive oxygen species (ROS) leading to the disruption of intracellular homeostasis and damage to cell membranes and other organelles (Fang and Xiong, 2015). Throughout plant evolution, various secondary metabolites have been synthesized to help plants combat drought stress (Lam et al., 2024). Among these, lignin, a phenolic polymer, plays a crucial role in providing mechanical support, facilitating tissue/organ development, and enabling efficient water and nutrient transport in plants (Liu et al., 2018; Vanholme et al., 2019; Qin et al., 2022). The accumulation of lignin significantly contributes to resistance against drought, salt, and bacterial wilt disease (Ma et al., 2017; Chun et al., 2019; Qin et al., 2022). Additionally, melatonin, a tryptophan-derived molecule presented in various organisms, aids in adapting to different stresses (Zhan et al., 2019; Li et al., 2022a). Melatonin acts as a potent antioxidant, regulates stress-responsive gene transcription, and modulates the biosynthesis of secondary metabolites for stress tolerance (Zhao et al., 2022a).

In higher plants, S-adenosyl-l-methionine (SAM)-dependent O-methyltransferases (OMTs) play a crucial role in the biosynthesis of various natural products, such as lignin, flavonoids, alkaloids, and anthraquinones (Li et al., 2015; Deng et al., 2018; Lu et al., 2022; Liao et al., 2023). Caffeic acid O-methyltransferase (COMT), classified as a group-2 OMT, is responsible for catalyzing the methylation of caffeic acid to produce ferulic acid, a key precursor in lignin synthesis (Li et al., 2015; Morris and Facchini, 2019). Additionally, COMTs can act as alternative enzymes for N-acetylserotonin methyltransferase (ASMT), leading to the production of melatonin and its precursors (Chang et al., 2021; Pham et al., 2024). Current research indicates that COMTs from the majority of plant species primarily catalyze melatonin production from N-acetylserotonin rather than 5-methoxytryptamine from serotonin, suggesting a specific pathway preference (Zhang et al., 2023). Notably, COMTs from Brassica napus, Ligusticum chuanxiong, and watermelon exhibit elevated mRNA and activity levels under conditions of drought and salinity stress, suggesting their involvement in stress response mechanisms (Li et al., 2015, 2016; Chang et al., 2021). The expression and activities of COMTs demonstrate a significant positive correlation with lignin levels and enhanced stress tolerance (Singh and Sharma, 2023; Lam et al., 2024). Conversely, a study on 13 COMTs from Oryza sativa revealed reduced mRNA levels under drought stress, indicating potential divergent functions among different plant species (Liang et al., 2022). Chang et al. (2021); Li et al. (2022b), and Yao et al. (2022) demonstrated that transgenic plants overexpressing COMT genes from watermelon, Carex rigescens, and Nicotiana tabacum, respectively, exhibit enhanced drought tolerance through increased melatonin levels. Application of exogenous melatonin has also been found to enhance the ability of plants to withstand abiotic stresses (Zhang et al., 2015). These results underscore the involvement of plant COMT genes in responding to abiotic stress in a diverse manner, emphasizing the importance of elucidating the different roles of COMT genes in different plant species. Additionally, a remaining question pertains to whether COMTs have a simultaneous impact on both lignin and melatonin biosynthesis.

L. chuanxiong, predominantly found in Chengdu plain, has been recognized as a significant edible-medicinal plant within Apiaceae family for centuries (Song et al., 2015). According to the 2020 edition of Chinese Pharmacopeia, L. chuanxiong is renowned for its synthesis of ferulic acid, a vital phenolic compound with diverse biological activities. Given the potential role of COMT in the ferulic acid biosynthetic pathway (Song et al., 2015), a COMT gene, denoted as LcCOMT, was cloned from L. chuanxiong, and its recombinant protein was demonstrated to catalyze the conversion of caffeic acid to ferulic acid for the first time (Li et al., 2015). Subsequent structural analysis revealed that LcCOMT exhibits a distinctive Rossmann-like fold crucial for its enzymatic function (Song et al., 2022). Recent studies have also highlighted COMTs in various species of Apiaceae family, such as Angelica dahurica, Angelica glauca Edgew, and Saposhnikovia divaricata, due to their potential involvement in the biosynthesis of downstream metabolites (Zhao et al., 2021; Devi et al., 2022; Kou et al., 2022), although direct verification is lacking. Therefore, investigating the role of LcCOMT gene in the accumulation of downstream metabolites and drought tolerance is of interest, as it may shed light on the biological function of COMTs in plants, particularly within Apiaceae family. This study firstly confirmed that LcCOMT significantly converts N-acetylserotonin into melatonin through bioinformatic analysis and in vitro enzymatic assays. Subsequently, the impact of LcCOMT gene on lignin and melatonin biosynthesis was explored, leading to the generation of LcCOMT transgenic Arabidopsis plants. Furthermore, the drought tolerance of these transgenic plants was evaluated, with potential applications for drought tolerance in the future. This study is one of the few to investigate the concurrent impact of COMT on lignin and melatonin biosynthesis. Furthermore, this is the first report on the in vivo biological function of COMT gene in a species of Apiaceae family.




2 Results



2.1 Sequence alignment and phylogeny of LcCOMT

Using ClustalW 2.1 and EsPript 3.0, an analysis was conducted on the sequence identities of LcCOMT in comparison to well-characterized ASMTs and COMTs associated with melatonin biosynthesis in diverse plant species (Supplementary Table 1) based on their amino acid sequences. LcCOMT demonstrated sequence identities of up to 41% with ASMTs from plant species such as Arabidopsis, Malus zumi, and O. sativa. Notably, it exhibited higher sequence identities with COMTs from Solanum lycopersicum (77%), Gossypium hirsutum (76%), and Arabidopsis (73%), indicating a closer biochemical resemblance to these COMTs.

Furthermore, the phylogenetic relationship between LcCOMT and established ASMT/COMTs was evaluated through a neighbor-joining (NJ) tree (Figure 1A). The high-support tree revealed distinct sister clades of COMTs and ASMTs, with over 56% and 94% of branches having bootstrap values exceeding 90 and 70, respectively (Figure 1A). Both COMTs and ASMTs formed monophyletic clades with robust bootstrap values of 98 and 99, indicating a strong association between amino acid similarity and COMT family relatedness. Notably, COMTs and ASMTs from the same species, such as Arabiodpsis, O. sativa, and S. lycopersicum, did not group together, suggesting that the differentiation between ASMTs and COMTs occurred prior to the speciation of these plants. LcCOMT, along with SlCOMT1, AtCOMT, and GhCOMT, known for their involvement in melatonin biosynthesis and melatonin-induced plant resistance (Li et al., 2019; Hasan et al., 2019), were clustered into a highly supported clade (100 BP).

[image: Phylogenetic tree labeled 'A' showing relatedness between different COMT and SAMT genes. Section 'B' displays a motif pattern diagram across various sequences, with motifs represented by different colored blocks. Section 'C' illustrates sequence logos for motifs one to ten, highlighting conserved regions and varied amino acids.]
Figure 1 | Phylogeny and conserved motif analysis of well-defined ASMT/COMTs and two bacterial ASMT proteins. (A) phylogeny; (B) motifs organization and (C) sequence logos of corresponding conserved motifs. At, Arabidopsis thaliana; Cl, Citrullus lanatus; Gh, Gossypium hirsutum; Lc, Ligusiticum chuanxiong; Me, Manihot esculenta; Mz, Malus zumi; Os, Oryza sativa; Sl, Solanum lycopersicum; Ta, Triticum aestivum; ASMT, N-acetylserotonin O-methyltransferase; COMT, caffeic acid O-methyltransferase.

Conserved motif patterns in COMTs were examined due to their shared O-methylation function in higher plants. Ten conserved motifs, labeled 1 to 10, were identified (Figure 1B). Generally, similar gene types contained identical motifs. Motifs 1, 3, 4, 5, 7, 8, 9, and 10 were present in all 19 members, with motifs 7 and 8 being associated with LcCOMT dimerization, and the others involved in substrate binding. Motif 6, which included β-2 sheet, α-6, α-7, and α-8 helices in LcCOMT (Song et al., 2022), was unique to COMTs, indicating a post-divergence development. Within motif 6, Leu126, Met129, and Asn130 may confer a novel function in lignin biosynthesis for COMTs. Notably, motif 9 exhibited positional variation between COMTs and ASMTs, being located at the N-terminus for COMTs and downstream for ASMTs. Comprising 15 amino acids in α-1 and α-2 helices, motif 9’s residues Cys19, Met20, and Ser26 (as numbered in LcCOMT) facilitated subunit interactions. Almost all proteins, with the exception of AFZ23489, contained motif 2. COMTs were found to possess three catalytic residues – His268, Asp269, and Glu328 – situated in motifs 1 and 3. Furthermore, motif 4, which spanned 41 amino acids and formed the longest α-11 helix, was conserved across all 19 members (Figure 1C).

Based on the crystal structures reported in the literature, COMTs are comprised of an N-terminal domain responsible for dimerization and a C-terminal domain involved in SAM and substrate binding (Song et al., 2022). The sequence alignment in Figure 2 indicates a higher degree of conservation in residues that anchor both SAM and phenolic substrates among COMTs from diverse species, in comparison to those in the dimerization domain. Chang et al. (2021) identified two regions within COMTs that are involved in N-acetylserotonin binding, with region II exhibiting greater conservation than region I, where the residues Asp95 and Gln98 are specific to LcCOMT (Figure 2). Functional regions shared between ASMTs and COMTs exhibit varying levels of conservation, including VVDVGGG(T/V/I)G, GIN(F/Y)DLPHV, EH(V/I)GGDMF, and GGKER(T/Y) (Zhao et al., 2022b). Group-wise sequence alignment further corroborated the observation that COMTs demonstrated higher conservation than ASMTs across these four functional regions (Figure 2).

[image: Sequence alignment chart of COMT amino acid sequences from five different plant species: LeCOMT1, OsCOMT, AtCOMT, SiCOMT, and GhCOMT. Dark blue indicates highly conserved regions, while red highlights specific residues. Sequence positions range from 1 to 368.]
Figure 2 | Sequence alignment of LcCOMT, OsCOMT, AtCOMT, SlCOMT1 and GhCOMT. The putative N-acetylserotonin-binding or serotonin-binding domains are shown in the red box. The residues in dimerization interface are indicated by regular triangle. The phenolic substrate-binding sites are marked with inverted triangle asterisks. The S-adenosyl-L-methionine (SAM)-binding sites are indicated as boxes. The catalytic residues are indicated by pentagram. The conserved function regions of COMTs, VVDTGGG(T/V/I)G, GIN(F/Y)DLPHV, EH(V/I)GGDMF, and GGKER(T/Y), are underlined.




2.2 In vitro biochemical function of LcCOMT protein

Given the high sequence identity often associated with shared biochemical functions, it is hypothesized that LcCOMT participates in the methylation reactions involved in both lignin and melatonin biosynthesis. His-tagged LcCOMT, obtained from Escherichia coli, was isolated through purification using a Ni-agarose column (Supplementary Figure 1A). Subsequent trypsin digestion followed by electrospray ionization tandem mass spectrometry (ESI-MS/MS) analysis revealed an 85% match with the theoretical sequence of LcCOMT (Supplementary Figure 1B), confirming the isolation of the protein in a pure form. Analysis in Figure 3 and Table 1 indicated that LcCOMT exhibited a notably higher affinity for caffeic acid compared to N-acetylserotonin, as indicated by their respective Km values (0.099 mM for caffeic acid and 0.328 mM for N-acetylserotonin, respectively) (Table 1). This preference aligns with observations in COMTs from O. sativa and Arabiodpsis (Back et al., 2016). Previous studies have reported COMTs with varying Km values for N-acetylserotonin in N. tabacum (0.266 mM, Yao et al., 2022) and Arabidopsis (0.74 mM, Wang et al., 2019), highlighting the diverse enzymatic characteristics of COMTs across different species. While LcCOMT exhibited a lower affinity (higher Km) for N-acetylserotonin compared to NtCOMT1, it displayed a higher Vmax than NtCOMT1 (2.155 nmol/min/mg protein). Instances of functional proteins with higher capacity but lower specificity have been documented in carboxylesterase (McCarthy and Witz, 1997), glucose transporter (Katagiri et al., 1992), and cation transporters (Jensen et al., 2020), primarily attributed to the flexibility within the enzyme’s active site microenvironment (Ahmed et al., 2020). The optimal temperature for N-acetylserotonin as a substrate was determined to be 37°C, suggesting the potential of LcCOMT as a candidate with high-temperature tolerance.
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Figure 3 | HPLC analysis of reaction products catalyzed by purified recombinant LcCOMT. (A) A control of melatonin, (B) a control of N-acetylserotonin, and (C) the reaction product of LcCOMT (N-acetylserotonin and SAM were added to the reaction mixture).


Table 1 | Kinetic parameters of COMT proteins from various plants.

[image: Table displaying enzyme data across different species. Columns include Species, Enzymes, \(K_m\) (mM), \(V_{max}\) (nmol/min/mg), and Reference. Listed species: *L. chuanxiong*, *Nicotiana tabacum*, and *Arabidopsis*. \(K_m\) values range from 0.233 to 0.74 mM, and \(V_{max}\) values range from 1.8 to 7.994 nmol/min/mg. References include Yao et al., 2022, Lee et al., 2014, and Wang et al., 2019.]
Our previous molecular docking analysis suggested that Phe171 and Asp269 played crucial roles in the binding and catalytic processes of caffeic acid (Song et al., 2022). Phe171 in motif 4 exhibited substitutions with Leu, Ser, Ala, Met, Asp, and Val in various ASMTs, while Asp269 in motif 1 showed substitutions with Ala, Cys, Ileu, and Asn in different ASMTs (Supplementary Figure 2). To assess their significance, these residues were replaced with alanine, and the enzymatic activities of both site mutations were assessed. The results in Supplementary Table 2 indicated that F171A and D269A mutations had different impacts on the catalytic properties of LcCOMT. The activity of LcCOMT-F171A towards caffeic acid decreased by 81.90%, whereas the reduction for N-acetylserotonin was only 10.86%, highlighting the importance of Phe171 in caffeic acid binding. In contrast, D269A mutation led to a 94.29% decrease in activity towards caffeic acid and only a 16.56% decrease for N-acetylserotonin, suggesting a lesser effect of Asp269 on N-acetylserotonin. Additionally, caffeic acid was found to inhibit the methylation of N-acetylserotonin; with 2.0 mM N-acetylserotonin and 1.0 mM caffeic acid, a 31.80% reduction in activity was observed (Figure 4).
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Figure 4 | Caffeic acid inhibits the activity of LcCOMT against N-acetylserotonin. *** represented statistical significance of p<0.001.




2.3 Expression profile of LcCOMT gene in transgenic plants under drought treatment

Lignin and melatonin are recognized for their involvement in plant responses to abiotic and biotic stresses, with COMTs playing a crucial role in their biosynthetic pathways. In this study, leaf, stem, and root tissues were obtained from LcCOMT transgenic plants to investigate the expression patterns of LcCOMT gene following drought treatment (Figure 5).

[image: Bar chart showing LcCOMT mRNA levels in root, stem, and leaf under no stress and 2% PEG conditions. Under PEG stress, stem mRNA levels increase significantly, indicated by vertical bars and asterisks for statistical significance.]
Figure 5 | The expression of the LcCOMT gene in tissues of LcCOMT transgenic plants after drought treatments. * and *** represented statistical significance of p<0.05 and p<0.001, respectively.

Under normal conditions, there were no discernible differences in the expression of LcCOMT gene among the three tissues. However, under drought stress, the overall expression level of LcCOMT gene in these tissues significantly increased, reaching a 3.9-fold higher level compared to that under normal conditions. Particularly noteworthy is the observation that under drought stress, the expression level of LcCOMT gene in stem tissue exhibited the most substantial increase, showing an 18-fold higher expression level than that under normal conditions.




2.4 LcCOMT overexpression enhances transgenic Arabidopsis drought tolerance

Transgenic and wild-type Arabidopsis seeds were cultivated on 1/2 MS medium for 14 days, followed by 14 days of soil culture. Under normal conditions, there were no significant phenotypic variances between transgenic and wild-type plants, except for a slightly increased height, reduced leaf count, and lower fresh weight in the transgenic plants. The wild-type plants displayed decreased rosette leaf diameter, leaf length, leaf width, and fresh weight following drought treatment, potentially due to the elevated production of ROS induced by the drought stress (Figure 6). Remarkably, under drought stress conditions, transgenic plants demonstrated substantially greater plant height, leaf length, leaf width, and fresh weight, with statistical significance, in comparison to wild-type plants. Additionally, transgenic plants exhibited a larger rosette leaf diameter under drought stress. However, transgenic plants had slightly fewer leaves than wild-type plants under drought stress conditions (Figure 6). These results validated that the overexpression of LcCOMT gene significantly boosted tolerance to drought stress.
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Figure 6 | Phenotypic analysis of wild-type and LcCOMT transgenic plants. (A) No stress growth charts; (B) Drought stress growth charts; (C) No stress and drought stress phenotypic. WT, wild-type plants; LcCOMT, LcCOMT transgenic plants. *, **, *** and **** represented statistical significance of p<0.05, p<0.01, p<0.001 and p<0.0001, respectively.




2.5 LcCOMT improves lignin and melatonin synthesis in transgenic plants under drought stress

To assess the impact of modified COMT levels on downstream metabolites, the lignin and melatonin concentrations were evaluated in transgenic and wild-type plants. Under normal circumstances, the total lignin content in LcCOMT transgenic plants decreased to 80.3% of the levels found in wild-type plants (p<0.0001). However, following exposure to drought conditions, these transgenic plants demonstrated a 129.5% rise in lignin content compared to the wild-type plants (p<0.0001) (Figure 7A). Given that lignin is a key structural component of the cell wall and aids in the long-distance transportation of water and nutrients in higher terrestrial plants (Vanholme et al., 2019), the stem structures of wild-type and transgenic plants were compared post drought treatment. Consequently, the stems of LcCOMT transgenic plants accumulated more purplish-red lignin than those of wild-type plants. Additionally, the cortex in LcCOMT transgenic plants exhibited greater thickening compared to that in wild-type plants (Figure 7B), potentially offering enhanced protection in scenarios of water scarcity (Zhuang et al., 2020). Interestingly, under drought stress conditions, the transgenic plants displayed a more uniform pith structure in contrast to the wild-type plants, indicating that the transgenic plants might better withstand drought stress due to their improved capacity for water and nutrient transport compared to the wild-type plants (Figure 7B).
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Figure 7 | Photosynthetic pigment content, lignin and melatonin synthesis of wild-type and LcCOMT transgenic plants. (A) lignin content; (B) The visualization of stems in wild-type and LcCOMT transgenic plants. CO, F, Pi and X represent Cortex, vascular bundle, pith and xylem, respectively. The eyepiece was set as 10 folds; (C) melatonin content; (D) chlorophyll content; (E) β-carotene content. WT, wild-type plants; LcCOMT, LcCOMT transgenic plants. *, **, *** and **** represented statistical significance of p<0.05, p<0.01, p<0.001 and p<0.0001, respectively.

Overexpression of LcCOMT gene resulted in elevated melatonin production. In LcCOMT transgenic plants, the total melatonin content was 2.34 times higher compared to wild-type plants (p<0.001). Following drought treatment, this increase became more significant, with melatonin levels reaching 2.94 times that of the wild-type plants (Figure 7C). These results indicated that LcCOMT gene was involved in melatonin biosynthesis, potentially impacting the drought stress tolerance of transgenic plants.

Chlorophyll and carotenoids are pigments crucial for photosynthetic efficiency and response to stress (Gajardo et al., 2024). When exposed to drought stress, Chla/b ratio decreased compared to the control group. Specifically, Chla/b ratio in wild-type plants was approximately 1.90 under normal conditions, but decreased to 1.34 under drought stress, likely due to the adverse impacts of the stress. Interestingly, chlorophyll levels in LcCOMT transgenic plants were significantly higher at 108% (p<0.001) compared to wild-type plants (Figures 7D, E). Furthermore, Chla/b ratio in LcCOMT transgenic plants was 1.14 times higher than in wild-type plants under normal conditions, and 1.06 times higher under drought stress (Figure 7D). Additionally, carotenoid levels in LcCOMT transgenic plants were 122% (p<0.05) of those in wild-type plants (Figures 7D, E).




2.6 Overexpression of LcCOMT increases defense-related enzymes activities together with reduced MDA and H2O2 contents

Drought stress triggers the production of ROS such as H2O2 (hydrogen peroxide), leading to the oxidation of membrane lipids (Wilkinson and Davies, 2010; Shabala et al., 2015). Malondialdehyde (MDA) is widely recognized as a marker of the extent of membrane lipid oxidation (Huang et al., 2020). Antioxidant enzymes, such as superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), function as ROS scavengers, alleviating damage caused by ROS (Huang et al., 2020). To elucidate the drought-tolerant mechanism induced by LcCOMT overexpression, this study assessed the activities of POD, SOD, and CAT, observing enhanced activities in the transgenic plants.

Figure 8A demonstrated that POD activity was consistently elevated in transgenic plants compared to wild-type plants across various conditions, with the most notable increase observed after drought treatments. Specifically, the total POD activity in LcCOMT transgenic plants was 2.77 times higher than that in wild-type plants under normal conditions. Following exposure to drought stress, the POD activity in transgenic plants significantly rose to 1244.03 U/g/min, whereas it was only 172.00 U/g/min in wild-type plants (p<0.0001). In Figure 8B, SOD activity in transgenic plants (88.36 U/g) exceeded that in wild-type plants (81.40 U/g) under normal conditions. However, both transgenic and wild-type plants exhibited decreased SOD activity under drought stress compared to normal conditions. Furthermore, CAT activity in transgenic plants was 1.35 times higher than that in wild-type plants under normal conditions. Remarkably, under drought stress, CAT activity in transgenic plants was approximately 7 times higher than that in wild-type plants (Figure 8C), indicating that the overexpression of LcCOMT led to enhanced CAT activity.
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Figure 8 | Anti-oxidant enzyme activities in wild-type and transgenic plants. (A) peroxidase (POD) activity; (B) superoxide dismutase (SOD) activity; (C) catalase (CAT) activity; (D) Malondialdehyde (MDA) content; (E) H2O2 content. WT, wild-type plants; LcCOMT, LcCOMT transgenic plants. *** and **** represented statistical significance of p<0.001 and p<0.0001, respectively.

Figure 8D revealed that there was no statistically significant variance in MDA content between transgenic and wild-type plants under normal conditions. However, MDA content in LcCOMT transgenic plants was observed to be lower than that in wild-type plants under drought stress. Additionally, H2O2 levels in LcCOMT transgenic plants were lower than those in wild-type plants under both normal conditions and drought stress (Figure 8E). These results suggested that the overexpression of LcCOMT enhanced the antioxidant capacity of transgenic plants, thereby improving their resilience to drought stress.




2.7 Phytohormone melatonin application increased defense-related enzymes activities

In contrast to lignin as a support material, previous studies have suggested that the phytohormone melatonin might enhance stress tolerance through its ability to scavenge ROS (Kolupaev et al., 2024). To explore the potential of melatonin in boosting the activities of defense-related enzymes, exogenous melatonin was administered to wild-type plants under both normal and drought conditions.

Biochemical assays conducted after 7 days of treatment revealed that the application of exogenous melatonin led to an increase in the activities of POD, SOD, and CAT enzymes (Figure 9). In comparison to untreated plants, melatonin-treated plants exhibited elevated levels of POD, SOD, and CAT enzymes, with SOD and CAT activities being 1.15 times (p<0.01) and 1.13 times (p<0.05) higher than those in the control group, respectively. Additionally, the levels of MDA and H2O2 were lower in melatonin-treated plants than in the control group, with H2O2 content decreasing to 63.26% (p<0.01) of the control levels.
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Figure 9 | Defense-related enzyme activities after exogenous application of melatonin. (A) POD activity; (B) SOD activity; (C) CAT activity; (D) MDA content; (E) H2O2 content. WT, wild-type plants; MT-WT, wild-type plants treated by melatonin. *, **, and *** represented statistical significance of p<0.05, p<0.01, and p<0.001, respectively.

Under conditions of drought stress, plants treated with melatonin demonstrated elevated activities of POD, SOD, and CAT in comparison to untreated plants. Specifically, the activities of POD and CAT showed a significant increase by 1.33-fold (p<0.01). Additionally, the application of melatonin resulted in decreased levels of MAD and H2O2, with H2O2 content decreasing to 79.27% (p<0.05) of the control levels. These results highlighted the essential role of melatonin in enhancing the activities of defense-related enzymes and suggested its potential involvement in promoting stress tolerance.





3 Discussion

COMTs, which are part of O-methyltransferase (OMT) family, play a crucial role in the methylation process involved in the biosynthesis of various metabolites, such as phenylpropanoids, flavonoids, alkaloids, and melatonin (Do et al., 2007; Besse et al., 2009). Melatonin has been identified in a wide range of organisms, from primitive bacteria to higher plants. The presence of COMTs in bryophytes raises questions about their evolutionary origins. The phylogenetic analysis might support the idea that angiosperm COMT/ASMTs have evolved from ancient ASMTs (Figure 1A), in line with the proposal by Zhao et al. (2022b) that COMTs evolved from ancestral ASMTs during the plant colonization of land. The four conserved domains shared by ASMT and COMT might serve as distinctive markers of OMT family (Figure 2). Furthermore, the phylogenetic analysis revealed that COMT/ASMTs from the same species, such as O. sativa, Arabidopsis, and S. lycopersicum, were located in separate evolutionary branches, suggesting that the genetic differences leading to these differences might have arisen before the divergence of these species. Notably, COMTs from Arabidopsis and O. sativa exhibited higher melatonin production compared to ASMTs, indicating that COMTs had not only preserved ASMT activity but also had significantly enhanced it (Zhao et al., 2022b). Additionally, COMTs have been recognized as key enzymes in lignin biosynthesis, primarily present in vascular tissues, providing terrestrial plants with tolerance to drought, salinity, and high temperatures (Qin et al., 2022; Rahman et al., 2022). To elucidate the biological properties of these enzymes, the research conducted an analysis of amino acid sequence variations among COMT/ASMTs, revealing substantial diversity, with LcCOMT sharing no more than 41% identity with ASMTs (Supplementary Table 1). Interestingly, a higher average pairwise identity was observed in COMTs (59%) compared to ASMTs (48%) from higher plants, indicating a greater conservation of COMTs following the divergence of COMT/ASMTs. The group-wise conserved motif analysis identified motif 6 as specific to COMTs, potentially contributing to the unique function of lignin biosynthesis (Figures 1B, C). In a previous study, it is confirmed that the residue Asn130 in motif 6 is associated with phenolic substrate binding (Song et al., 2022).

In vitro enzymatic assay demonstrated that LcCOMT effectively facilitated the conversion of N-acetylserotonin and caffeic acid. This substrate preference aligned with that of COMTs found in other plant species, despite notable kinetic variations among COMTs from different plants (Back et al., 2016). Tan et al. (2016) suggested that ASMTs from animals exhibited a stronger affinity for serotonin, underscoring the complex substrate specificity within COMTs. To investigate the mechanisms behind the different kinetic properties of LcCOMT, a comparison of N-acetylserotonin binding regions I and II in COMTs was conducted, revealing that binding region II is more conserved than region I. Specific residues such as Asp95 and Gln98, unique to binding region II of LcCOMT (Figure 2), might contribute to its kinetic differences, although further validation was required. Notably, while motif 1 and 4 were present in both COMTs and ASMTs, Phe171 in motif 4 and Asp269 in motif 1 were substituted by different amino acid residues in ASMTs, suggesting their potential involvement in substrate recognition (Supplementary Figure 2). Site mutation studies provided evidence that Phe171 and Asp269 played significant roles in the binding and catalysis of caffeic acid rather than N-acetylserotonin. The acetyl group in N-acetylserotonin could lead to changes in the binding position within the substrate pocket. Additionally, the production of melatonin by LcCOMT was hindered by caffeic acid, indicating a notable reduction in methylating activity. Lee et al. (2014) observed that caffeic acid inhibited the methylation of serotonin catalyzed by AtCOMT, implying shared binding sites for various substrates, including caffeic acid and N-acetylserotonin. Future studies should comprehensively identify the amino acid residues involved in substrate binding, particularly those interacting with N-acetylserotonin.

Recent omics studies suggested that COMT might not only function as stress-responsive proteins in stress regulatory networks but also play a role in plant tissue development (Khakdan et al., 2017; Liao et al., 2023; Pham et al., 2024). COMTs exhibit complex expression patterns in various tissues. For example, eight out of 18 COMTs from mango were down-regulated in roots, while seven out of those were upregulated in stems (Wang et al., 2024). However, 12 out of 16 COMTs from watermelon were predominantly up-regulated in roots (Chang et al., 2021). The quantitative real-time polymerase chain reaction (qRT-PCR) data indicated that LcCOMT in transgenic plants was not tissue-specific under normal conditions but showed significant upregulation in stems under drought stress, suggesting its potential role in the transport of mineral salts, nutrients, and water (Figure 5). A similar trend was observed with the upregulation of Bt toxin expression in Bt transgenic O. sativa under various environmental conditions, such as changes in CO2 concentration (Jiang et al., 2017). Comparable drought-induced expression levels of COMT proteins and/or transcripts have been documented in N. tabacum (Yao et al., 2022) and Citrullus lanatus (Chang et al., 2021). The expression pattern of LcCOMT in transgenic plants under drought stress aligned with that in its native plant, L. chuanxiong, where LcCOMT was induced under drought stress (Li et al., 2015). Given the stress-induced characteristics of LcCOMT gene in transgenic plants, it was plausible to suggest that LcCOMT gene could be a significant stress-responsive contributor.

To investigate the stress tolerance potential, a comparison was made between the adaptability and growth of transgenic and wild-type plants under normal and drought conditions. The results indicated that under drought stress, transgenic Arabidopsis exhibited improved adaptability and growth in comparison to wild-type plants (Figure 6). Similar positive results were observed in functional investigations of COMTs from other plant species, such as C. rigescens (Zhang et al., 2019), C. lanatus (Chang et al., 2021), and O. sativa (Choi et al., 2017). These results suggested that LcCOMT might have a positive impact on the drought response in Arabidopsis, thereby enhancing the comprehension of complex systems in higher plants, particularly in relation to drought tolerance. The genetic modifications based on LcCOMT gene showed promise for the development of stress-tolerant plants in the future. Plant responses to osmotic stresses such as drought are regulated through both abscisic acid (ABA)-dependent and ABA-independent signaling pathways (Yoshida et al., 2015). The identification of ABA response elements in the promoter of COMT gene, which exhibits high expression levels under ABA treatment (Zhang et al., 2019), suggests that while COMT is not directly involved in ABA biosynthesis, the improved drought tolerance observed in transgenic plants overexpressing COMT gene is likely associated with ABA-dependent pathways.

Lignin, a byproduct of the phenylpropanoid pathway, is acknowledged not only as a crucial element for providing mechanical support in plants but also for alleviating the impacts of abiotic stresses. The process of lignification predominantly takes place in various vascular tissues, contributing to the enhancement of plant height, stem strength, and yield (Kamran et al., 2018). Despite LcCOMT transgenic plants displaying reduced lignin levels compared to wild-type plants under normal circumstances, the heightened lignin levels in transgenic plants under drought stress potentially played a role in their improved growth during drought conditions (Figures 7A, B). Previous research has demonstrated that increased lignin levels can boost plant resilience to drought (Chen et al., 2020; Xu et al., 2020; Qin et al., 2022), suggesting that the lignin levels in LcCOMT transgenic plants could enhance drought tolerance. Additionally, while COMTs serve as pivotal enzymes in phenylpropanoid metabolism and their overexpression can elevate lignin content, the impact of heightened melatonin levels in these transgenic plants on enhancing lignin content should also be taken into account. Studies have indicated that the external application of melatonin could affect the expression of phenylpropanoid biosynthesis genes in cotton (Li et al., 2019), implying that the observed variations in lignin levels (Figures 7A, B) might be partly attributed to altered melatonin content.

Melatonin, a classical phytohormone, plays a beneficial role in modulating plant responses to both biotic and abiotic stress (Shi et al., 2015; Ge et al., 2023). The accumulation of melatonin and lignin has been observed to lead to various phenotypic changes that help plants to cope with stress (Huang et al., 2024). The biosynthesis of melatonin in plants involves two pathways originating from serotonin (Li et al., 2022a). The first pathway entails the conversion of serotonin to N-acetylserotonin by serotonin N-acetyltransferase (SNAT), followed by methylation through ASMT or COMT to produce melatonin. Conversely, the second pathway involves the initial methylation of serotonin into 5-methoxytryptamine by COMT or ASMT, followed by N-acetylation by SNAT to form melatonin (Choi et al., 2017). Considering that COMTs exhibit higher affinity and reaction efficiency towards N-acetylserotonin than serotonin, it was reasonable to assume that the first pathway played a more crucial role in melatonin biosynthesis in plants compared to the second pathway (Back et al., 2016). The significant enzymatic conversion of LcCOMT protein to produce melatonin suggests that enhancing melatonin levels in LcCOMT-overexpressing plants holds promise. Consequently, melatonin levels in LcCOMT transgenic plants were found to be higher under both normal and stress conditions compared to wild-type plants (Figure 7C). This increase in melatonin could potentially enhance plant tolerance to drought (Tiwari et al., 2021), indicating that stress tolerance regulation by LcCOMT may be linked to melatonin levels. The diverse functions of COMT (Li et al., 2016), underscore the significant role of B. napus COMT in various physiological processes. Several mechanisms have been proposed to explain the multifunctionality of melatonin in enhancing resistance to various abiotic stresses, including (1) induction of endogenous plant hormones and their related genes under stress (Arnao and Hernández-Ruiz, 2018); (2) protection of phytonutrients such as carotenoids, chlorophylls, flavonoids, and fibers (Sun et al., 2020; Arnao and Hernández-Ruiz, 2021); (3) enhancement of defense enzyme activities and production of antioxidative substances (Wang et al., 2021). In this study, LcCOMT transgenic plants exhibited higher chlorophyll and carotenoid contents, increased activities of POD, CAT, and SOD, and lower ROS content, potentially induced by drought stress (Hessini et al., 2021). Chlorophyll and carotenoids are essential components in photosystem I and II (PSI and PSII), aiding in light capture and transfer (Luimstra et al., 2019). The relatively higher chlorophyll content, Chla/Chlb ratio, and carotenoid content in LcCOMT transgenic plants compared to wild-type plants (Figure 7D) might enhance the conversion of light energy into biochemical energy, indirectly reducing ROS (Ren et al., 2023). Furthermore, the exogenous application of melatonin confirmed its role in promoting antioxidant enzyme activities while reducing MDA and H2O2 contents (Figure 9). Overall, the increased melatonin content in transgenic Arabidopsis under drought stress emphasized the significance of LcCOMT gene in melatonin biosynthesis. Changes in melatonin content might contribute to the adaptive variations associated with stress, with accumulated melatonin providing multiple positive effects on plant stress tolerance.

Furthermore, while LcCOMT enhances drought tolerance in plants through its pleiotropic effects, several aspects of its anti-stress mechanism require further discussion. Firstly, melatonin affects the biosynthesis of phenylpropanoids such as ferulic acid, p-coumaric acid, and p-hydroxybenzoic acid, which serve as precursors of lignin (Yin et al., 2022). Therefore, the alterations in lignin content (Figures 7A, B) may be partially attributed to changes in melatonin levels. Secondly, there is limited research on the regulation of melatonin biosynthesis, and certain key regulatory points remain unclear. For example, transgenic O. sativa overexpressing O. sativa SNAT exhibited low melatonin content despite high enzymatic activity (Byeon et al., 2015). Therefore, an evaluation of the impact on the genes related to melatonin biosynthesis in LcCOMT transgenic plants is warranted. Thirdly, considering the inhibitory effect of caffeic acid on N-acetylserotonin, the balance between lignin and melatonin biosynthesis should not be overlooked, and the metabolic flux may partly depend on the substrate concentrations. Fourthly, despite COMT evolving from ancient ASMT with a new function in lignin biosynthesis (Zhao et al., 2022b), their functional characteristics remain ambiguous. For instance, recombinant ASMT proteins were found to be inactive in catalytic analysis, but transgenic O. sativa overexpressing ASMT gene exhibited increased ASMT levels compared to wild-type plants (Park et al., 2013). Wang and Pichersky (1999) reported that despite eugenol/isoeugenol OMT and COMT sharing 83% amino acid sequence identity, they displayed different substrate preferences and methylation site specificities due to a few amino acid variations. In this study, LcCOMT demonstrated higher Km and Vmax parameters for N-acetylserotonin, despite sharing over 70% identity with O. sativa and Arabiposis COMTs. It is hypothesized that key amino acid substitutions may induce conformational changes in the substrate-binding region, resulting in kinetic differences. However, the selective and catalytic mechanism of COMTs remains partially unresolved due to the absence of three-dimensional structures of COMT/N-acetylserotonin complexes. Fifthly, as the biosynthetic sites of melatonin are linked to multiple organelles, including chloroplasts, mitochondria, endoplasmic reticulum, cytoplasm, and nucleus (Back et al., 2016; Tan and Reiter, 2020; Yao et al., 2022), it is imperative to provide more subcellular information on COMTs for targeted metabolic engineering of melatonin.




4 Conclusion and future direction

The bioinformatic analysis suggested an association between LcCOMT and the biosynthesis of melatonin and lignin. Subsequently, it is demonstrated that LcCOMT is capable of producing melatonin through O-methylation of N-acetylserotonin, despite the higher preference for caffeic acid, a precursor in lignin synthesis. The residues Phe171 and Asp269 in LcCOMT were found to primarily participate in the O-methylation process of caffeic acid rather than N-acetylserotonin. Through transgenic experiments, LcCOMT gene was confirmed to have a positive impact on drought tolerance. Furthermore, the enhanced accumulation of lignin and melatonin contents was identified as a potential molecular mechanism contributing to the drought tolerance mediated by LcCOMT. In conclusion, this study has contributed to a deeper understanding of the drought tolerance mechanisms in the plant COMT family, particularly through the mediation of lignin and melatonin biosynthesis.

Future research endeavors should delve into a more comprehensive investigation of various aspects encompassing morphology, physiology, and molecular mechanisms. Firstly, apart from aerial tissues, subterranean tissues will be utilized to assess the drought tolerance of LcCOMT transgenic plants. Secondly, meticulous examination of the subtle morphological traits of the vascular system and stomatal structures will be conducted. Thirdly, a detailed evaluation of several physiological characteristics, such as the PSI/PSII ratio, will be undertaken to enhance comprehension of the role of photosynthetic capacity in drought tolerance. Fourthly, transgenic plants harboring mutated LcCOMT genes will be engineered, followed by an assessment of their drought tolerance. Fifthly, an integrated omics approach will be employed to explore the downstream genes and metabolites involved in the melatonin-dependent signaling pathway, thereby potentially elucidating the molecular mechanisms of LcCOMT gene in drought tolerance. Sixthly, urgent measures include protein crystallization or the development of a homology model of LcCOMT (mutant LcCOMT)/N-acetylserotonin complex to unravel the catalytic mechanism of LcCOMT utilizing N-acetylserotonin as a substrate. Finally, determining the subcellular localization of LcCOMT is essential.




5 Materials and methods



5.1 Plants, chemicals, enzymes, plasmids, and bacterial strains

Briefly, the recombinant vector pET28a-LcCOMT is constructed by restriction enzyme digestion and ligation based on our previous research (Song et al., 2022). Trizol Reagent, Plant RNA Kit, PrimeScript™ RT reagent kit with gDNA Eraser (Perfect Real Time), size markers for DNA and proteins, SYBR Premix Ex Taq™ II, and restriction endonucleases were sourced from TaKaRa Bio and Tsingke Biotechnology. The Plasmid Mini Kit I was acquired from Vazyme Biotech. Escherichia coli (E. coli) strains DH5α™ and Agrobacterium GV3101 were provided by Invitrogen.




5.2 Sequence comparison, phylogeny and motif analysis of LcCOMT with other ASMT/COMTs related to melatonin biosynthesis

The nucleotide sequences of several functionally identified ASMT/COMTs, including nine ASMTs, eight COMTs, and two bacterial ASMTs as outgroups, were downloaded from GenBank database in NCBI (https://www.ncbi.nlm.nih.gov/) and were listed in Supplementary Table 1. Then, sequence alignments of selected full-length ASMT/COMT proteins were performed using ClustalW with default settings. A phylogenetic tree was constructed via the neighbor-joining (NJ) method with 1000 bootstrap replicates in MEGA 6.0 software (Zhang et al., 2021). MEME Suite (https://meme-suite.org/meme/tools/meme) was conducted to discover sequential motifs that represented structural features of ASMT/COMTs (Tian et al., 2023).




5.3 Expression and purification of LcCOMT protein in E. coli

Following the method outlined by Song et al. (2022), E. coli BL21 (DE3) harboring the pET28a-LcCOMT plasmid was cultured at 37°C in 500 mL of LB medium containing 0.1 mg/mL kanamycin. After the absorbance at 600 nm (OD600) of the bacterial solution reached approximately 0.6-0.8, 1 mM IPTG was added to induce production of LCCOMT protein for 16 hours. The bacterial cells were then harvested by centrifugation at 4°C and 5000×g for 10 min. The pellet was lysed in 20 mM Tris/HCl (pH 7.9) containing 0.1% (W/V) lysozyme and 150 mM NaCl, followed by sonication. The lysate was centrifuged at 4°C and 13,000×g for 10 minutes to collect the supernatant. Following the addition of supernatant to a Ni-agarose affinity column, the LcCOMT protein was eluted according to the manufacturer’s instructions (Takara, Japan). The purified LcCOMT protein was dialyzed in buffer composed of 2 mM Tris-HCl (pH 7.4), 10% (V/V) glycerol, 0.5 mM β-mercaptoethanol and 200 mM NaCl, and stored at -20°C. The commercial kit (BL521A, Biosharp Cor, China) developed from the Braford method was used to assess the concentration of the purified LcCOMT protein. The purity of the LcCOMT protein was assessed using 12.5% SDS-PAGE followed by Coomassie Blue staining (Li et al., 2015).




5.4 Enzymatic assay of LcCOMT protein

To determine the activity of LcCOMT against caffeic acid, we followed the procedure outlined in a previous report (Lee et al., 2014; Li et al., 2015) with minor modification. In brief, the enzymatic system consisted of 10 μg/mL purified LcCOMT protein, 200 μM substrate (caffeic acid or N-acetylserotonin), 1 mM SAM, 1 mM DTT and 100 μM potassium phosphate buffer (pH 7.8). After incubation at 37°C for 30 min, the reaction was terminated by adding 1 mL of methanol. The product was extracted three times by ethyl acetate and was then analyzed by high performance liquid chromatography (HPLC). In order to obtain the kinetic characteristics, the Lineweaver-Burk plots were generated with different concentrations of substrates to measure substrate affinity (Km) and maximum reaction rate (Vmax).




5.5 Site-directed mutation of LcCOMT protein

Phe171 and Asp269 were predicted as potential catalytic residues of LcCOMT protein via molecular docking (Song et al., 2022). To identify the speculation, site mutagenesis was performed using a point mutation kit (Vazyme, China) (Zhou et al., 2020). The codons TTT (Phe171) and GAT (Asp269) were altered to GCT (Ala) using the primer pairs LcCOMT-F171A-F, LcCOMT-F171A-R, LcCOMT-D269A-F and LcCOMT-D269-R (Supplementary Table 3), respectively. The PCR was performed by based on in 50 μL reaction volume containing 1 μL of Phanta Max Super-Fidelity DNA Polymerase, 1 μL of pET28a-LcCOMT as the template, 2 μL of forward primer, 2 μL of reverse primer, 1 μL of dNTP mix, 25 μL of 2×Max buffer, and 18 μL of sterile distilled water. The PCR product was digested by Dpn I and was then ligated into the linearized pET28a vector to produce mutants pET28a-LcCOMT D269A and pET28a-LcCOMT F171A. The bacterial transformation, expression, purification, and enzymatic assays of the mutated protein were performed using the same methods as for pET28a-LcCOMT.




5.6 Production of LcCOMT transgenic Arabidopsis plants

The recombinant vector carrying the LcCOMT gene was constructed using homologous recombination method (Yan et al., 2011). Initially, LcCOMT cDNA was amplified using the forward primer LcCOMT-KpnI-F and the reverse primer LcCOMT-KpnI-R, both containing the KpnI site (Supplementary Table 3). The LcCOMT fragment and vector pCambia2301-KY underwent linearization by KpnI digestion, following by purification and final conjugation to generate recombinant pCambia2301-KY-LcCOMT vector. The recombinant vectors were verified using the primers 35S-F and LcCOMT-R to confirm the correct orientation of the open reading frame. The transformation of Arabidopsis thaliana was performed via the Agrobacterium-mediated flower dip method as reported by Qin et al. (2022).




5.7 Drought treatments

The seeds of transgenic and wild-type plants were firstly germinated for 14 days on sterile half-strength Murashige and Skoog (MS) solid medium at 25°C, 80% humidity, and a 16 h light/8 h dark cycle. Seedlings were then transferred to soil pots (nutrient soil: vermiculite: peat, 1.5:1:1, V/V/V) and grown under the same light and temperature conditions. For drought treatment, seedlings were supplemented with 2% PEG (V/V). Control plants were sprayed with Holland nutrient solution. After 14 days, phenotypes of both transgenic and wild-type plants were evaluated.




5.8 Expression pattern of LcCOMT in transgenic plants under drought treatment

To analyze LcCOMT expression levels in transgenic plants under drought stress, qRT-PCR was performed as previously described (Li et al., 2015). Total RNA was extracted using the RNA simple Total RNA Kit (TIANGEN, Beijing, China), followed by reverse transcription using the FastKing RT Kit (TIANGEN, Beijing, China). qRT-PCR assays were conducted with the. Real-time PCR was performed in a 16 μl reaction volume containing 1 μl of template DNA, 1 μL of forward primer, 1 μL of reverse primer, 8 μL of SYBR® Premix Ex Taq™ II (2×) kit (Takara, Japan), and 5 μL of sterile distilled water. Each run underwent one cycle at 94°C for 60 s, followed by 40 cycles at 94°C for 10 s, 60°C for 10 s, and 72°C for 20 s. Relative mRNA expression was quantified by normalizing to Arabidopsis 18S rRNA, calculated using the ΔΔCT-method (Li et al., 2015). The gene-specific primers (LcCOMTqFP, LcCOMTqRP, 18SFP, and 18SRP) are listed in Supplementary Table 3.




5.9 Determination of lignin, melatonin and chlorophyll content

Plant stems were powdered in liquid nitrogen and 10 mg of the freeze-dried powder was incubated in 2 mL of acetyl bromide/acetic acid (1:3, V/V) at 70°C for 30 minutes. The reaction was terminated by adding 0.9 mL of 2 M NaOH, 3 mL of acetic acid, and 0.1 mL of 7.5 M hydroxylamine hydrochloric acid. The acetyl bromide-soluble lignin content was determined following the same method as Qin et al. (2022). Meanwhile, the lignin was visualized using phloroglucinol-HCl staining as described by Qin et al. (2022). The stems located at 3 cm high of rosette leaves from transgenic and wild-type plants were soaked in FAA fixing solution for 3 weeks. The lignin in stems was stained by Wiesner color reaction, and thus the lignin-stained stems were observed immediately under the range of binocular optical microscope.

Melatonin content was quantified using the HPLC method (Martins et al., 2017). Initially, 0.2 g of stem sample was ground in liquid nitrogen and was extracted overnight in 1 mL of methanol. After centrifugation at 10,000 rpm, 4°C for 10 minutes, the supernatant was dissolved in 0.5 mL of 80% methanol and was filtered through a 0.45 μm membrane. The melatonin sample was then analyzed by HPLC at a flow rate of 1 mL/min with a mobile phase of acetonitrile/0.1% acetic acid (15:85, V/V).

Chlorophyll and carotenoid content were determined by optical absorbance measurement (Upreti et al., 2021), with minor modifications. Initially, 0.1 g of plant sample was ground with ice-cold 95% ethanol. The powder sample was kept in the dark for 12 hours at room temperature until the absorbance of the extract at 470, 649, and 665 nm was recorded, respectively. Total chlorophyll and carotenoid were calculated using the formulas: Chlorophyll a (Ca)=13.95A665-6.88A649, chlorophyll b (Cb)=24.96A649-7.32A665, Total chlorophyll=Ca+Cb; Carotenoid=(1000A470-2.05Ca-114Cb)/245.




5.10 Assays of POD, CAT and SOD activities

Leaf samples (500 mg fresh weight) were ground in liquid nitrogen. The powder was homogenized in 6 mL of 50 mM ice-cold sodium phosphate buffer (pH 7.8) for preparation of SOD samples. For preparation of POD and CAT samples, the buffer was changed by 50 mM sodium phosphate buffer (pH 7.0). The homogenates were centrifuged at 4°C, 10,000 rpm for 20 minutes, and the supernatant (crude extract) was used for enzyme assays.

CAT activity was determined using a commercial CAT assay kit (R22073-100T, Yuanye Cor, China) coupled with absorbance detection at 240 nm. CAT activity was monitored by the decrease in absorbance at 240 nm due to H2O2 decomposition, and defined as a 0.01 absorbance change per minute per mg of protein (Grilo et al., 2020). POD activity was measured by guaiacol oxidation and defined as an increase in absorbance at 470 nm using a Thermo Multiskan spectrometer (Shah and Nahakpam, 2012). SOD activity was assessed using a commercial SOD assay kit (ab65354, Abcam) according to the manufacturer’s instructions, evaluating its ability to inhibit the photo-reduction of nitro blue tetrazolium (NBT) (Tian et al., 2023).




5.11 Assays of malondialdehyde and hydrogen peroxide contents

By use of the commercial MDA kit (R21869, Yuanye Cor, China), the sample was prepared according to the instruments. The MDA content was determined based on its reaction with thiobarbituric acid (TBA), producing a pink pigment (Wang et al., 2018). Then absorbance of the pigment was recorded at 450, 532, and 600 nm. Total MDA content was calculated using the formulae. MDA=6.45(A532-A600)-0.56A450.

For preparation of sample for analysis of H2O2 content, 2 g fresh leaves were homogenized in 2 mL of ice-cold acetone followed by centrifugation at 12000×g, 4°C for 20 min. H2O2 content was quantified using a commercial TiO2 kit (R30339-50T, Yuanye Cor, China). TiO2 reacts with H2O2 to produce H2O2/TiO2 complex, a yellow compound with an absorption maximum at 412 nm.




5.12 Statistical analysis

Data from this study underwent statistical analyses utilizing SPSS v19.00 (SPSS Inc., United States). The results are expressed as the mean ± standard deviation of three values (N=3). To ascertain statistically significant differences between two groups, independent t-tests were employed and those with p-values less than 0.05 were deemed statistically significant. For Km and Vmax assessment, three replicates were set up in each group, and one-way ANOVA test was performed using the curve fitting function of GraphPad Prism 9.5.0 with a threshold of 0.05.
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Anthropogenic activities and subsequent global climate change instigate drastic crop productivity and yield changes. These changes comprise a rise in the number and severity of plant stress factors, which can arise simultaneously or sequentially. When abiotic stress factors are combined, their impact on plants is more substantial than that of a singleton stress factor. One such impact is the alteration of redox cellular homeostasis, which, in turn, can regulate downstream stress-responsive gene expression and resistance response. The epigenetic regulation of gene expression in response to varied stress factors is an interesting phenomenon, which, conversely, can be stable and heritable. The epigenetic control in plants in response to abiotic stress combinations and their interactions with cellular redox alteration is an emerging field to commemorate crop yield management under climate change. The article highlights the integration of the redox signaling pathways and epigenetic regulations as pivotal components in the complex network of plant responses against multi-combinatorial stresses across time and space. This review aims to lay the foundation for developing novel approaches to mitigate the impact of environmental stresses on crop productivity, bridging the gap between theoretical understanding and practical solutions in the face of a changing climate and anthropogenic disturbances.
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1 Introduction

The collective influence of human activities on Earth over the last few decades has resulted in numerous severe environmental stress conditions within our ecosystems and agricultural areas (Rillig et al., 2019). These conditions encompass extreme and variable weather events attributable to climate change, such as heatwaves, frost, prolonged submergence, or drought. Additionally, they affect soil conditions, including salinity and varying pH, and they introduce various anthropogenic contaminants like heavy metals, microplastics, pesticides, antibiotics, and persistent organic pollutants into the environment. Other contributors to the complex environmental milieu include radiation (e.g., UV), restricted nutrient availability, and elevated concentrations of airborne molecules and gases such as ozone, particulate matter from combustion, and carbon dioxide (CO2).

In agriculture, the impact of these simultaneous stress conditions creates crop damage of different magnitudes. Plants often encounter a combination of abiotic stresses in their natural habitats, creating a dynamic and challenging environment that leads to a loss in crop productivity and yield. Optimizing crop yield is a paramount objective directly proportional to the formidable challenges posed by these stressors (Zhang et al., 2022). Abiotic stress, arising from non-living environmental factors, includes a spectrum of adversities such as extreme temperatures, drought, salinity, and pollutants. Each of these stressors, individually and collectively, profoundly influences plant physiological processes, thereby precipitating a discernible reduction in crop productivity. Drought conditions may coincide with elevated temperatures, salinity stress may accompany heavy metal toxicity, and fluctuating environmental factors may converge, presenting a complex matrix of challenges. Numerous reports and studies indicate the ill effects of individual stress factors. However, our knowledge of simultaneous stress remains rudimentary. Therefore, understanding how plants perceive, prioritize, and respond to these multi-combinatorial stresses at the molecular level requires a holistic approach. Multi-combinatorial stress denotes the simultaneous exposure of cells to various environmental challenges, necessitating sophisticated and adaptive cellular responses for endurance (Zandalinas and Mittler, 2022).

Redox signaling, characterized by the production and reception of reactive oxygen species (ROS), stands at the nexus of plant stress responses. The alteration of redox homoeostasis is considered the primary and essential cellular response against any stress. Once considered mere byproducts of cellular metabolism, ROS is now recognized as versatile signaling molecules that modulate various cellular processes. The integration of redox signaling in stress perception allows plants to sense and transduce signals in a dynamic and context-dependent manner, initiating a cascade of events that culminate in adaptive responses. In the context of cellular homeostasis, the interaction between epigenetic regulatory mechanisms and redox signaling has emerged as a focal point of investigation, particularly when confronted with multicombinatorial stressors simultaneously. Epigenetic control, characterized by heritable modifications to DNA, histones, and non-coding RNAs, orchestrates gene expression patterns without altering the underlying genomic sequence. Concurrently, redox signaling involves maintaining the delicate equilibrium between ROS and antioxidants, indispensable mediators in cellular signaling pathways. The amalgamation of these regulatory frameworks assumes heightened significance when cells are subjected to a confluence of environmental stressors, precipitating situation-dependent cellular response (Ueda and Seki, 2020).

The experimental work of Zandalinas et al. (2021) has introduced a crucial concept in plant biology: as the number and complexity of stressors on a plant increase, plant growth and survival decline significantly, even when each individual stressor is relatively mild. This synergistic effect of multifactorial stress was previously observed in soil microbiomes by Rillig et al. (2019), highlighting its potential impact on plant–microbiome interactions. In ecosystems with high biodiversity (3D forest ecosystems), outcomes of multifactorial stress can vary, but the effect is likely negative in low-biodiversity agroecosystems like crop fields. The plant’s resistance response to multifactorial stress is intricately linked to redox signaling and epigenetic regulation. Reactive oxygen species (ROS) play a critical role in signaling pathways that modulate stress responses, while epigenetic mechanisms regulate gene expression patterns without altering the DNA sequence. Understanding how these processes interact under combined stress conditions is essential for developing resilient crops. The review underscore the urgent need to limit the number and intensity of environmental stressors to prevent detrimental impacts on plant health and ecosystem stability. The initial observations by Rillig and Zandalinas call for further studies on multifactorial stress combinations across various plant species, microbiomes, and crops, with a focus on the roles of ROS and epigenetics. Addressing this issue requires a comprehensive approach that includes breeding and engineering plants for resilience, increasing crop diversity, and manipulating plant–microbiome interactions. Integrating laboratory and field experiments with genome-wide association studies and leveraging wild plant varieties and microbiomes can enhance crop resilience. Additionally, incorporating insights from material sciences, nanotechnology, physics, chemistry, and precision agriculture can help mitigate the effects of multifactorial stress. Despite the challenges posed by the increasing rate of anthropogenic activity, with concerted efforts, it is possible to develop strategies to counteract the negative impacts of multifactorial stress on crops and ecosystems, particularly through advancements in understanding ROS signaling and epigenetic modifications. Understanding the integration of redox signaling pathways and epigenetic control in plant responses to multiple abiotic stresses holds profound implications for crop improvement strategies (Suzuki et al., 2014). Unravelling the molecular underpinnings aids in developing targeted interventions to enhance stress tolerance and resilience in agriculturally important crops, ultimately contributing to global food security. In summary, this review explores the integration of the redox signaling pathways and epigenetic regulations as a central node in the complex web of plant responses to multiple abiotic stresses. By deciphering the molecular dialogues within this complex network, we aim to extend our knowledge of plant stress biology and pave the way for innovative strategies to bolster crop resilience in a changing world.




2 ROS and its cellular toxicity

ROS and reactive nitrogen species (RNS) are the most abundant active signaling intermediate in the cellular milieu. The molecules containing one or more lone pair of electrons are called free radicals. Oxygen and nitrogen are two vital molecules necessary for sustaining life and the generation of essential biomolecules. O2 can carry two lone pair of electrons, whereas N2 can bear three. The generation of active oxygen species (AOS) is common in aerobic life forms. ROS includes both radical and non-radical forms of active oxygen molecules generated through partial reduction of O2, e.g., oxygen radical or superoxide anion or superoxide radical (O2•–), hydroxyl radical (HO•) and hydrogen peroxide (H2O2), hydroxide ion (HO−), peroxide ion (O2−2) (Ray et al., 2012). H2O2 is not as reactive as the other reactive forms; it is generated in the chain reaction process. This category has also included the spontaneous generation of H2O2 from superoxide radicals. The radical form is more reactive due to reactive lone pairs and high reduction potential (Baek and Skinner, 2012). The triplet oxygen (O22•) and sometimes singlet oxygen (1O2) are also considered ROS (Pospíšil et al., 2019). The mystery behind the generation of active oxygen lies in its spin chemistry of lone pairs of electrons. The spin quantum numbers of this pair of electrons are the same; hence, it restricts the acceptance of electrons from another atom with similar spin. The oxidation of molecular O2 is only possible through one electron transfer to another paramagnetic center, usually transition metals (Fe and Cu) with unpaired electrons (Tripathy and Oelmüller, 2012). The source-to-sink transition of ROS relies on chain reactions depending on the redox potential of the elements (Pospíšil et al., 2019; Mansoor et al., 2022). The light-activated NADP+/NADPH system during photosynthesis in chloroplast and NAD+/NADH system during electron transport system in chloroplast can donate electrons to the molecular oxygen due to high reduction potential (-320 mV). The light-driven photoactivation of chlorophyll molecules into singlet and triplet forms is also parallel induction during photosynthesis. In this process, both peroxide ion (O2−2) and superoxide radicals (O2•−) are formed within plants. Gradually the antioxidant scavenger system, including superoxide dismutase (SOD) with an iron core and free iron (FeIII) plays a crucial role in a further reduction to form hydrogen peroxide and/or peroxide radicals (H2O2/HO•) before it is further reduced to O2 or water (Tripathy and Oelmüller, 2012; Pospíšil et al., 2019; Mansoor et al., 2022) (Figure 1).

[image: Diagram depicting the interplay of photosynthesis and respiration in aerobic life. The upper section shows processes like excitation of chlorophyll leading to NADP+/NADPH reduction in photosynthesis and electron transport in respiration. Below, the formation of reactive oxygen species, such as singlet and triplet oxygen, along with reactions involving superoxide ions, hydrogen peroxide, and hydroxyl radicals, is detailed. The roles of SOD, catalase, and various ions in these processes are highlighted. Arrows illustrate the flow of reactions and transformations between oxygen species and radicals.]
Figure 1 | Schematic representation of cyclic reactions leading to reactive oxygen species (ROS) generation in plants. The figure depicts the apparent ROS production due to aerobic life. Photosynthesis and respiration are the primary biochemical cycles in plants that generate ROS as byproducts (PSI, PhotosystemI; PSII, PhotosystemII; PQ, Plastoquinone; Cyt-b6f, Cytochrome b6f complex; PC, Plastocyanine; CI-CV, Cytochrome I-V; SOD, Superoxide dismutase; NADPH, Nicotinamide Adenine Dinucleotide Phosphate Hydrogen.

Although highly reactive and toxic when accumulated, ROS are vital for normal plant growth, development, and stress signaling (Huang et al., 2019). The toxicity of ROS depends upon their longer half-life and extended diffusion capability within the cell (Mittler, 2017; Waszczak et al., 2018). The superoxide radicals (O2. −) are usually produced in mitochondrial ETS and can affect the mitochondrial genome. For instance, the light-grown maize seedlings showed high mitochondrial DNA damage due to excessive ROS production in developing mitochondria from non-pigmented meristematic cells (Tripathi et al., 2020). Singlet oxygen has almost similar transmission capability through the plasma membrane and has a greater affinity towards Trp, His, Tyr, and Cys residues of proteins (Dumanović et al., 2021). They can be transmitted from the chloroplast membrane to the cytosol and accumulate within the cell. The site-specific accumulation leads to programmed cell death (PCD) or hypersensitive response (HR) mediated cell death or stress response against varied abiotic factors (Dmitrieva et al., 2020). As the scavenging enzyme system of singlet oxygen is lacking, overproduction of this may be deleterious for the survivability of the plants. The delimited production of singlet oxygen may be involved in regulated cell death, controlling the normal development of plants (Bhatt et al., 2021). Recently, it has been observed that singlet oxygen governs pivotal signaling in the degradation of damaged chloroplasts (Lemke and Woodson, 2022). The mutant analysis with Arabidopsis fluorescent (flu) showed that SAFEGUARD1 (SAFE1), a chloroplast granum localized protein, is involved in the protection of chloroplast grana membrane in EXECUTER1 (EX1)-dependent retrograde signaling pathway (Wang et al., 2020). Recently, it has been demonstrated that EXECUTER 2 helps the EX1 signalosome to sense singlet oxygen in plastids (Dogra et al., 2022). The H2O2, instead, has a greater half-life and transmission time, hence targeting Cys and Met residues of proteins away from their origin. H2O2, after being produced by the activity of SOD in the chloroplast, mitochondria, plasma membrane NADPH oxidases, peroxisomal oxidases, type III peroxidases, etc., are transported within the cell by aquaporins. The accumulation of H2O2 leads to many toxic effects in plants but are readily detoxified by catalases, peroxiredoxin, glutathione peroxidases (GPX), and ascorbate peroxidases (APX) (Bhar et al., 2017). The accumulation of H2O2 may also lead to autophagy and PCD (Smirnoff and Arnaud, 2019). Fusarium-induced redox signaling was also observed in chickpeas during wilt disease. The susceptible plants showed extensive oxidative damage and membrane degradation due to poor antioxidative scavenging efficiency compared to the resistant chickpea plants (Gupta et al., 2013). Highly reactive HO• can modify almost all biomolecules (DNA, RNA, lipids, and proteins) in the cellular vicinity (Dumanović et al., 2021). The biotic and abiotic factors are responsible for the induction of ROS and target the biomolecules through varied transcription factors, e.g., NAC, Zinc finger, WRKY, ERF, MYB, DREB, and bZIP (Khedia et al., 2019). In most cases, ROS are accumulated and cause oxidative bursts in response to stress factors. Phenolic acids play critical roles in scavenging these heavy metal-induced ROS in Kandelia obovata and increase the bioavailability of metals (Chen et al., 2020). Soil aluminum (Al) induces oxidative bursts, interfering with plant water and nutrient uptake by affecting several nutrient uptake and aquaporin gene families (Chauhan et al., 2021). It has been concluded that uncontrolled production of ROS due to inefficient or damaged scavenging machinery leads to oxidative damage that includes degradation of biomolecules, membrane damage, disruption of cellular permeability, modification of metabolic enzymes, reduced carbon fixation, yield loss and cell death. However, balanced production of ROS is necessary for the normal functioning of plant cells. Hence, the toxicity of ROS is intricately dependent upon its cellular detoxification efficiency.




3 Plant immunity, ROS metabolism, and regulation

The plant immune response and signaling rely on biotic interaction. The pathogen-associated molecular pattern (PAMP) and host pattern recognition receptors (PRR) interact to instigate the first line of the immune response, pattern-triggered immunity (PTI). In the second line, the most specific and robust immune signaling takes place through the interaction of pathogen-secreted effector molecules (toxins) with the host resistance (R) gene, called effector-triggered immunity (ETI) (Jones and Dangle, 2006). The induction of ROS is an inevitable reaction in both PTI and ETI with varied magnitude (Yuan et al., 2021). This immune response may sometimes be impregnated as the genetic imprint and transgenerational, termed immunogenic memory (Bhar et al., 2021). The abiotic stress response does not always follow a generalized path, but oxidative burst is a common physiological effect that affects almost every abiotic stress factor. The host cells have specific receptors for abiotic stress signals. Membrane-bound receptor-like kinases (RLKs) play crucial roles in perceiving external stress signals in plants (Osakabe et al., 2013). Many biotic stress receptors may also act as abiotic stress receptors. Usually, the membrane damage associated with fluidity, integrity and the cell wall degradation product in response to both biotic and abiotic stress produces intermediates that act as damage/danger-associated molecular patterns (DAMPs). These DAMPs regulate many cellular responses, gene expressions, and hormonal cross-talk (Saijo and Loo, 2020). The receptor-mediated stress signals activated membrane-bound respiratory burst oxidase homolog (RBOH) or plant nicotinamide adenine dinucleotide phosphate oxidases (NADPH oxidases) (Liu and He, 2016). The receptor-mediated signal sometimes instigates calcium influx channels and generates a calcium signature, activating RBOH homologs (Bhar et al., 2023). The light-induced generation of singlet and triplet oxygen-mediated ROS production has also contributed to cellular redox homeostasis (Li and Kim, 2023). Despite their photodamaging behavior, they are also involved in cytosolic ROS signaling. Mitochondria, conversely, produces superoxide radicals during improper electron transport within the mitochondrial membrane. The abiotic stress and climate change induce elevated metabolism and produce proliferous ROS subsequently within mitochondria (Nadarajah, 2020). Alternatively, peroxisomal glycolate oxidases (GLO) play crucial roles in peroxisomal ROS production (Corpas, 2019). Climate change-induced heat stress and other abiotic stress combinations were reported to induce GLO-dependent H2O2 production in rice with elevated photosynthetic activity (Balfagón et al., 2020). The antioxidative scavenging machinery in plants actively detoxifies these ROS. The imbalanced production and scavenging system or inefficient detoxification led to oxidative stress in plants. The enzymatic scavengers include superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), glutathione peroxidase (GPX), monodehydroascorbate reductases (MDHAR), dehydroascorbate reductases (DHAR), glutathione reductase (GR) etc. The non-enzymatic scavengers encompass carotenoids, α-tocopherol, glutathione (GSH), ascorbic acid (AsA) and proline, which act on ROS to maintain cellular redox state (Mansoor et al., 2022). Thus, when the metabolic and stress-induced ROS surpasses the scavenging system, an oxidative burst takes place. Multiple abiotic stress stringently regulates acclimation using these redox alterations (Choudhury et al., 2017). The ROS leads to DNA damage, membrane degradation, lipid peroxidation etc. as oxidative stress markers (Bhar et al., 2023). Balanced ROS may act as a signaling intermediate and coordinates resistance gene expression by multiple induction of transcription factors (MYB, bZIP, WRKY, RAV, NAC, AP2/ERF, ZAT etc.) and cis acting elements (ARE, CORE, W-box, GCC box, as-1 like etc (Singh et al., 2019) (Figure 2).
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Figure 2 | The overview of ROS signal transduction during abiotic stress. The receptors in the cell membrane perceive the major abiotic stress and transduce signals to several membrane-bound transporters. The calcium influx plays a crucial inducer of respiratory burst oxidase (RBOH) to generate ROS. The organelles also contribute to the intra-cellular ROS pool. The activity of enzymatic and non-enzymatic scavengers has balanced the cellular redox homoeostasis. The efficient scavenging produces a ROS signal that activates varying transcription factors and is responsible for stress-induced gene expression. On the other hand, inefficient scavenging leads to oxidative stress and macromolecular damage.

The network analysis of Arabidopsis ROS-regulated genes using STRING 12.0 (https://string-db.org/) (Szklarczyk et al., 2023) has revealed a considerable interactome consisting of 138 nodes and 395 edges with the PPI enrichment p-value, < 1.0e-16. The physical interaction-dependent subnetworks revealed clusters of genes involved in ROS metabolism. SOD homologs, mainly Mn-SOD, Fe SOD, and Cu-Zn SOD (MSD, CSD, FSD) produce an interacting cluster. Peroxisomal GLO produces another metabolic cluster with CATs. Thioredoxin reductase (NTRs) and peroxidases (PERs) produce independent metabolic networks. The regulation of ROS metabolism under abiotic stress demonstrated that gibberellic acid (GA) plays a critical role in Arabidopsis. Many GA-related genes and DELLA repressor-like proteins (GA, GASA, GAI, RGL, RGA) produce a common cluster with cytochrome-dependent proteins (CRY1, CRY 2). The transcription factor JUB1 (JUNGBRUNNEN), a negative leaf senescence regulator, interacts directly with the GA cluster. In addition, JUB1 modulates cellular H2O2 levels and enhances tolerance to various abiotic stresses by regulating DREB2A (Xu et al., 2020). JUB 1 interacts with SPINDLY (SPY). The SPY is an O-linked N-acetylglucosamine transferase (OGT) involved in various processes, such as the gibberellin (GA) signaling pathway and circadian clock. OGTs catalyze the addition of nucleotide-activated sugars directly onto the polypeptide through O-glycosidic linkage with the hydroxyl of serine or threonine. It probably acts by adding O-linked sugars to yet-unknown proteins. OGTs act as a repressor of the GA signaling pathway to inhibit hypocotyl elongation (Qin et al., 2011). Light-harvesting complexes (LHCB) regulate light-driven ROS generation, forming separate network clusters. Lipase-like phytoalexin deficient 4 (PAD4); required downstream of MPK4 pathway for accumulation of the plant defense-potentiating molecule, salicylic acid. The PAD4 is also considered the significant ROS regulator in Arabidopsis and enhanced disease susceptibility 1 (EDS1). Sodium/hydrogen exchanger (NHX), thylakoid formation 1 (THF), Sec-independent protein translocase protein (TATB), and Serine/threonine-protein kinase (SRK2E) are found to be other regulators of ROS metabolism in Arabidopsis (Figure 3; Supplementary Tables 1, 2).
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Figure 3 | The metabolic network showing ROS-related regulation and metabolism in Arabidopsis thaliana analyzed by STRING (12.0) and further simplified and visualized through Cytoscape (3.10.1). (A) The entire ROS interactome illustrates intricate metabolic interactions. (B) The physical subnetwork analysis as visualized in STRING (12.0). (C) The simplified subnetwork shows the physical interaction of metabolic processes involving ROS (Cytoscape 3.10.1). (D) The simplified subnetwork demonstrates ROS metabolism regulation during stress (Cytoscape 3.10.1).




4 Sources of ROS production and its signaling during abiotic stress

As discussed earlier, ROS play a dual role in biological systems, serving as essential signaling molecules and potential mediators of oxidative damage. This largely depends on its production vs. scavenging efficiency. In the context of abiotic stress, a plethora of environmental factors, such as extreme temperatures, drought, salinity, and pollutants, can perturb cellular homeostasis, leading to an upsurge in ROS production. Hence, understanding the balance between ROS generation and signaling during abiotic stress is pivotal for deciphering the molecular mechanisms underlying plant stress responses. In plants, cellular ROS production is multifaceted as diverse sources contribute to their generation under abiotic stress conditions. From mitochondria and chloroplasts to peroxisomes and apoplast, each cellular compartment has distinct machinery for ROS production (Dietzel et al., 2008; Gilroy et al., 2016; Huang et al., 2016; Kerchev et al., 2016; Rodríguez-Serrano et al., 2016; Takagi et al., 2016). Elucidating the complex signaling pathways that transduce ROS-generated signals is critical for deciphering the adaptive strategies employed by organisms to cope with environmental challenges is essential. Furthermore, the redox status of individual ROS-producing organelles and cumulative cellular redox status will vary according to the stress condition faced by the plant. Different environmental factors, stress combinations, and permutations will result in distinct intracellular redox state subsets and a unique signature stress response.



4.1 Abiotic stress-induced ROS production and signaling in chloroplasts

The green plants bear chloroplast as a unique organelle for photosynthesis. These chloroplasts play a significant role in generating ROS, serving as crucial signals in the cross-talk between chloroplasts and the nucleus. The photosynthetic electron transport chain’s (PETC) evolution is designed to control reactive oxygen species (ROS) generation, limit accidental injury, and support critical signaling pathways under abiotic stress conditions. In chloroplast, the abiotic stress, which constricts the availability of carbon dioxide by the closure of stomata, increases the production of ROS such as H2O2, O2·- and 1O2. This, in turn, disturbs the redox status, leading to the initiation of retrograde and anterograde signaling (Asada, 2006; Gill and Tuteja, 2010; Baniulis et al., 2013; Kleine and Leister, 2016; Mignolet-Spruyt et al., 2016). The stoichiometry of photosystems is also affected by stress-induced ROS production as the distribution of energy balance between PSI (Photosystem I) and PSII (Photosystem II) is altered (Dietzel et al., 2008; Vainonen et al., 2008; Pesaresi et al., 2009). The antioxidant systems in the thylakoid and stromal regions control the collection of ROS originating from photosynthesis, thereby governing environmental perception by adjusting oxidative signals exported from chloroplasts to the nucleus (Fichman et al., 2019; Gollan and Aro, 2020).

ROS form an integral part of a network of retrograde signals that modulate chloroplast functions based on prevailing metabolic and environmental conditions during organelle biogenesis and photosynthesis. Several chloroplast-to-nucleus signals, including those triggered by the accumulation of 3’-phosphoadenosine 5’-phosphate (Estavillo et al., 2011), methylerythritol cyclodiphosphate (Bjornson et al., 2017), dihydroxyacetone phosphate (Vogel et al., 2014), or heme (Espinas et al., 2012), have been identified. 3’-Phosphoadenosine 5’-phosphate, a product of sulfur metabolism, is generated through the transfer of the sulfate group from phosphoadenosine phosphosulphate (PAPS) by sulphotransferases, impacting molecules like desulphoglucosinolates and salicylic acid (Kopriva and Gigolashvili, 2016). The SAL1/FRY1 phosphatase prevents the accumulation of 3’-phosphoadenosine 5’-phosphate by degrading it to inorganic phosphate (Pi) and adenosine monophosphate (AMP) within chloroplasts and mitochondria (Chan et al., 2013, 2016). Under stress conditions, oxidative inactivation of SAL1 leads to increased 3’-phosphoadenosine 5’-phosphate accumulation. This pathway connects mitochondrion-to-nucleus and chloroplast-to-nucleus signaling, regulating transcription factors ANAC013 and ANAC017, which mediate a ROS-related retrograde signal from mitochondrial complex III (Shapiguzov et al., 2019). ANAC013 and ANAC017 functions are suppressed by the nuclear-localized RADICAL-INDUCED CELL DEATH1 (RCD1) protein, acting as a hub linking chloroplast and mitochondrial signaling to control metabolism in both organelles.

Chloroplast antioxidants, such as stromal ascorbate peroxidase (sAPX) and thylakoid ascorbate peroxidase (tAPX), may regulate retrograde signaling in plant responses to environmental stresses. tAPX, localized mainly in unstacked regions of the thylakoid membrane, efficiently removes H2O2 produced at PSI at the expense of ascorbate (Maruta et al., 2012). Ascorbate regeneration occurs at the thylakoid membrane and chloroplast stroma. tAPX, with higher turnover rates for H2O2 than peroxiredoxin (PRX), protects PSII more effectively from photooxidative damage (Dietz, 2016). The role of the glutathione (GSH) pool and dehydroascorbate reductases (DHARs) in regenerating ascorbate and detoxifying ROS is under scrutiny (Rahantaniaina et al., 2017). Nevertheless, recent research suggests GSH involvement in ascorbate recycling under high-light conditions (Terai et al., 2020). Production of these also curbs the ill effects of excessive ROS in chloroplast (Mittler et al., 2004). The production of ROS radicals also leads to nuclear reprogramming of gene expression, which leads to programmed cell death and chlorosis as a phenotype. It also activates a considerable subset of stress-related responsive genes. These gene expressions are executed by two chloroplast proteins associated with thylakoid membranes known as EXECUTER1 and EXECUTER2, both being transcribed in the nucleus (Wagner et al., 2004; Lee et al., 2007; Kleine and Leister, 2016). The accumulation of ROS during abiotic stress is managed by enzymes that can scavenge ROS and specific pathways like Fe- and Cu Zn-SODs and the Asada–Foyer–Halliwell pathway.




4.2 Abiotic stress-induced ROS production and signaling in mitochondria

Metabolism is the primary target of any type of stress, biotic or abiotic. The flow of electrons across the Electron Transport Chain (ETC) and during oxidative respiration generates ROS, including the superoxide ion and hydrogen peroxide (Moller, 2001; Murphy, 2009). The primary locations for generating ROS are ETC complexes I, II, and III (Andreyev et al., 2015). The ETC consistently produces superoxide and hydrogen peroxide in normal conditions called metabolic ROS. The various alterations in metabolism and stress-related conditions can induce a more reduced state in the ETC, resulting in heightened production of ROS, called stress-induced ROS. This phenomenon occurs, for example, when the ETC is inhibited or slowed down, particularly when stress reduces the availability of ADP. Consequently, respiratory inhibitors can impede ETC complexes, causing over-reduction in different segments of the ETC and resulting in excess superoxide production (Schwarzländer et al., 2009). Changes in mitochondrial ultrastructure triggered by stress, such as those observed in salt stress, have the potential to directly impact or impair the functioning of ETC and Oxidative Phosphorylation (OXPHOS) (Garcia de la Garma et al., 2015).

Particularly in response to abiotic stresses, the production of mitochondrial ROS increases significantly. Stress conditions disrupt the normal functioning of the respiratory electron transport chain in mitochondria, leading to the leakage of electrons from complex I and III and the formation of superoxide radicals (O2•-), which can be further converted to H2O2 by Mn-SOD (Quan et al., 2008; Huang et al., 2016). While superoxide has a brief half-life, the longer half-life of hydrogen peroxide allows it to traverse membranes through aquaporins, potentially functioning as a signaling molecule that connects mitochondria to other cellular compartments. The dynamic involvement of ROS from mitochondria has been connected to ROS signaling mechanisms (Ng et al., 2014). These mechanisms encompass oxidized intermediates, Ca2+ ions, and phosphorylation processes. Additionally, they are associated with transcriptional and post-transcriptional modifications in cell functioning, which can regulate growth and development, including programmed cell death (PCD) (Singh et al., 2016; Cui et al., 2019). Alternative oxidase (AOX), type II NAD(P)H dehydrogenase, and uncoupling proteins in the inner mitochondrial membrane can all help to slow down this process (Noctor et al., 2007; Rasmusson and Wallström, 2010). WRK15 binds to the promoter region of AOX1 to regulate the production of reactive oxygen species (Vanderauwera et al., 2012). Also, retrograde signaling between mitochondria and the nucleus is activated by altering ROS production in mitochondria during abiotic stress (Woodson and Chory, 2008).

Interestingly, mitochondrial redox alterations are also sometimes connected to hormonal imbalances. ROS signaling in mitochondria and the signaling of mitochondrial disturbances are connected to developmental processes controlled by auxins. Arabidopsis FtsH4 mutants, characterized by a deficiency in a mitochondrial protein-processing protease, exhibit an accumulation of mitochondrial hydrogen peroxide linked to the disruption of auxin homeostasis, dysregulation of the cell cycle, and impairment of meristem activity (Dolzblasz et al., 2018). The mutation of the splicing factor ABA-overly-sensitive-8 (ABO8), crucial for the accurate expression of the NAD4 component of complex I, leads to heightened production of mitochondrial ROS, increased sensitivity to abscisic acid (ABA), diminished auxin accumulation/signaling, and reduced meristem activity (Yang et al., 2014). The interaction among mitochondrial ROS, hormones, and developmental processes suggests that mitochondrial ROS signaling might be influenced, to some extent, by pathways associated with hormone signaling.




4.3 Abiotic stress-induced ROS production and signaling in peroxisomes

Peroxisomes are cellular organelles involved in various metabolic processes, including the breakdown of fatty acids and purines. During abiotic stress, peroxisomes can contribute to ROS production due to the activity of enzymes involved in these metabolic pathways, such as fatty acid beta-oxidation. Increased photo respiration causes increased hydrogen peroxide production by the enzyme glycolate oxidase in peroxisomes (Foyer and Noctor, 2009; Tripathy and Oelmüller, 2012; Kerchev et al., 2016). The antioxidant enzyme catalase (CAT) alleviates this over-accumulation of photo-respiratory reactive oxygen species. Hydrogen peroxide signaling during stress conditions is majorly understood by studying mutants deficient in peroxisomal CAT (Kerchev et al., 2016). Like other organelles, peroxisomal ROS causes cellular redox status changes and gene transcription in the nucleus (Vanderauwera et al., 2005).

There are at least four different processes through which ROS production in abiotic stress is mediated. Among these, NADPH Oxidases (Respiratory Burst Oxidase Homologs - RBOHs) are the most widely studied mechanism (Gilroy et al., 2014, 2016). This mechanism links ROS signaling and calcium signaling during stress and the production of superoxide molecules in the apoplast. RBOHs deficient mutants, for instance, RBOHD and RBOHF, for studying the interplay between redox status and abiotic stress tolerance. Hence, RBOHs have been shown to play an essential role in signaling mechanisms that assist in plant tolerance against abiotic stresses. Peroxidases are another enzyme mediating ROS generation in peroxisomes (O’Brien et al., 2012). Peroxidase-dependent ROS generation is shown to be involved in potassium deficiency response and regulation of root growth (Kim et al., 2010). Oxalate oxidase is another enzyme produced in peroxisome that regulates hydrogen peroxide production in the cell of roots and is shown as an essential protein in drought strengths (Voothuluru and Sharp, 2013). Ma et al. (2016) proposed another enzyme known as xanthine dehydrogenase that plays a vital role in stress signaling. Mitigation of ROS levels in apoplast is conducted by Cu/Zn-SODs, APXs, cell wall-bound peroxidases, and low levels of ascorbate and GSH. Compared to intracellular ROS production, apoplastic ROS production is ineffective, leading to imbalance. This disparity is a critical event in the signaling system and stress response.





5 ROS signaling in simultaneous abiotic stresses

Numerous research studies have been conducted to evaluate plant response against singular abiotic stress conditions. However, abiotic stress generally occurs in combination rather than independently in reality. Stress response at molecular, physiological, and metabolic levels tends to vary significantly in combinatorial abiotic stress compared to individual stress. Combinatorial abiotic stress in plants refers to the simultaneous occurrence of multiple stress factors that can negatively impact plant growth and development. These stress factors can include two or more abiotic stressors, creating a complex and challenging environment for plants (Table 1). Combinatorial stress response causes a major loss in crop productivity and yield (Mittler, 2006; Mittler and Blumwald, 2010; Suzuki et al., 2014). As a result, combination stressors are now the subject of more laboratory research since they are more damaging and have a greater detrimental effect on crop output. Additionally, distinct transcriptome signatures corresponding to combinations of abiotic stressors—for example, heat stress coupled with salinity or drought—are observed. These signatures comprise many transcripts that differ significantly from those of individual stress responses (Rizhsky et al., 2004). Besides, contrary to popular belief, some stress combinations even provide some amount of tolerance to another stress (abiotic or biotic) when it occurs after them.


Table 1 | List of studies that attempted to unravel simultaneous stress impacts on plants.
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From the redox point of view, much evidence indicates differences in ROS levels, gene expression of various ROS enzymes, and antioxidant systems when compared between combinatorial abiotic stress and individual stress application. Quantities of O2.-, H2O2, lipid peroxidation byproducts, expression of enzymes like SOD, APX, CAT, AOX, peroxidases, glutathione-S-transferase, glutathione reductase, and GPX, and accumulation of antioxidants like ascorbate, GSH, flavonols, phenolic compounds, alkaloids, tocopherol, and carotenoids, as well as osmo-protectants like proline, glycine betaine, trehalose, and sucrose, indicated these changes. Their expression patterns were observed to be distinct in response to multiple stressors. A specific redox status is likely a unique signature to abiotic stress combinations within the confinement of exclusive physiological responses to combinatorial stresses. The paramount example is to open the stomata to cool off and close it to avoid loss of excess water by the plants. However, seeing how these pressures interact with a plant will be intriguing (Rizhsky et al., 2002, 2004). Another interesting study by Koussevitzky et al., 2008 showed that Arabidopsis cytosolic APX1 (apx1) deficient mutants were more sensitive to drought heat stress than thylakoid APX, suggesting that hydrogen peroxide levels in the chloroplast are more critical for tolerance against this specific combinatorial stress. Similarly, Arabidopsis mutant deficit in ABA and ROS-regulator protein called PP2Cs were highly sensitive to salinity and heat stress as well as drought and heat stress, indicating the significance of interactions between abscisic acid and ROS signaling, which in turn is very important for plant stress tolerance (Suzuki et al., 2016). Based on research studies conducted on stress combination in plants, it was proposed that it is an important node in stress acclimation in differentially regulated ROS-responsive transcripts, as reviewed by Suzuki et al., 2014. The redox alteration is directly involved in the hypersensitive response mediated cell death in many cases (Liu and Zhang, 2021). Alternatively, it is also involved in downstream signaling. It has been found that in the case of the heat stress response (HSR), ROS are involved in the activation of different heat shock factors (HSFs) and heat shock proteins (HSPs) (Fortunato et al., 2023). In these signaling events, plant thiol peroxidases play critical roles in sensing and transducing the abiotic stress signals (Vogelsang and Dietz, 2022). Along with the induction of redox-mediated transcription factors (TFs), it is also involved in the epigenetic control of gene expression. It has been studied extensively in animals, and it was found that nuclear factor erythroid 2-related factor 2 (NRF2) is involved in this signal transition and epigenetic control. It is an emerging field in plant science research, and many interesting findings have been documented in recent years, comprehensively discussed in the following section.




6 Abiotic stress-mediated redox alteration: a trigger for epigenetic changes

Plants employ a sophisticated repertoire of molecular responses to navigate the complexities of abiotic stress. Central to this ensemble is the complex interaction between redox signaling and epigenetic modifications. This section provides an overview of the fundamental concepts, emphasizing the importance of studying the cross-talk between redox and epigenetic pathways. Epigenetic modifications are stable inheritable changes in gene expression that are not encoded in the DNA nucleotide sequence. It primarily includes DNA methylation, histone modifications, chromatin remodeling, and histone variants in plants. These changes can affect gene availability and activity, thus regulating many molecular functions, including gene transcription, DNA repair, and recombination. They are essential in controlling plant response to external stimuli, including abiotic stress. Since these modifications are reversible, they are controlled by various signals caused by developmental, environmental, and phytohormonal cues. The change in the redox status of cells caused by abiotic stress is highly significant among these signals. Abiotic stress triggers the production of ROS and disrupts cellular redox balance. Post-translational modification of gene product determines the fate of the final gene expression, which mediates the epigenetic pathway when introduced by oxidative stress. Considering the importance of such events, the following section explores the nuanced role of redox signaling in orchestrating stress responses, including the activation of defense mechanisms and the modulation of cellular processes. The nexus between redox changes and epigenetic modifications and how oxidative stress acts as a molecular trigger, influencing DNA methylation dynamics, histone modifications, and small RNA pathways, will also be discussed briefly.



6.1 DNA methylation-redox dynamics

Methylation and demethylation are interchangeable processes fundamental to epigenetic changes leading to altered gene expressions. Accumulation of evidence suggests that the presence of redox intermediates directs DNA methylome, which, in turn, regulates gene transcription. Generally, ROS accumulation leads to DNA hypomethylation, as confirmed by different studies. A comparative gene analysis study of Arabidopsis and its redox-compromised state transition 7 (stn7) mutant indicates that many nuclear genes were not expressed in their mutant form when treated with high light (Dietzel et al., 2008). However, its wild type had activated nuclear histone acetyltransferase (HAT) and histone deacetylase (HDAC), enzymes known to promote histone methylation and demethylation from the redox signals from their chloroplast.

Choi and Sano (2007) proposed that plants partially tolerate environmental stresses through epigenetic modifications. In their study, they found the activation of enzyme glycerophos- phodiesterase -like (NtGPDL) proteins in tobacco cells facing increased oxidative stress caused by the exposure of different inducers like paraquat, aluminum, cold stress, or salinity stress. Genomic loci of NtGPDL gene study, when further analyzed by methylation pattern study by bisulfite mapping, indicated selective demethylation of CG site of ORF of NtGPDL. The promoter region of the gene was also found to be demethylated. In another study, tobacco suspension culture, when treated with Juglone (5-hydroxy-1,4 naphthoquinone), showed increased over-accumulation of ROS species and subsequent hypo methylation of DNA (Poborilova et al., 2015). Similarly, Berglund (2017) also reported increased hypo methylation of DNA in Pisum sativum suspension culture when treated with nicotinamide (a precursor of NAD), known as redox intermediate. There was also an increase in the production of GSH. Although there are lots of studies in the animal kingdom regarding GSH-induced epigenetic changes, research remains scarce on plants. Ou et al. (2015) reported increased demethylation in rice seedlings treated with a NO donor such as sodium nitroprusside. It was seen that increased accumulation of ROS species by irradiation also causes epigenetic changes. A differential pattern of DNA methylation was observed in the aerial parts of Arabidopsis when exposed to irradiation concomitant with ROS accumulation (Ramakrishnan et al., 2022).




6.2 Histone acetylation-redox dynamics

Acetylation of histone is another type of post-translational modification that occurs in the nuclear region. However, unlike methylation, histone acetylation usually assists in the expression of genes. Conversely, there are few reports of DNA methylation acting as promoters of gene expressions. The fate of histone acetylation depends on the presence of a substrate known as acetyl CoA, which is managed by the opposing activity of two enzymes known as HAT and HDAC. These enzymes are also redox-regulated. There is abundant research indicating the mediation of histone acetylation by the redox status of cells in plants and animals. Mounting evidence indicates that redox components regulate histone acetylation by influencing the accumulation of acetyl CoA. It has been elucidated that the conversion of pyruvate to acetyl CoA is facilitated by the pyruvate dehydrogenase (PDH) complex, wherein NAD+ serves as a cofactor for its catalytic activity (Figure 4). In maize seedlings, caused by heat induction led to increased accumulation of ROS which further increases the hyperacetylation by increased expression of HAT. Causevic et al., 2006 reported different levels of expression of reactive oxygen species directly related to different levels of histone acetylation.
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Figure 4 | Redox components exert an influence on histone acetylation. In the cytoplasm, glucose undergoes breakdown to pyruvate, which enters the mitochondria and undergoes conversion to acetyl CoA by mitochondrial pyruvate dehydrogenase (mPDH), utilizing NAD+ for reduction. Acetyl CoA combines with oxaloacetate (OAA) generated in the TCA cycle to form citrate, which then enters the cytoplasm. Within the cytoplasm, citrate is converted back to OAA and acetyl CoA through ATP-citrate lyase (ACL). Acetyl CoA synthesized in the cytoplasm subsequently enters the nucleus, serving as the supplier of acetyl groups for the histone acetylation process. Histone acetyltransferases (HATs) utilize the acetyl group from acetyl CoA to introduce acetylation marks (Ac), yellow pentagons on the lysine residues of the histone tail, thereby weakening the interaction between DNA and histone and promoting gene expression. On the other hand, histone deacetylases (HDACs) remove histone acetyl groups, leading to chromatin compaction. Various HAT and HDAC enzymes are influenced by reactive oxygen species (ROS), nitric oxide (NO), and nicotinamide adenine dinucleotide (NAD+).

As mentioned earlier, HAT enzymes play an important role in epigenetic regulation, and activity is affected by oxidative stress. In combination with other factors, HAT enzyme forms are complex, and its activity is affected by oxidative stress. A component of the HAT complex known as elongator protein is reported to mediate anthocyanin biosynthesis and oxidative stress in Arabidopsis (Zhou et al., 2009). The induction of salinity stress on maize seedlings led to increased electrolyte leakage, which activated the antioxidant pathway genes (AbdElgawad et al., 2016). Additionally, there was increased production of gene expression of HAT enzymes Such as ZmHATB and ZmGCN5 and upregulation of cell wall synthesis genes, ZmEXPB2 (expansin-B2) and ZmXET (xyloglucan endotransglycosylase). Upon further examination, it was found that this accumulation was mediated by increased acetylation of their promoter region. This proves that the HAT enzyme mediates different stress responsive genes by altering their acetylation under stress.




6.3 Histone deacetylation-redox dynamics

As discussed earlier, gene expression increases with the higher acetylation level. Hence, stress-induced gene modulation primarily functions with the decreased action of histone deacetylase enzymes. Non-sirtuins [non- (SIRTs)] are a group of HDACs that regulate histone acetylation in cells. This becomes unrecruited from the repression of genes under oxidative stress. This action further drives increased acetylation and increased gene expression. In rice seedlings, it was reported that upon successful host-pathogen interactions, the transcript level of HDT701 was increased (Ding et al., 2012). When overexpressed in rice, this increases susceptibility to various abiotic stresses, including salinity and osmotic stress and decreased H4 acetylation. When the same gene was silenced, the whole pattern was reversed with increased expression of defense-related genes and increased H4 acetylation. Increased and enhanced acetylation marks on the promoter region of defense-related genes are generally linked to their increased expression. Non-sirtuins HDACs are sensitive to redox potential, and their production is connected to the presence or absence of oxidative stress. Under oxidative stress, these HDACs get inactivated, leading to the acetylation of histones in the promoter regions of stress-responsive genes, leading to their increased production and acclimation to abiotic stress tolerance (Luo et al., 2017). Many HDACs have been reported to possess redox switches for better oxidative stress tolerance (Jänsch et al., 2020).

Similarly, in Arabidopsis, cold stress induces degradation of HD2C by increasing acetylation levels of histone H3, which is promoted by CULLIN4-based ubiquitin E3 ligase. This increased acetylation activates COR or cold-responsive genes (Park et al., 2018). It further interacts with HDAC to modulate acetylation level and respective stress tolerance regulation. In double mutant Arabidopsis, HD2C directly interacted with HDA6, causing decreased demethylation of histone H3K9 and increased histone H3K9K14 acetylation. This activates ABA-responsive genes. Also, HD2C further interacts with the BRM -SWI/SNF chromatin remodeling complex, thereby regulating Arabidopsis response to heat stress (Luo et al., 2012).





7 Mechanism of redox and epigenetic alterations due to multiple abiotic stress responses in plants

While adaptive responses to single stress factors have been extensively studied under controlled laboratory conditions across various species (e.g (Ritonga and Chen, 2020; Takahashi et al., 2020; Zhao et al., 2020; Jethva et al., 2022; Zhang et al., 2022), research on the mechanisms underlying adaptation to multiple stresses in natural environments, such as combinatorial stress, remains limited. This gap in understanding is particularly evident in the context of flooding, where the molecular responses to simultaneous or sequential stresses, such as salinity or drought-induced soil conditions, are still not well-defined despite the frequent occurrence of these combined stressors in nature (Yin et al., 2023).

Flooding often coincides with other environmental stresses such as salinity, temperature extremes, and heavy metals, leading to complex interactions that can be antagonistic, additive, or synergistic. These interactions trigger a cellular energy crisis and activate transcriptional reprogramming through transcription factor families like ANAC and ERFVII. These factors, modulated by proteins like kinases, help integrate multiple stress responses, particularly in managing reactive oxygen species (ROS). The unique physiological responses resulting from these stress combinations often involve distinct gene and epigenetic regulation, with key signaling components like ERFVII and RBOHD playing central roles in coordinating the plant’s response to multiple stresses (Renziehausen et al., 2024).

Flooding challenges plants by causing oxygen deficiency, leading to hypoxia or anoxia, which is worsened by ethylene entrapment and reduced light during submergence (Voesenek and Bailey-Serres, 2015; Sasidharan et al., 2017). In response to hypoxia, plants undergo significant transcriptomic and metabolic changes, shifting from aerobic respiration to anaerobic glycolysis due to limited O2 availability, which substantially reduces energy production. Reactive oxygen species (ROS) signals, generated by both the mitochondrial electron transport chain (mtETC) and RESPIRATORY BURST OXIDASE HOMOLOG (RBOH) activity, play a critical role in hypoxic adaptation, triggering systemic responses to waterlogging (Fukao and Bailey-Serres, 2004; Hong et al., 2020). Transcription factors like ANAC013 and ANAC017 are central to mitochondrial retrograde signaling (MRS) and submergence tolerance, regulating key genes that mitigate ROS damage and enhance low-oxygen resilience (Bui et al., 2020; Eysholdt-Derzsó et al., 2023). Disruption of these pathways leads to excessive ROS accumulation, reduced anoxia tolerance, and impaired photosynthetic efficiency during reoxygenation (Van Aken et al., 2016; Jethva et al., 2023).

By decoupling mitochondrial electron transport chain (mtETC) activity from ATP production, UNCOUPLING PROTEIN 1 (UCP1) limits excessive reactive oxygen species (ROS) formation, thereby preventing over-reduction of mtETC proteins (Barreto et al., 2014, 2017, 2022). Although mitochondrial retrograde signaling (MRS) primarily relies on ROS signals, UCP1 enhances hypoxia-induced transcriptional changes, including the induction of ALTERNATIVE OXIDASE 1a (AOX1a). This effect is likely linked to UCP1’s role in stabilizing ETHYLENE RESPONSE FACTOR VII (ERFVII) transcription factors (TFs) by inhibiting the N-degron pathway, which otherwise marks proteins for degradation (]. In Arabidopsis, the ERFVII subfamily, comprising five members—RELATED TO APETALA 2.2 (RAP2.2), RAP2.3, RAP2.12, HYPOXIA RESPONSIVE ERF 1 (HRE1), and HRE2—plays a crucial role in low-oxygen sensing and subsequent gene regulation (Nakano et al., 2006). These TFs bind to the HYPOXIA-RESPONSIVE PROMOTER ELEMENT (HRPE) found in approximately 70% of hypoxia core gene (HCG) promoters, initiating transcriptional responses under hypoxic conditions (Zubrycka et al., 2023). RAP2.12, for instance, regulates the expression of RESPIRATORY BURST OXIDASE HOMOLOG D (RBOHD) and HYPOXIA RESPONSIVE UNIVERSAL STRESS PROTEIN 1 (HRU1), which together mediate ROS production under hypoxia (Gonzali et al., 2015; Yao et al., 2017).

ERFVII proteins possess a conserved cysteine residue in their N-termini, making them susceptible to degradation through the Arg/Cys branch of the N-degron pathway in an oxygen (O2)-and nitric oxide (NO)-dependent manner This degradation process involves sequential modifications: methionine is first removed by METHIONINE AMINOPEPTIDASES (MetAPs), followed by O2-dependent cysteine oxidation by PLANT CYSTEINE OXIDASES (PCOs), and then arginylation by ARGINYL TRANSFERASE ENZYME 1 (ATE1) and ATE2, which tags the TF for proteasomal degradation via PROTEOLYSIS 6 (PRT6) (Weits et al., 2014; White et al., 2017; Masson et al., 2019). However, in lowland rice, the ERFVII factor SUBMERGENCE 1A (SUB1A) is crucial for survival under flash flooding, as it escapes this degradation pathway by interacting its N-terminus with its C-terminus. Moreover, ethylene stabilizes ERFVII proteins during submergence by inducing PHYTOGLOBIN 1 (PGB1), a NO scavenger that prevents ERFVII degradation (Hartman et al., 2019). RAP2.12, specifically, avoids degradation under normal oxygen conditions by associating with ACYL-COA BINDING PROTEIN 1 (ACBP1) and ACBP2 at the plasma membrane and, upon hypoxia, dissociates to accumulate in the nucleus, thus contributing to the hypoxia response (Licausi et al., 2011; Kosmacz et al., 2015; Schmidt et al., 2018).

The combination of differential regulation of different redox sensors mentioned above and its role in epigenetic regulation to combat multicombinatorial stress is still naive. However, rapid acceleration in research to address the knowledge gaps in this field of study is also critical for our understanding.




8 Cross-talks between redox pathway and epigenetic regulations during multiple abiotic stress

Alteration of the cellular redox state is inevitable in response to any abiotic stress factor. The multiple abiotic stress impacts cellular redox state more dramatically. As discussed earlier, cellular redox homeostasis is contributed by the complex interaction between chloroplast-mitochondra-nucleus (Locato et al., 2018). The cellular antioxidative system efficiently contributes to modulating this homeostasis. The efficiency of these antioxidative systems determines ROS-induced hypersensitive response (ROS HR) or ROS-induced signaling in response to stress (Gupta et al., 2013). The redox state also directly controls the gene expression by DNA methylation, histone acetylation, and histone methylation. The perception of stress depends upon the signal that originates from chloroplasts and mitochondria and is transmitted to the nucleus. The antagonistic and synergistic effect regulates the controlled expression of genes in response to multiple abiotic stress (Locato et al., 2018). The major redox-regulated proteins and non-proteins e.g., NADPH, glutathione, gluteredoxin, peroxiredoxins, ascorbate, thioredoxin, ferredoxin etc. participate in the generation of redox signatures, which in turn also controls the priming against multiple abiotic stress (Tripathi et al., 2024) This also triggers the site-directed epigenetic modification that also restrains the concurrent stress situations in plants significantly (Harris et al., 2023). The epigenetic imprints may also be involved in transgenerational memory development and resistance phenomenon in subsequent generations (Bhar et al., 2021). Substantial supportive studies are required to understand the exact mechanism of plant transgenerational memory development. The redox alteration also modulates the metabolism in plants in terms of the deregulation of several proteins and metabolite synthesis (Shen et al., 2016). This regulation may involve an anterograde trafficking system from the nucleus to the cytosol and then mitochondria and chloroplast. The primary signal of this retrograde signaling is ROS. The chloroplast and mitochondrial genome have a significant level of rearrangements during the course of different abiotic stresses (Dobrogojski et al., 2020; Meng et al., 2022). More research is necessary to unveil the crosstalk between the nuclear, chloroplast and mitochondrial genomes. Additionally, it has recently been demonstrated that the crosstalk between cellular redox homeostasis and epigenetic regulation occurs through the involvement of melatonin (Ahmad et al., 2023). The major roles of melatonin in scavenging cellular ROS, along with the signaling intermediates of different signal transduction warrants its significant contribution to varied abiotic stress tolerance mechanisms (Colombage et al., 2023). Further investigation may open up new redox and epigenetic control directions in response to multiple abiotic stress tolerance with the hormonal crosstalk in plants.

Studying plant responses to stress combinations is complex and costly, yet crucial for developing resilient crops in the face of climate change. The controlled variable approach, which isolates one stress factor while keeping others constant, has revealed how stress combinations can trigger unique molecular defenses in plants. Advances in genomic technologies, such as multi-omics approaches, have deepened our understanding of these responses, but translating laboratory findings to field environments remains challenging. Integrating lab and field research with multidisciplinary technologies like nanobiotechnology and genome editing offers promising avenues to enhance crop resilience by fine-tuning stress signaling pathways and physiological adaptations. To further strengthen research, it is essential to identify key survival thresholds and nodes in plants under stress combinations and systematically integrate existing data to uncover the mechanisms behind these responses. Developing efficient research methods and exploring how plants prioritize and adapt to multiple stresses will be critical as future climate conditions become more unpredictable. By leveraging advanced technologies like machine learning, gene editing, and remote sensing, and by breeding multi-resistant plant varieties, we can better equip crops to withstand the increasingly complex stress environments of the future, ensuring food security and sustainable agriculture.




9 Conclusion and future directions

The reactive oxygen species is inevitable in any stress events in plants. The ROS generation in response to multiple abiotic stress regulates the stress tolerance mechanism in plants like a two-edged sword. The excessive production of ROS leads to oxidative stress and damage to the plant’s cellular machinery. Alternatively, an effective scavenging system may detoxify the ROS and produce a balanced redox signature. This will lead to downstream signaling by activating stress-responsive transcription factors and gene activation. Epigenetic regulation, on the other hand, demonstrates significant controlling gateways for multiple abiotic stress tolerance mechanisms. The cross-talk between the ROS pathway and epigenetic control involves a complex network of molecular events, e.g., histone modification, DNA methylation, DNA acetylation, deacetylation, etc. These regulatory nexuses modulate the gene expression, physiological modulations, antioxidative defense, etc., to enable the plants to adapt towards multiple abiotic cues. This emerging field warrants many questions for future research to unravel specific interactions between ROS and epigenetic modification in the context of abiotic stress tolerance. Some of the relevant future directions are summarized below,

	Further research is necessary to unveil the duality of ROS signaling in response to abiotic stress combinations. Any stress situations instigate cellular redox alterations. The efficient scavenging mechanism leads to the generation of “signature ROS”, which helps in many defense gene regulations. In response to abiotic stress, the cellular ROS is generated as a first line of defense signal, which in turn, after effective scavenging, leads to the “balanced ROS” helping in retrograde signaling. This duality of ROS signal in response to the multiple abiotic stress factors should be deciphered so that such signaling can be used effectively in sustainable stress management.

	The synergy between epigenetic control and ROS should be decoded. Although the interplay between the ROS and epigenetic control has been established, more intriguing study is necessary to uncover the synergy ultimately.

	Unveiling the cross-talk between ROS, epigenetic modification, and hormonal regulation at the molecular level can provide a better understanding of multi-stress tolerance strategies in crops.

	The transgenerational impact of ROS-induced epigenetic modifications must be evaluated to develop a sustainable crop management system against multiple abiotic stresses. The epigenetic control and development of transgenerational memory are currently under scientific investigation. The epigenetic imprint developed under multiple abiotic stresses under a changing cellular redox milieu would provide significant gateways for future agricultural applications.

	More emphasis is required to integrate advanced genome editing tools, e.g.), Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated (Cas) technology to develop multiple abiotic stress-tolerant climate-smart crops.

	The major challenge is judicially utilizing all the information obtained for crop genome tailoring to overcome the future environmental crisis. The compete gene expressional blue print under multiple abiotic stress responses is the prior requirement for the successful implication of site-specific gene editing technology.
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Introduction

Salt stress severely inhibit plant growth and development. Uniconazole has been considered to significantly increase plant stress tolerance. However, the mechanism by which Uniconazole induces salt tolerance in rice seedlings and its impact on yield is still unclear.





Methods

In this study, the effects of exogenous Uniconazole on morphogenesis, physiological metabolism, and yield of rice seedlings under salt stress were analyzed using the salt-tolerant rice variety HD961 and the salt-sensitive rice variety 9311.





Results

The results showed that salt stress significantly inhibited rice growth, disrupted the antioxidant system and pigment accumulation, and reduced photosynthesis, and yield. There were corresponding percent decreases of 13.0% and 24.1% in plant height, 31.6% and 55.8% in leaf area, 65.7% and 85.3% in root volume, respectively for HD961 and 9311. spraying However, compared to salt stress, the US treatment increased the percentage to 4.7% and 139.0% in root volume, 7.5% and 38.0% in total chlorophyll, 4.5% and 14.3% in peroxidase (POD) of leaves, 14.4% and 54.2% in POD of roots, 18.7% and 22.7% in catalase (CAT) of leaves, and 22.6% and 53.9% in CAT of roots, respectively, for HD961 and 9311. In addition, it also significantly enhanced photosynthesis at the reproductive stage, promoted the transport of carbohydrate to grains. And US treatment significantly increased the percentage to 9.0% in panicle length, 28.0% in panicle number per hole, 24.0% in filled grain number, 3.0% in 1000-grain weight, and 26.0% in yield per plant, respectively, for HD961, compared to salt stress.





Discussion

In summary, applying Uniconazole at the seedling stage can alleviate the damage induced by NaCl stress on rice by regulating the physiological metabolism of rice plants. This reduces the negative effects of salt stress, enhance salt tolerance, and boost rice production.





Keywords: salt stress, rice, uniconazole, physiological, yield




1 Introduction

Soil salinization is a major limiting factor in world agricultural production, caused mostly by inadequate drainage, poor irrigation systems, climate change (resulting in rising sea levels), and drought (Rengasamy, 2006). Globally, abiotic stresses, such as salinity are a key obstacle to crop production in planting areas (Zhang et al., 2017). Soil salinity has covered 20% of the world’s cropland and 33% of irrigated farmland (Shrivastava and Kumar, 2015). It is estimated that salt stress reduces global crop yield by about 20%, resulting in a loss of at least USD 1.2 billion per year (Alkharabsheh et al., 2021). As a result, improving the salt tolerance and yield of crops is not only contributes to the effective utilization of saline-alkali land but also supports sustainable agriculture and mitigating the world food crisis.

Rice (Oryza sativa L.) is the staple food consumed by more than half of the world’s population, especially in Asia and Africa. It is a valuable food crop that provides food security for most countries around the world (Majumder et al., 2019). Rice is a salt-sensitive crop (Parihar et al., 2015; Roy et al., 2014), high salt concentrations inhibit root growth and development by reducing water and nutrient uptake by roots. It accelerates the decomposition of chlorophyll, leading to a decrease in the photosynthetic rate, which in turn has an inhibitory effect on growth of rice shoots (Gadelha et al., 2021), resulting in a decline in grain yield (Nasrudin et al., 2022). Salt stress can cause ion imbalance and ion toxicity, impairing the photosynthetic system (Farooq et al., 2015), reduce the efficiency of electron transfer, and the generation of superoxide anion (O2·-), while O2·- can cause excessive production of reactive oxygen species (ROS), leading to oxidative damage in plant cells. This damage can result in a decreased enzyme activity and increased membrane lipid peroxidation. In severe cases, it can react with important biological molecules like lipids, proteins, and nucleic acids, thereby inhibiting plant growth and development and leading to cell death (Mittler, 2002). Rice has been reported to be more sensitive to salt stress in the early vegetative stage as well as in the later reproductive stage (Ismail and Horie, 2017). Therefore, improving the salt resistance of rice seedlings is an important measure to ensure seedling growth and increase yield in the later stages. Although some research has shown that rice can be genetically engineered to be more salt-tolerant (Raza et al., 2023), many European and non-European countries consider this is less environmentally beneficial (Eckerstorfer et al., 2019). However, previous studies have shown that exogenously applied plant growth regulators can effectively improve plants’ salt tolerance (Khan et al., 2021).

Uniconazole is a triazole plant growth retardant with high efficiency, low toxicity, and low residue (Fletcher et al., 1999), which can improve crop yield and quality. Many studies have shown that uniconazole can improve the resistance of crops to abiotic stresses, such as high temperature (Zhou and Leul, 1999), low temperature (Hu et al., 2022), flooding (Wang et al., 2022; Qiu et al., 2005), drought (Keshavarz and Khodabin, 2019), and salinity stress (Al-Rumaih, 2007). It has been extensively utilized in crops such as soybean (Zhou et al., 2021), maize (Ahmad et al., 2021), and rapeseed (Zuo et al., 2020). Spraying uniconazole on mung beans increased the activity of antioxidant enzymes such as ascorbate peroxidase (APX) and peroxidase (POD) and net photosynthetic rate. This further promoted the expression levels of photosynthetic genes, enhanced cold tolerance, and increased mung bean yield (Yu et al., 2022). Foliar application of Uniconazole to rapeseed improves its tolerance to high temperatures and other stresses in rapeseed (Zhou and Leul, 1999). It also has enhanced drought tolerance in rice (Zeng et al., 1994). Recent studies have shown that Uniconazole can increase maize yield by altering maize ear shape, photosynthetic efficiency, and antioxidants under salt stress (Xu et al., 2022). Previous studies have shown that uniconazole can reduce lodging rates and alleviate plant damage under stress. Therefore, we speculated that Uniconazole could improve rice resistance to salt stress by modulating the morphological and physiological metabolism.

No study has systematically examined the effect of the plant growth regulator Uniconazole treatment on rice plants under salt stress. The goal of this study was to investigate the influence of the exogenous plant growth inhibitor Uniconazole on seedling morphology, chlorophyll content, photosynthetic indices, physiology, and yield in salt-stressed rice. This study adds to our knowledge of the regulatory effects of using Uniconazole on rice seedling development and offers novel perspectives on how uniconazole regulates rice yield and salt tolerance.




2 Materials and methods



2.1 Plant material and growth condition

Different genotypes of Indica rice cultivars HD961 (salt-tolerant, red rice) and 9311 (salt-sensitive, white rice) were used as experimental materials, which were acquired from the Germplasm Resource Bank of Coastal Agricultural College at Guangdong Ocean University(Zhanjiang, chain). HD961 and 9311 have been used in abiotic stress-related studies (Yang et al., 2022). At the seedling stage (from germination to the four leaves and one heart), the cultivation substrate consisted of a mixture of latosol (dried and sieved) with sand at a ratio of 3:1 (V:V), with 2.5 kg per pot (upper base diameter: 19 cm, lower base diameter: 13 cm, height: 16.5 cm). The cultivation substrate was air-dried latosol at the large seedling stage (from the four leaves and one heart stage to full maturity stage), with 8.5 kg per barrel (diameter: 30 cm, height: 22 cm).




2.2 Experimental design

The study was conducted in 2022 at the Coastal Agriculture College’s greenhouse, Guangdong Ocean University (Zhanjiang, China), under controlled conditions (natural light, day/night temperature of 25/20 ± 2°C, and 60% relative humidity) using potted plants. Healthy, full, and whole HD961 and 9311 rice seeds were selected and sterilized with 3% H2O2 for 10 min, rinsed with distilled water 3-5 times, and the residual H2O2 was thoroughly washed. Seeds were soaked in distilled water and germinated for 24 h at 30°C in the dark before sowing. In total, 1 L of fertilizer solution (urea: 0.146 g·L-1, potassium chloride: 0.125 g·L-1, diammonium phosphate: 0.200 g·L-1) was watered on the pot the day before sowing. The rice seeds with the same white dew were sown in a nutrient bowl, and 69 seeds were evenly sown in each pot, with a plant spacing of 1 cm.

Using a completely random design, two rice varieties were set up with four treatments, each with 10 replicates. Plants were grown to the one-leaf-one-heart stage (6 days after sowing) and subjected to treatment with Uniconazole. Distilled water or a solution containing 10 mg·L-1 of Uniconazole (a small amount of No. 8 additives and alcohol should be used to aid in dissolution) and clear water was sprayed using a hand-held sprayer around 18:00 on a sunny afternoon (spray the front and back of each leaf evenly to moisten them without causing dripping). Sprayed only once during the test. After 24 h of uniconazole treatment, the corresponding treatments with NaCl and distilled water were conducted. The experimental treatments were as follows: (1) CK: 0% (0 mmol·L-1) NaCl + Spraying water; (2) U: 0% (0 mmol·L-1) NaCl + Spraying 10 mg·L-1 Uniconazole; (3) S: 0.6% (102.56 mmol·L-1) NaCl + Spraying water; (4) US: 0.6% (102.56 mmol·L-1) NaCl + Spraying 10 mg·L-1 Uniconazole. The 0.6% NaCl solution or clear water was replenished at 2-day intervals with three times the amount of water to maintain concentration. Samples were collected from four leaves and one heart stage and quickly frozen in liquid nitrogen and stored in a refrigerator at -40°C for further testing.

Each plastic barrel was irrigated with 4 L of either clear water or salt water two days before the rice seedlings were transplanted. After the water surface was stable, marking was made, and then water was regularly added to keep the water layer (2 cm). At the same time, the base fertilizer (urea: 0.499 g, diammonium phosphate: 0.445 g, potassium chloride: 0.712 g) was applied and stirred evenly. When the seedlings have grown to four leaves and one heart stage, the seedlings were selected with consistent growth and were transplanted into large plastic barrel. Each barrel has three holes, and two plants was in one hole. Tillering fertilization (urea: 0.552 g) was applied one week after transplanting, and panicle fertilizer (urea: 0.552 g, potassium chloride: 0.182 g) was applied when the second leaf had expanded by 1/3. Each treatment was repeated 12 times using a completely random placement design, and the yield indicators were measured after reaching full maturity.




2.3 Indicators and methods of determination



2.3.1 Determination of seedling growth index

After rinsing the rice seedlings from each treatment with clean water, 20 representative seedlings were selected from each pot. Plant height, stem diameter, and leaf area of each individual rice seedling were measured by slide gauge (0.1 mm) and leaf area meter (0.1 mm2). The shoots and roots fresh weight were measured using an electronic balance (0.0001 g) after the excess water was absorbed by filter paper. Subsequently, the rice seedlings were dried at 105°C for 30 minutes and dried to a constant weight at 75°C, and the shoot dry weight and root dry weight were measured.




2.3.2 Determination of root morphological index

In each treatment, 10 seedlings with the same growth vigor were selected and rinsed with water until there was no soil. Then they were placed in a glass sink with water to adjust the root position. The root system was scanned using Win RHIZO LA6400 XL to capture images. These images were then analyzed using the accompanying root analysis software (Win RHIZO Pro)to obtain measurements such as total root length, root surface area, root volume and average root diameter.




2.3.3 Determination of chlorophyll content

Chlorophyll a (Chl a), chlorophyll b (Chl b), carotenoid (Car), and total chlorophyll (Chl a + b) were determined using the method proposed by Kolomeichuk (Kolomeichuk et al., 2020). Fresh leaves (0.1 g) were soaked in 10 ml 95% ethanol in the dark for 24 hours (leaves completely faded). The concentrations of Chl a, Chl b, and Car were measured by spectrophotometry at 665, 649, and 470 nm, respectively.

[image: Equation for chlorophyll a concentration: Chl a (milligrams per gram) equals 13.95 times absorbance at 665 nanometers minus 6.88 times absorbance at 649 nanometers.]	

[image: Equation for chlorophyll b concentration: Chl b in milligrams per gram equals 24.96 times A sub six hundred forty-nine minus 7.32 times A sub six hundred sixty-five.]	

[image: Carotenoid concentration formula is depicted as Car (mg per gram) equals open parenthesis one thousand times A sub four seven zero minus two point zero five times chlorophyll a minus one hundred fourteen point eight times chlorophyll b close parenthesis divided by two hundred forty-five.]	

[image: Total chlorophyll in milligrams per gram equals chlorophyll a plus chlorophyll b.]	




2.3.4 Determination of photosynthetic index

Photosynthetic parameters – including the net photosynthetic rate (Pn), stomatal conductance (Gs), intercellular carbon dioxide concentration (Ci), and transpiration rate (Tr) were measured were measured at 8:30 - 11:00 a.m. with a Li-6800 photosynthesis instrument equipped with an LED leaf chamber (Li-Cor Inc., Lincoln, USA). Five plants were measured in each treatment. The middle part of the fully expanded sword-leaf of rice was measured at both the booting stage and the full heading stage.




2.3.5 Physiological index determination

Peroxidase (POD) was determined using the guaiacol method, while catalase (CAT) and ascorbate peroxidase (APX) were determined using spectrophotometry.

Determination of POD Content: In the presence of hydrogen peroxide, peroxidase catalyzes guaiacol to synthesize brownish red product-tetra-o-methoxyphenol (polymer). At 470 nm, 0.3 mL of 0.2 M phosphate buffer (pH 6.0), 0.03 mL of 30% H2O2, and 0.02 mL of 0.05 M guaiacol were added to 10 μL of enzyme solution to initiate the reaction. The activity of the enzyme is expressed as the change in absorbance per minute (Cakmak and Marschner, 1992).

Determination of CAT Content: Hydrogen peroxide has a strong absorption at 240 nm ultraviolet light. Catalase catalyzes the decomposition of hydrogen peroxide. In the reaction system, 0.1 mL of enzyme solution (1.9 mL of 50 mM phosphate buffer (pH 7.0) and 1 mL of 0.075% H2O2 to initiate the reaction. The activity of the enzyme was expressed as a decrease in absorbance at 240 nm per minute (Fu and Huang, 2001).

Determination of APX Content: Ascorbate Peroxidase (APX) catalyzes the oxidation of ascorbic acid (ASA) by hydrogen peroxide. ASA has the maximum absorption at 290 nm. The reaction system consisted of:1 mL of 50 mM phosphate buffer (pH 7.0), 2 mM ethylenediaminetetraacetic acid, 1 mL of 0.3 mM ascorbic acid, and 20 μL of 30% H2O2. 0.1 mL of enzyme solution was added to the reaction system to initiate the reaction, and the rate of absorbance decrease per minute was recorded. The enzyme activity is determined by the decrease in absorbance at 290 nm per minute (Nakano and Asada, 1981).




2.3.6 Determination of yield-related indicators

At the time of the rice harvest, 20 randomly selected representative plants, free of pests and diseases, were selected from each treatment. The panicle length, panicle number per hill, and filled grain number were measured, and the seed setting rate was calculated. The 1000-grain weight and yield per plant of rice were examined after air-drying.





2.4 Statistical analysis

Variance analysis was performed on the data for each sample using the Excel (2016, Microsoft Corp., Redmond, WA, USA) and SPSS (26.0, IBM Corp., Armonk, NY, USA). The mean value was tested by the least significant difference at the P< 0.05 level (LSD 0.05). All data are expressed as mean ± standard deviation (SE) of multiple replicates. Origin 2021 was used for drawing.





3 Result



3.1 Effects of exogenous Uniconazole on shoot growth of rice seedlings under salt stress

Rice growth was strongly suppressed under salt stress (Figure 1). The stem diameter, leaf area, shoot dry weight, and fresh weight of the two varieties were all decreased significantly (Figure 2). The application of exogenous uniconazole alleviated this damage. There were corresponding percent decreases of 13.0% and 24.2% in plant height, 31.0% and 22.1% in stem diameter, 31.6% and 55.8% in leaf area, 9.8% and 32.5% in fresh weight of shoot, 6.6% and 25.5% in fresh weight of shoot, respectively for HD961 and 9311. The plant height, stem diameter, leaf area, fresh weight of shoot, and dry weight of shoot of both varieties are significantly affected by Uniconazole. Compared with salt stress, US treatment decreased the percentage to 24.5% and 4.0% in plant height, 19.4% and 8.8% in fresh weight of shoot, and 11.5% and 13.4% in dry weight of shoot, respectively for HD961 and 9311. The stem diameter and leaf area of both varieties are significantly increased by Uniconazole under salt stress. There were corresponding percent increases of 43.5% and 15.7% in stem diameter, 44.7% and 16.2% in leaf area, respectively for HD961 and 9311. The data showed that the inhibitory effect of salt stress on the aboveground section of 9311 was greater than on HD961.

[image: Four panels showing plant growth experiments in pots and their uprooted views against a black background. Panel A: Four pots labeled CK, U, S, and US with varying plant heights. Panel B: Four pots labeled 9CK, 9U, 9S, and 9US. Panel C: Uprooted plants from Panel A, labeled CK, U, S, and US. Panel D: Uprooted plants from Panel B, labeled 9CK, 9U, 9S, and 9US. A yellow measuring tape indicates scale in each panel.]
Figure 1 | Effects of exogenous uniconazole on the growth of rice seedlings HD961 and 9311 under salt stress. (A) and (B) depict a repeated whole growth diagram (a plastic pot) for each treatment of HD961 and 9311, while (C) and (D) show three seedling growth morphology diagrams for each treatment of HD961 and 9311. The experimental treatments were as follows: (1) CK, 0% NaCl + Spraying water; (2) U, 0% NaCl + Spraying 10 mg·L-1 Uniconazole; (3) S, 0.6% NaCl + Spraying water; (4) US, 0.6% NaCl + Spraying 10 mg·L-1 Uniconazole.

[image: Bar graphs comparing various growth parameters of two plant varieties, HD961 and 9311, under four treatments: CK, U, S, and US. (A) Plant height; (B) Stem diameter; (C) Leaf area; (D) Shoot fresh weight; (E) Shoot dry weight. Treatments are color-coded, and each graph includes statistical significance markers (a, b, c).]
Figure 2 | Effects of exogenous uniconazole on shoot growth of rice seedlings HD961 and 9311 under salt stress. Plant height of HD961 and 9311 (A), stem diameter of HD961 and 9311 (B), leaf area of HD961 and 9311 (C), shoot fresh weight of HD961 and 9311 (D), shoot dry weight of HD961 and 9311 (E). The value represents the average ± standard error (SE) of the three repeated samples. According to the Duncan test, different letters in the data column indicate significant differences (p< 0.05).




3.2 Effects of exogenous Uniconazole on root growth of rice seedlings under salt stress

Figure 3 indicates that the root growth of the two rice varieties was greatly inhibited under salt stress, which was significantly improve following the exogenous application of Uniconazole. Compared to CK, salt stress significantly decreased the percentage to 47.5% and 77.1% in root length, 60.2% and 80.7% in root surface area, 65.7% and 85.3% in root volume, 16.3% and 19.4% in root average diameter, 27.6% and 41.8% in root fresh weight, and 23.8% and 37.0% in root surface area, respectively, for HD961 and 9311. As can be seen, salt stress had a greater inhibitory effect on the roots of 9311 than on HD961. Compared to S treatment, US treatment significantly increased the percentage to 93.2% in root length, 102.1% in root surface, 139.0% root volume, 16.3% in root average diameter, 45.7% in root fresh weight, and 11.8% in root dry weight of variety 9311. Compared to S treatment, US treatment significantly increased the root fresh weight (44.9%) and root dry weight (18.8%) of variety HD961. There were corresponding percent increases of 3.9% in root length, 7.8% in root surface area, 4.7% in root volume, and 0.8% in root average diameter of HD961 (Figure 4). It can be seen that Uniconazole was having strongly regulatory effect on 9311 thanHD961 under salt stress.

[image: Eight plant root systems are displayed in two rows, each labeled differently: CK, U, S, US on the top row and 9CK, 9U, 9S, 9US on the bottom row. Each root system has a distinct arrangement and density.]
Figure 3 | Root morphology of exogenous uniconazole rice seedlings under salt stress. The experimental treatments were as follows: (1) CK, 0% NaCl + Spraying water; (2) U, 0% NaCl + Spraying 10 mg·L-1 Uniconazole; (3) S, 0.6% NaCl + Spraying water; (4) US, 0.6% NaCl + Spraying 10 mg·L-1 Uniconazole. Among them, CK, U, S, and US represent the rice variety HD961, while 9CK, 9U, 9S, and 9US represent the 9311 rice varieties.

[image: Bar graphs labeled A to F, showing different root parameters for HD961 and 9311 under four treatments: CK, U, S, and US. A: Root length, highest in CK for both types. B: Root surface area, highest in CK for 9311. C: Root volume, largest in CK for 9311. D: Average root diameter, highest in U for HD961. E: Root fresh weight, greatest in CK for 9311. F: Root dry weight, highest in CK for 9311. Error bars are present with letter annotations indicating statistical differences.]
Figure 4 | Effects of exogenous uniconazole on root formation of rice seedlings HD961 and 9311 under salt stress. Root length of HD961 and 9311 (A), root surface area of HD961 and 9311 (B), root volume of HD961 and 9311 (C), average root diameter of HD961 and 9311 (D), root fresh weight of HD961 and 9311 (E), root dry weight of HD961 and 9311 (F). The value represents the average ± standard error (SE) of the three repeated samples. According to the Duncan test, different letters in the data column indicate significant differences (p< 0.05).




3.3 Effects of exogenous Uniconazole on chlorophyll content of rice seedlings under salt stress

Compared to CK, salt stress increased the chlorophyll a content by 7.8%, chlorophyll b content by 12.0%, carotenoids content by 7.7%, and total chlorophyll content by 10.3%, respectively for HD961 (Figure 5). In 9311, however, the trend is in the opposite direction. Adversely, compared to CK, salt stress markedly decreased the chlorophyll a content by 8.9%, chlorophyll b content by 21.2%, carotenoids content by 12.1%, and total chlorophyll content by 11.7, respectively for 9311. US treatment increased the chlorophyll a content and carotenoids content, and significantly increased the chlorophyll b content (16.0%) and total chlorophyll content (7.5%), respectively, for HD961, compared to salt stress. Similarly, compared with S, US treatment significantly increased the chlorophyll a content by 31.7%, chlorophyll b content by 53.9%, carotenoids content by 43.7%, and total chlorophyll content by 38.0%, respectively for 9311 It is clear that the effect of exogenously spraying Uniconazole on chlorophyll content in 9311 leaves was superior to that of HD961 during salt stress.

[image: Bar charts labeled A to D compare the chlorophyll and carotenoid content in two plant groups, HD961 and 9311, under four treatments: CK, U, S, and US. Each bar shows different letter annotations indicating statistical differences. Charts A and B show chlorophyll a and b content, respectively. Chart C shows carotenoid content, and Chart D shows total chlorophyll content. The US treatment generally shows the highest content across all charts.]
Figure 5 | Effects of exogenous uniconazole on chlorophyll content of rice seedlings under salt stress. Chlorophyll a content in HD961 and 9311 (A), chlorophyll b content in HD961 and 9311 (B), carotenoid content in HD961 and 9311 (C), and total chlorophyll content in HD961 and 9311 (D). The value represents the average ± standard error (SE) of the three repeated samples. According to the Duncan test, different letters in the data column indicate significant differences (p< 0.05).




3.4 Effects of exogenous Uniconazole on the activities of antioxidant enzyme system related enzymes in rice under salt stress

Figure 6 depict the activity of antioxidant enzymes (POD, APX, and CAT) in rice leaves and roots following various treatments. Compared with CK, salt stress decreased the activities of POD and CAT in the leaves and roots of both cultivars (Figures 6A, B, E, F). It decreased the APX activity in the leaves and roots of HD961, while increasing the APX activity in the leaves and roots of 9311 (Figures 6C, D). Compared to salt stress US treatment increased the percentage by 4.5% and 14.3% in POD activity of leaves, by 126.8% and 39.8% in APX activity of leaves, by 18.7% and 22.7% in CAT activity of leaves, by 14.4% and 54.2% in POD activity of roots, by 96.6% and 8.3% in APX activity of roots, and by 22.6% and 53.9% in CAT activity of roots, respectively, for HD961 and 9311. Overall, spraying Uniconazole under salt stress modulated the enzyme activities of roots more effectively than those of leaves in both varieties.

[image: Bar charts illustrating enzyme activities in plant samples HD961 and 9311 under different treatments: CK, U, S, and US. Panels A and B show POD activity; C and D show APX activity; E and F show CAT activity. Measurements are provided for both leaf and root samples, with error bars and significance letters indicating statistical differences.]
Figure 6 | Effects of exogenous uniconazole on antioxidant enzyme activities in rice under salt stress. The activities of the POD enzyme in leaves (A) and roots (B) for HD961 and 9311, the APX enzyme activities in leaves (C) and roots (D) for HD961 and 9311, and the CAT enzyme activities in leaves (E) and roots (F) for HD961 and 9311. The value represents the average ± standard error (SE) of the three repeated samples. According to the Duncan test, different letters in the data column indicate significant differences (p< 0.05).




3.5 Effects of exogenous Uniconazole on photosynthesis of rice HD961 at the booting stage and the full heading stage under salt stress

The effects of salt and Uniconazole treatment on photosynthesis at the booting stage and full heading stage are shown in Figure 7. Salt stress significantly reduced the photosynthesis of HD961. There were corresponding percentages of 30.3% and 42.7% in Pn, 44.3% and 70.4% in Gs, 4.0% and 5.5% in Ci, and 41.1% and 42.7% in Tr, respectively, in the booting stage and full heading stage for HD961. Uniconazole application under salt stress boosted photosynthesis at both the booting and full heading stages, with the full heading stage showing the most significant increase. Compared to S treatment, the US treatment increased the percentage by 21.5% and 57.3% in Pn, by 42.4% and 47.5% in Gs, by 2.1% and 2.4% in Ci, and by 26.1% and 32.8% in Tr, respectively, in the booting stage and full heading stage for HD961. This shows that Uniconazole could enhance photosynthesis, promote grain filling, and mitigate the adverse effects of salt stress on rice growth and yield.

[image: Bar charts compare treatments CK, U, S, and US at the booting and full heading stages of HD961. Variables include net photosynthetic rate (\(P_n\)), stomatal conductance (\(G_s\)), internal CO\(_2\) concentration (\(C_i\)), and transpiration rate (\(T_r\)). Statistical significance is indicated by letters.]
Figure 7 | Effects of exogenous uniconazole on the photosynthesis of rice variety HD961 during the booting stage and full heading stage under salt stress. The net photosynthetic rate of HD961 at the booting stage (A) and full heading stage (B), stomatal conductance of HD961 at the booting stage (C) and full heading stage (D), intercellular carbon dioxide concentration of HD961 at the booting stage (E) and full heading stage (F), and transpiration rate of HD961 at the booting stage (G) and full heading stage (H). The value represents the average ± standard error (SE) of the three repeated samples. According to the Duncan test, different letters in the data column indicate significant differences (p< 0.05).




3.6 Effects of exogenous Uniconazole on the yield of rice HD961 under salt stress

Compared to the S treatment, the U treatment significantly shortened the internode length and promoted the panicle growth of HD961 (Figure 8). Figure 9 shows that salt stress significantly reduced the height of rice plants and the development of panicles. There were corresponding percent decreases of 13.0% in panicle length (PL), 23.0% in panicle number per hole (PNH), 29.0% in filled grain number (FGN), 5.0% in 1000-grain weight (1000-GW), and 31.0% in yield per plant (YP), respectively, for HD961. Compared to salt stress, Uniconazole + salt stress treatment significantly increased the percentage to 9.0% in PL, 28.0% in PNH, 24.0% in FGN, 3.0% in 1000-GW, and 26.0% in YP, respectively, for HD961. While there was no significant increase in the seed setting rate for HD961.

[image: Comparison of plant samples labeled CK, U, S, and US are shown in three panels. Panel A displays multiple plant heads with a ruler. Panel B presents individual plant heads with a ruler for scale. Panel C shows entire plant stalks with a ruler, highlighting differences in height and structure.]
Figure 8 | Effects of exogenous Uniconazole on the full heading stage of rice HD961 under salt stress. (A) and (B) are the panicles of rice HD961, while (C) represents the aerial part of the HD961 plant. The photograph was taken on January 8, 2023, at the College of Coastal Agriculture, Guangdong Ocean University.

[image: Bar graphs labeled A to F show various measurements for HD961 under four conditions: CK, U, S, and US. Graph A: panicle length from 15 to 20 cm, highest for U. Graph B: panicles per hole around 4 to 6, highest for CK. Graph C: filled grain number highest for U, lowest for S. Graph D: 1000-grain weight highest for CK and U. Graph E: seed setting rate around 0.6, all similar. Graph F: grain yield per plant, highest for U, lowest for S. Error bars and significant differences indicated.]
Figure 9 | Effects of exogenous Uniconazole on the full heading stage of rice HD961 under salt stress. Panicle length (A), panicle number per hole (B), filled grain number (C), 1000-grain weight (D), seed setting rate (E), and yield per plant (F) of rice variety HD961. The value represents the average ± standard error (SE) of the sixteen repeated samples. According to the Duncan test, different letters in the data column indicate significant differences (p< 0.05).




3.7 Correlations between growth and physiological parameters and rice yield in HD961

To better understand the relationship between growth and physiological parameters and yield-related traits, we created a correlation matrix and compared the correlations between the indicators (Figure 10). The PL was positively correlation with RDW, POD-L, CAT-L, CAT-R, Pn, Gs, Ci and Tr. The YP was positively correlation with RDW, POD-L, CAT-L, CAT-R, Pn, Gs, Ci, Tr, PL, 100-GW and SSR. Similarly, PL, FGN, 1000-GW, SSR and YP are all positively correlation with RDW, POD-L, CAT-L, CAT-R, Pn, Gs, Ci and Tr. This indicates a positive correlation between rice yield, photosynthesis, and antioxidant enzyme activities.

[image: Correlation matrix using a color gradient from blue to red, showing relationships between various labeled variables on the axes. Values range from negative one to one, indicated by the color bar on the right.]
Figure 10 | Pearson correlations between growth and physiological parameters and rice yield in HD961. Red indicates a positive correlation between the two parameters. Blue indicates a negative correlation between the two parameters. SD, LA, SFW, SDW, RL, RSA, RV, ARD, RFW, RDW, CHA, CHB, CAR, TCH, POD-L, APX-L, CAT-L, POD-R, APX-R, CAT-R, Pn, Gs, Ci, Tr, PL, PNH, FGN, 1000-GW, SSR and YP represent stem diameter, leaf area, shoot fresh weight, shoot dry weight, root length, root surface area, root volume, average root diameter, root fresh weight, root dry weight, chlorophyll a, chlorophyll b, carotenoid, total chlorophyll, POD activity in leaves, APX activity in leaves, CAT activity in leaves, POD activity in roots, APX activity in roots, CAT activity in roots, Pn, Gs, Ci, Tr, panicle length, panicle number per hole, filled grain number, 1000-grain weight, seed setting rate and yield per plant, respectively. ANOVA p values and symbols were defined as: * p< 0.05; ** p< 0.01; ns: p > 0.05.





4 Discussion

Excessive soil salinity interferes with the normal physiological, biochemical, and metabolic processes of the plant, which adversely affects its growth and development (Talubaghi et al., 2023). Above ground is an essential metabolic and synthesizing organ of plants, the growth status of the above-ground part can reflect the salt tolerance of plants. The better the growth status of above ground, the stronger the salt tolerance of plants. Many studies have shown that plant leaf and root growth is inhibited in high-salt environments (Figure 1), which ultimately reduces biomass accumulation (Shahid et al., 2020). This study confirmed that salt stress severely inhibited the growth and development of rice, leading to a reduction in the shoot fresh weight and dry weight of HD961 and 9311. Notably, the salt-sensitive rice variety 9311 declined more than the salt-tolerant rice variety HD961, indicating that the salt-sensitive variety 9311 is more susceptible to salt stress injury. The inhibition and disruption of photosynthesis may be the primary cause of the decline in rice biomass during salt stress (Figure 7). The accumulation of Na and K ions within the cell, which obstruct relevant synthesis and metabolic processes (Gerona et al., 2019; Yang et al., 2019), could also be the cause. While foliar application of Uniconazole reduced the plant height, shoot fresh weight, and dry weight of HD961 and 9311, which was consistent with the previously reported effects of Uniconazole on rice (Izumi et al., 1984). Studies have shown that uniconazole can effectively increase stem diameter and reduce plant height to protect plants from damage (Fletcher et al., 1999; Schluttenhofer et al., 2011). The results of this study show that the US treatment significantly reduced the plant height, while significantly increasing the stem diameter and leaf area of the two rice varieties, compared to salt stress (Figure 2). These findings are consistent with the results reported by Hussein and Bekheta et al (Hussein et al., 2015). Moreover, the application of Uniconazole under salt stress reduced the plant height of HD961 more than that of 9311, which indicated that spraying Uniconazole under salt stress could effectively reduce the plant height of taller plants, enhance lodging resistance (Meichen et al., 2023), and improve the yield to a certain extent. It was reported that the application of Uniconazole could alleviate the damage of salt stress on plants by increasing the root fresh and dry weights of plants under salt stress, which is consistent with our findings (Ningyi et al., 2011). It was shown that Uniconazole could alleviate the damage caused by salt stress by reducing the shoot height of rice, increasing stem diameter and leaf area, and achieving the seedling strengthening effect under salt stress.

The root system is an important organ for plants to absorb nutrients and water from the soil, while its growth and development is sensitive to salt stress (Gorham et al., 1985). Therefore, the growth status of roots can directly indicate the damage caused by soil salt stress to plants. The results of this study showed that salt stress significantly reduced the root length, root surface area, root volume, average root diameter, and the root fresh weight and dry weight of rice varieties HD961 and 9311 (Figure 4). This indicates that salt stress inhibited rice root growth, and this result is consistent with the research findings of Mu et al. (Mu et al., 2022) on rice. It is worth noting that the reduction in root growth of 9311 than in HD961, which is consistent with the findings of previous study on rice, which found that salt-sensitive phenotypes inhibited rice root morphology (total root length, root surface area, root volume, and average root diameter) more effectively (Mu et al., 2022). This indicates that salt-sensitive rice varieties are more susceptible to damage caused by salt stress than salt-tolerant rice varieties. Compared to salt stress, US treatment significantly increased the root growth-related indexes of HD961 and 9311, which was similar to the findings of Qiu et al.’s (Qiu et al., 2005) study on promoting root growth in rapeseed under waterlogging stress using Uniconazole. Another study reported that foliar spraying of Uniconazole could also improve salt tolerance by effectively altering the number and caliber of secondary xylem conduits in soybean roots under salt stress, thereby reducing the entry of harmful ions into the roots (Na et al., 2017). In addition, this paper showed that foliar spraying of Uniconazole was more effective in promoting the root growth condition of salt-sensitive rice 9311 under salt stress, whereas previous studies also showed that application of the plant growth regulator BR under salt stress was better than salt-tolerant rice in regulating salt-sensitive rice (Mu et al., 2022). Analyzing the effects of Uniconazole on the shoot and root morphology of two rice varieties under salt stress demonstrates that Uniconazole can regulate shoot components and promote root development (Yan et al., 2013), thereby alleviating the damage caused by salt stress.

The leaf is a vital organ for photosynthesis and the formation of organic matter, and the chlorophyll content in leaves can reflect the photosynthetic capacity of plants in a certain extent (Wang et al., 2017). Maintaining a stable chlorophyll content enhances photosynthesis and increases plant resistance to stress (Kostopoulou et al., 2015). The results of this study showed that salt stress increased the chlorophyll a, chlorophyll b, carotenoid and total chlorophyll content of HD961 (Figure 5). This could be because salt stress inhibits the growth of shoots for HD961, resulting in a lower plant height than CK. This results in a decrease in the dispersion range of pigments while increasing chlorophyll content. Adversely, salt stress reduced the levels of chlorophyll a, chlorophyll b, carotenoids, and total chlorophyll content in rice variety 9311. The decrease in chlorophyll content in 9311 could be attributed to increased activity of the Chlorophylls enzyme and the instability of the pigment-protein complex (Beinsan et al., 2009). This shows that a salt-stress environment may destroy the chloroplast structure of rice leaves, impede the synthesis of chlorophyll, or accelerate the degradation of pigments (Qu et al., 2012; Hameed et al., 2021). Furthermore, previous research have also shown that salt-tolerant rice genotypes are superior to salt-sensitive genotypes in retaining chlorophyll content (Cha-Um et al., 2009). Compared to salt stress, the US treatment increased the contents of chlorophyll a, chlorophyll b, carotenoids, and total chlorophyll content in HD961 and 9311, respectively, which was consistent with the effects of Uniconazole application on maize in saline-alkali land (Xu et al., 2022). It is possible that under stress conditions, the zeatin content and chloroplast size of plants treated with Uniconazole rose, and plants were greener due to the higher chlorophyll content (Fletcher and Arnold, 2010; Gao et al., 1988). Similarly, previous studies reported that the application of Uniconazole under salt stress can prevent ROS damage to chloroplasts and significantly inhibit chlorophyll catabolism, thereby increasing plant chlorophyll content (Caihong, 2022). In addition, leaf spraying of Uniconazole under stress increased cytokinin (CK) biosynthesis, up-regulated the expression of key enzymes in the chlorophyll biosynthesis pathway, and reduced the degradation of photosynthetic pigments, all of which increased chlorophyll content (Liu et al., 2015). In this regard, studies have demonstrated that foliar spraying of Uniconazole under cold stress delays the degradation of chlorophyll in rape, enhances the respiratory capacity of the root system, and boosts plant resistance (Zhou and Leul, 1998). The research results (Figure 5) show that the salt-sensitive variety 9311 has higher chlorophyll content than the salt-tolerant variety HD961. We speculate that this result is due to Uniconazole’s variable effects on the leaf senescence process in rice varieties with different salt tolerance under salt stress. It could also be attributed to Uniconazole’s variable ability to degrade chlorophyll enzymes, which affects the level of chlorophyll and carotenoids differentially in different rice cultivars.

Photosynthesis is essential for plant growth and yield (Yang et al., 2022), and 90% of rice grain yield comes from the accumulation of photosynthetic products in functional leaves after flowering (Roháek and Barták, 1999). Therefore, maintaining photosynthesis is one of the important mechanisms for plants to adapt to salt tolerance (Fan et al., 2007). Leaf senescence is a widespread natural phenomenon. However, saline-alkali stress can severely affect the pace and timing of leaf senescence (Allu et al., 2014). In addition, salt stress further increases the toxicity of rice leaves, leading to leaf senescence and reduced leaf area, which ultimately reduces the photosynthetic rate (Hussain et al., 2018; Munns, 2002). In this study, salt stress significantly reduced the photosynthetic parameters such as Pn, Gs, Ci, and Tr of rice variety HD961 at the booting stage and full heading stage (Figure 7), indicating that salt stress had an effect on photosynthesis and stomatal closure of plants. At the same time, the overall photosynthetic rate of rice was reduced due to salt stress reducing photosynthetic pigments (chlorophyll a, b, and carotenoid content) in the plant (Acosta-Motos et al., 2017). This is due to the fact that salt stress causes physiological drought in plants. Plants are unable to maintain normal photosynthesis due to reduced CO2 uptake in order to minimize water loss from the body (Suzuki et al., 2012). The decrease in Ci in rice under salt stress was accompanied by a simultaneous decrease of Pn and Gs (Figure 7), which indicated that salt stress caused the decrease of Pn in rice through stomatal limitation (Tang et al., 2018; Yang et al., 2006). In addition, salt-stressed environments may destroy the chloroplast structure of rice leaves, impede chlorophyll synthesis, or accelerate pigment degradation, ultimately leading to reduced photosynthetic activity (Qu et al., 2012). It has been reported that when plants are subjected to salt stress, the chloroplast membrane system is destroyed to a certain extent, leading to chloroplast decomposition, which eventually results in a decrease in the net photosynthetic rate (Gadelha et al., 2021). Under salt stress, exogenously spraying Uniconazole increased the photosynthetic parameters of rice at the booting stage and full heading stage, enhanced Pn, and maintained photosynthesis. This is consistent with the results of previous studies in which Uniconazole was applied to enhance the photosynthetic properties of plants under water stress (Ningyi et al., 2012). In addition, as shown in Figure 7, the improvement effect of US treatment on the photosynthetic parameters of HD961 at the full heading stage was better than at the booting stage when compared to salt stress. This may be due to the role of Uniconazole in delaying leaf senescence and further enhancing photosynthesis in rice at the full heading stage (Wan et al., 2013), promoting more efficient transport of photosynthetic products to the grains, and ultimately increasing yield. This may also be because Uniconazole induced stomatal opening, which affects the diffusion of CO2 from the external environment through the stomatal opening to the mesophyll tissue, thereby increasing the rate of photosynthetic carbon assimilation. Meanwhile, correlation analysis showed that photosynthesis and chlorophyll content were positively correlated (Figure 10), whereas spraying Uniconazole under salt stress increased chlorophyll content in rice leaves (Figure 5), which improved photosynthetic efficiency to some extent. The above results indicate that Uniconazole was able to maintain the chloroplast structure and enhance the photosynthetic capacity of rice, thereby alleviating the inhibitory impact of salt stress on rice.

Abiotic stresses, such as salt stress, can damage the oxygen-evolving complex (OEC) in the process of electron transfer in plants. This damage leads to the generation of large amounts of reactive oxygen species (ROS) in plants, destroying macromolecules such as proteins and nucleic acids, and causing membrane lipid peroxidation, destroying the normal physiological metabolism process in plants and even inducing programmed cell death (Miller et al., 2010). There is an efficient antioxidant defense system in plants for balancing and scavenging excess reactive oxygen species (ROS) produced under stress, including antioxidant enzymes such as POD, APX, and CAT (Alam et al., 2019). Moreover, H2O2 is decomposed by POD, APX, and CAT to form molecular oxygen and water, which prevents membrane lipid peroxidation, delays plant senescence, and maintains normal growth and development. Studies have shown that triazoles can reduce membrane oxidative damage and improve plant tolerance to stress by increasing antioxidant activity (Fletcher et al., 1999). This study showed that the activities of POD and CAT in the leaves and roots of HD961 and 9311, were significantly reduced by salt stress. This reduction may be attributed to the rapid overproduction of ROS under high salt stress, which exacerbates membrane lipid peroxidation, destroys the stability of the cell membrane, causes damage to the antioxidant defense system, and ultimately leads to plant damage under salt stress. This is consistent with previous research findings (Mu et al., 2022). In this study, we observed higher antioxidant enzyme activities in 9311 leaves compared to HD961 under salt stress. We hypothesized that this difference might be due to the fact that the negative impacts of salt stress on the growth of salt-sensitive rice varieties were not primarily caused by salt-induced oxidative stress (Vicent et al., 2003). This study showed that the enzyme activities of POD, APX, and CAT increased in the leaves and roots of HD961 and 9311 when treated with Uniconazole compared to salt stress, and the increase in antioxidant enzyme activities was greater in the leaves and roots of 9311. This indicates that the application of Uniconazole increased antioxidant activity, effectively reduced ROS levels, and protected the plant from the damaging effects of salt-induced oxidative stress (Mahmood et al., 2021; Parveen et al., 2019). This finding is consistent with previous studies on the effectiveness of Uniconazole in alleviating drought stress in maize (Ahmad et al., 2018b). Meanwhile, our results were consistent with the findings of Zhang Panpan et al., demonstrating that foliar application of Uniconazole under salt stress can substantially boost the activity of antioxidant enzymes in plants, decrease cell membrane damage, preserve membrane system stability, and improve plant resilience to adverse conditions (Zhang et al., 2020). Yang found that application of Uniconazole enhanced cold tolerance in rice by increasing antioxidant enzyme activities (Yu et al., 2003), which is similar to the results of the present study. In addition, the study’s findings revealed that the levels of antioxidant enzymes (APX and CAT) in the root system of the salt-tolerant rice variety HD961 were higher compared to those in the salt-sensitive rice variety 9311 after the application of Uniconazole under salt stress. This difference may be attributed to the varying responses of different salt-tolerant rice varieties to stress. Previous studies have indicated that rice varieties with robust stress resistance exhibit higher antioxidant enzyme activities than sensitive varieties (Guo et al., 2006). On the contrary, the activities of antioxidant enzymes (APX and CAT) in the leaves of salt-tolerant rice HD961 were lower than those of the salt-sensitive rice variety 9311, possibly due to the differences in plant types among rice varieties. The above results show that Uniconazole effectively activates the antioxidant system of rice under salt stress, balances the ROS content in plants, reduces the degradation of photosynthetic pigments, and maintains the photosynthetic function of plant leaves, thereby increasing the yield. However, POD activity was higher in roots than in leaves, and APX and CAT activities were higher in leaves than in roots, which may be due to the fact that the roots were more sensitive to the response of POD activity under salt stress. The results show that exogenous Uniconazole can effectively improve the antioxidant efficiency of rice under salt stress, inhibit ROS accumulation, reduce membrane lipid peroxidation, and reduce the toxic effects of salt stress on rice. This method could provide some reference for the cultivation of rice in saline-alkali soil.

Abiotic stresses, such as drought, salinity, heavy metals, and temperature, have antagonistic effects on plant growth and development, resulting in an overall decline in plant yield (Khan et al., 2021), which poses a sever risk to global food supply. In contrast, the number of panicles, grain number per panicle, 1000-grain weight, and yield of rice were significantly decreased under salt stress, with the number of panicles being one of the primary factors contributing to yield reduction under salt stress. During the entire life cycle of rice, the booting stage is a critical period that determines the development or degradation of spikelets. Previous studies have shown that stress during the booting stage of rice can impact spike and yield traits, such as causing a significant decrease in panicle length, branch number, and grain size, which ultimately affects the 1000-grain weight and yield of rice (Gerona et al., 2019; Wang et al., 2020). In this study, salt stress significantly reduced the yield components of HD961, such as panicle length, panicle number per hole, filled grain number, 1000-grain weight, and yield per plant. The reduction in plant yield under salt stress is due to a decrease in the conversion of soluble sugar or starch content in rice spikelets and a decline in starch synthase activity during grain development (Abdullah et al., 2001). Salt stress may also inhibit the rice root system from suppressing water uptake at the reproductive stage, leading to disruptions in physiological processes that result in suboptimal production and distribution of assimilates (Nasrudin et al., 2022), ultimately reducing production. In contrast, foliar application of Uniconazole under salt stress increased the yield components related to the rice variety HD961. Uniconazole may enhance the growth of rice spikelets under salt stress, thereby alleviating the yield loss caused by salt stress. Meanwhile, Uniconazole increased the photosynthetic rate of HD961 under salt stress, and it has been demonstrated that the yield of rice can be increased by enhancing the net photosynthetic rate (Pn) (Ainsworth and Long, 2021; Long et al., 2006). Our results are consistent with earlier studies, both of which indicate that the application of Uniconazole accelerates salt and water uptake by the plant, thereby increasing plant yield and salt tolerance (Hala and Eleiwa, 2008). As shown in Figures 8A–C, Uniconazole treatment significantly improved grain yield and panicle traits under salt stress. A possible reason for the higher grain yield in Uniconazole treatment is the reduction in the rate of collapse. Another possibility is that Uniconazole can improve the growth and development of plants under stress and increase yield by enhancing the antioxidant defense system (Ahmad et al., 2018a). Furthermore, correlation analysis revealed that rice yield and yield-related characteristics were positively linked with photosynthetic indicators and antioxidant enzyme activities (Figure 10). However, exogenous spraying of Uniconazole did not improve the seed setting rate of HD961 under salt stress, but the grain yield per plant and the number of panicles per hole were significantly increased compared to salt stress. This suggests that Uniconazole may improve yield by increasing the number of effective tillers. In the present study, application of Uniconazole significantly increased yield and related yield components, indicating that Uniconazole has the potential to protect the development of rice spike differentiation and increase yield.




5 Conclusion

In summary, salt stress significantly inhibited the plant height, stem diameter, leaf area, and root growth, such as root length, root surface area, root volume, root average diameter, root dry weight, and fresh weight in the seedling stage of two rice varieties, HD961 and 9311. At the same time, salt stress reduces the antioxidant capacity of plants and broke the balance of reactive oxygen species, resulting in a decrease in biomass. However, exogenous application of Uniconazole can regulate the morphological, physiological, and biochemical parameters, enhancing the salt tolerance in rice under salt stress. Uniconazole enhances the activities of antioxidant enzymes such as POD, APX and CAT in rice to cope with the oxidative damage caused by salt stress. At the same time, the chlorophyll content of two rice varieties was increased, enhancing photosynthesis, thereby delaying plant senescence and sustaining normal plant growth. Notably, Uniconazole was more effective in regulating the salt-sensitive rice variety 9311. The results of this study showed that exogenous foliar spraying of Uniconazole under salt stress could alleviate the inhibition of aboveground growth and development of rice, promote the growth of root system, increase the content of photosynthetic pigment, enhancing photosynthesis, and improve the salt tolerance and yield of rice (Figure 11). This article is based on pot experiments, so it has certain limitations. However, it also offers insights on the use of Uniconazole to improve the salt tolerance of rice seedlings on coastal beaches. This can help ensure the relatively stable growth of rice in high-salt areas to a certain extent.

[image: Diagram illustrating the effects of Uniconazole on plant processes. Uniconazole promotes redox balance and photosynthesis, which enhance plant growth and development. It counters the negative effects of NaCl and reactive oxygen species (ROS) on plant growth and yield. Photosynthesis promotion leads to increased chlorophyll and improved plant yield.]
Figure 11 | Response mechanism model of Uniconazole-induced rice under salt stress. The red icon indicates inhibition, while the blue arrow indicates promotion.
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Integrative transcriptome and metabolome analysis reveals the mechanism of fulvic acid alleviating drought stress in oat
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Drought stress inhibits oat growth and yield. The application of fulvic acid (FA) can improve the drought resistance of oats, but the corresponding molecular mechanism of FA-mediated drought resistance remains unclear. Here, we studied the effects of FA on the drought tolerance of oat leaves through physiological, transcriptomic, and metabolomics analyses, and identified FA-induced genes and metabolites related to drought tolerance. Physiological analysis showed that under drought stress, FA increased the relative water and chlorophyll contents of oat leaves, enhanced the activity of antioxidant enzymes (SOD, POD, PAL, CAT and 4CL), inhibited the accumulation of malondialdehyde (MDA), hydrogen peroxide (H2O2) and dehydroascorbic acid (DHA), reduced the degree of oxidative damage in oat leaves, improved the drought resistance of oats, and promoted the growth of oat plants. Transcriptome and metabolite analyses revealed 652 differentially expressed genes (DEGs) and 571 differentially expressed metabolites (DEMs) in FA-treated oat leaves under drought stress. These DEGs and DEMs are involved in a variety of biological processes, such as phenylspropanoid biosynthesis and glutathione metabolism pathways. Additionally, FA may be involved in regulating the role of DEGs and DEMs in phenylpropanoid biosynthesis and glutathione metabolism under drought stress. In conclusion, our results suggest that FA promotes oat growth under drought stress by attenuating membrane lipid peroxidation and regulating the antioxidant system, phenylpropanoid biosynthesis, and glutathione metabolism pathways in oat leaves. This study provides new insights into the complex mechanisms by which FA improves drought tolerance in crops.
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1 Introduction

Oat (Avena nuda L.) is a globally significant food and feed crop. Its grains are abundant in nutrients, including high levels of β-glucan, protein, fat, and soluble dietary fiber. It exhibits remarkable effects on blood sugar regulation and cholesterol reduction, making it an important medicinal crop (Alemayehu et al., 2023). With the increasing focus on nutrition and dietary health, there has been a gradual rise in market demand for high-quality oat raw materials (Singh et al., 2022). Therefore, the development of the oat industry contributes to agricultural growth and farmers’ income and holds great significance in addressing issues related to residents’ imbalanced nutritional intake. China is the primary origin of large-grain naked oats, with a relatively concentrated planting area primarily located in arid and semi-arid regions such as North and Northwest China. These areas are characterized by harsh natural conditions, and as a result of uneven precipitation distribution and the escalating occurrence, frequency, and intensity of droughts attributed to global warming, drought has emerged as the predominant limiting factor for oat production (Tian et al., 2022; Zhang et al., 2022; Salih et al., 2023). Drought and water scarcity triggers a cascade of physiological and biochemical responses in plant morphology (Wang et al., 2022a). For example, drought stress induces the excessive accumulation of reactive oxygen species (ROS), resulting in oxidative damage to cell membranes and chlorophyll degradation, reduced photosynthetic efficiency, and inhibition of crop growth (Muhammad et al., 2021; Peng et al., 2022; Hu et al., 2023), all of which exert a negative impact on plants. Therefore, exploring appropriate methods to enhance the drought tolerance of oat plants is crucial for optimizing their growth and yield (Gao et al., 2018; Bai et al., 2021). The utilization of plant growth regulators is regarded as a proficient and eco-friendly approach to address this issue (Che et al., 2017; Jesmin et al., 2023).

Fulvic acid (FA) is a low-molecular-weight, highly polar active humic substance that contains active organic functional groups and hydrophilic free radicals (Gong et al., 2020). As a growth regulator, it has multiple regulatory effects on plant growth and development (Liang et al., 2024), can stimulate plant growth, enhance leaf photosynthesis, and regulate antioxidant systems (Justi et al., 2019; Chen et al., 2022b). Most importantly, FA is a key factor affecting plant tolerance to abiotic stresses. For example, its strong antioxidant activity helps maintain the homeostasis of ROS to protect plants from the damage caused by environmental stress (Wang et al., 2019). FA can also activate various antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), and polyphenol oxidase (PPO), to reduce oxidative stress in plants (Yu et al., 2024; Hareem et al., 2024). Plant photosynthesis is highly sensitive to drought stress. FA can improve net photosynthesis, increase chlorophyll content and electron transport, and maintain chloroplast ultrastructure, thus alleviating the adverse effects of abiotic stress on photosynthesis (Liu et al., 2022). In addition, studies on its molecular mechanism reveal that FA can resist drought stress through the gene expression involved in the primary metabolism of maize leaves, particularly photosynthesis, carbon fixation, hormone, and osmotic metabolism pathways (Chen et al., 2022a). FA can also enhance the antioxidant defense ability of tea plants under drought stress by regulating ascorbic acid metabolism, glutathione metabolism, and flavonoid biosynthesis (Sun et al., 2020). At present, most research focuses on the drought resistance of FA-induced crops at the physiological level, while the molecular mechanism of fulvic acid-mediated drought resistance in oats remains unclear. Transcriptome analysis is commonly employed to investigate alterations in gene expression levels under diverse biotic and abiotic stresses, thereby enhancing our understanding of the functionality of the gene regulatory networks and signaling pathways in plants (Zhao et al., 2021; Jiang et al., 2023). Similarly, metabolomics has emerged as a novel tool facilitating comprehensive component analysis, proving valuable for identifying changes in metabolites induced by various environmental fluctuations (Zhang et al., 2021). Integrative transcriptomic and metabolomic analyses establish a robust connection between gene regulation and metabolite generation, facilitating the comprehension of plant responses to dynamic environmental changes (Elakhdar et al., 2023; Cui et al., 2023). Scholars have successfully applied these methods to study plant physiology (Li et al., 2023a; Wang et al., 2023a; Dwivedi et al., 2023). Sun et al. (2020) revealed a crosstalk regulation between FA and ascorbate metabolism and flavonoids biosynthesis, contributing to understanding plant drought tolerance. In our previous experiments, we demonstrated the ability of foliar spraying to mitigate the detrimental effects of drought stress on oat seedlings (Zhu et al., 2022). However, the combined transcriptomic and metabolomic analyses of drought tolerance in oats have rarely been reported. In this study, we employed integrative metabolomic and transcriptomic approaches to investigate the effects of FA on overall leaf responses (including morphology, physiology, gene transcription, and metabolite generation) in oat leaves under drought conditions. The objective of the study is to investigate the physiological and molecular mechanisms by which FA regulates oats under drought stress. Our findings enhance the understanding of FA regulation mechanisms in oat plants and provide valuable strategies for improving crop drought tolerance.




2 Materials and methods



2.1 Plant material and experimental treatments

The drought-sensitive oat variety ‘Bayou 9’ was used in this investigation, characterized by a fertility period of approximately 80 to 90 days. Thirty seeds were sown into plastic pots of 25 centimeters in diameter and 18 centimeters in depth, each containing roughly 3 kilograms of mixed soil (soil, vermiculite, peat soil in a volume ratio of 1:1:1). By the third leaf stage, each pot was thinned to 20 seedlings. The seedlings were grown in a controlled greenhouse at Inner Mongolia Agricultural University (Hohhot, China) at a temperature of 20 ± 2°C, under a photoperiod of 16 hours of light and 8 hours of darkness, with a light intensity of 2000 lux. All pots were at 75% water prior to the jointing stage; water content was maintained by weighing every two days and applying water as needed. Drought stress (water content maintained at 45%) was applied to the seedlings at the jointing stage, and the stress persisted until maturity.

Three treatments were implemented, each with three replicates (pots): (1) spraying distilled water and watering to 75% field capacity (CK); (2) spraying distilled water and exposed to drought stress (DS); and (3) spraying FA and exposed to drought stress (DF). Sprinkle FA once during the plant’s early jointing, heading, and filling stages, at a rate of 15 ml per pot. The FA concentration (600 mg/L) used in this investigation was based on our previous research (Zhu et al., 2022). After 7 days of FA treatment (7 days based on the previous research of the research group) (Li et al., 2019), flag leaf samples were collected, quickly frozen in liquid nitrogen, and stored at -80°C for future measurements.




2.2 Growth analysis

The flag leaf, penultimate leaf, and third to last leaf of the oat plant were selected as the study objects. The length and width of the leaves were measured with a ruler. The leaf area was calculated based on the length–width coefficient method:

[image: Leaf area is calculated as the product of leaf length, leaf width, and the constant 0.73.]	

where 0.73 is an empirical coefficient. The chlorophyll content of the flag leaves was determined using a chlorophyll meter (SPAD-502, Konica Minolta, Tokyo, Japan). Dry matter quality was estimated by taking the flag leaf, penultimate leaf, and third of 20 oat plants were put into paper bags, and then put into oven at 105°C for 20 min and subsequently dried at 80°C for 48 hours to constant weight. The relative water content (RWC) of leaves was determined by the drying and weighing method (Farooq et al., 2009). Briefly, the fresh weight (W1) of oat flag leaves was weighed and the leaves were then placed on a water surface for 12 h to obtain the saturation weight (WS). Finally, the leaves were dried at 85°C to a constant weight (W2). The RWC of the oat leaves was calculated as follows:

[image: The image shows a formula for calculating relative water content: RWC (percent) equals (W1 minus W2) divided by (WS minus W2) multiplied by one hundred.]	




2.3 Measurements of physiological characterization

Malondialdehyde (MDA) content was determined by thiobarbituric acid (TBA) colorimetric method. superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), phenylalanine aminolyase (PAL) activities, hydrogen peroxide (H2O2), 4-coumaroyl coenzyme A ligase (4CL), and dehydroascorbic acid (DHA) were all measured by enzyme-linked immunosorbent assay kit instruction (Keshun Biotechnology Co., Ltd., Shanghai, China).




2.4 RNA extraction, cDNA library construction, and transcriptome sequencing

Total RNA was isolated using the mirVanaTM miRNA isolation kit, following to the manufacturer ‘s instructions. The Tru Seq Stranded mRNA LT Sample Prep Kit was used to create the sequencing library, following to the manufacturer ‘s instructions.

The Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) was used to determine the library size and purity of the sample (1 μL). Transcriptome sequencing was carried out by OE Biotechnology Co., Ltd. (Shanghai, China). Trimmomatic software was used to handle raw data, perform quality control, remove the adaptor, and filter to obtain clean reads (Bolger et al., 2014). To get the reference genes, clean reads were aligned to the reference genome using hisat2 (Kim et al., 2015). All sequencing readings were uploaded to the National Center for Biotechnology Information (SRA accession number: PRJNA1111847).




2.5 Gene annotation, differential expression, and enrichment analyses

The gene function was annotated based on the following databases: Gene Ontology (GO) (http://www.geneontology.org/) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/). Cufflinks software was utilized to calculate the fragments per kilobase of transcript per million mapped reads (FPKM) value for each gene, while htseq-count was employed to obtain the read counts of each gene. Differentially expressed genes (DEGs) were identified using the DESeq R package by estimating size factors and performing a negative binomial test. Significantly differential expressions were determined by applying the thresholds p-value ≤ 0.05 and |log2FC| ≥ 1. Hierarchical cluster analysis was conducted on DEGs to explore patterns in gene expression. GO and KEGG pathway enrichment analyses were performed on the DEGs using R software version 3.6.2 with employing the hypergeometric distribution.




2.6 Metabolite extraction

The samples (80 mg) were meticulously transferred to a 1.5 mL Eppendorf tube, followed by the addition of two small steel balls. An internal standard solution of L-2-chlorophenylalanine (0.3 mg/mL) dissolved in methanol was added at a volume of 20 μL, and each sample received a mixture of methanol and water (7/3, v/v) at a volume of 1 mL. Subsequently, the samples were placed at −20°C for 2 min. The entire sample was then subjected to ultrasonication in an ice-water bath for 30 min and subsequently cooled in a refrigerator at −20°C for 20 min. After centrifugation at 4°C (13,000 rpm) for 10 min, supernatant aliquots of 150 μL were collected from each tube using a crystal syringe and filtered through a microfilter with a pore size of 0.22 μm before being transferred to LC vials. These vials were stored at −80°C until liquid chromatography-mass spectrometry (LC-MS) analysis was performed. A quality control (QC) sample was prepared by pooling all individual samples into one mixed sample.

LC-MS analysis was conducted using a UHPLC system (Vanquish, Thermo Fisher Scientific, Waltham, MA, USA) coupled to a Q Exactive HFX mass spectrometer (Orbitrap MS, Thermo Fisher Scientific) with a UPLC BEH Amide column (2.1 mm × 100 mm, 1.7 μm). The mobile phase consisted of 25 mmol/L ammonium acetate and 25 mmol/L ammonia hydroxide in water (pH = 9.75) (A) and acetonitrile (B). Gradient elution was employed for the analysis as follows: 0–0.5 min, 95% B; 0.5–7.0 min, 95%–65% B; 7.0–8.0 min, 65%–40% B; 8.0–9.0 min, 40% B; 9.0–9.1 min, 40%–95% B; 9.1–12.0 min, 95% B. The column temperature was maintained at a constant value of 30°C throughout the analysis period, while the auto-sampler temperature was set at −4°C and the injection volume used was fixed at exactly 2 μL. MS spectra were obtained in information-dependent acquisition mode using Xcalibur (Thermo Fisher Scientific) and a QE HFX mass spectrometer equipped with an electrospray ionization source. Measurements were made under the following conditions: sheath gas flow rate of 50 Arb, auxiliary gas flow rate of 10 Arb, capillary temperature of 320°C, full MS resolution set at 6000 resolving power, MS/MS resolution set at 7,500 resolving power with collision energy values in the range 10–60 under normalized collision energy mode depending on specific requirements during the data acquisition process, and positive or negative spray voltage (3.5 kV or −3.2 kV, respectively).




2.7 Data preprocessing and statistical analysis

The raw data were preprocessed and normalized using the metabolomics processing software Progenesis QI v3.0 (Nonlinear Dynamics, Newcastle, UK). The Human Metabolome Database (HMDB), Lipidmaps (v2.3), METLIN, and PMDB database were utilized for the qualitative analysis. The selected data were scored according to the qualitative results of the compound with a standard score of 36 points, and data with a score below 36 points were deleted. The resulting positive and negative ion data were combined into a data matrix table. First, unsupervised principal component analysis (PCA) was used for multivariate statistical analysis to observe the overall distribution among the oat samples and the stability of the whole analysis process. Supervised partial least squares-discriminant analysis (PLS-DA) and orthogonal analysis. Partial least squares analysis (OPLS-DA) was used to distinguish overall differences in metabolic profiles between groups and to find inter-group differences. Differential metabolites. Student’s t-test and fold change analysis were employed. To compare metabolites between the two groups. The method of combining multidimensional analysis and one-dimensional analysis was adopted. The following thresholds were used for the analysis: VIP value of the first principal component of the OPLS-DA model > 1; FC > 1; and t-test p-value < 0.05. Quasi-screening was adopted for differential metabolites between groups. Functional annotation and pathway analyses of differential metabolites were performed using KEGG database enrichment analysis.




2.8 Real-time quantitative reverse transcription PCR analysis

To verify the reliability of the DEGs from the sequencing results, eight DEGs were selected for internal q-PCR. The specific primers are reported in Supplementary Table 1, with the oat actin gene employed as the internal reference gene. The RNA was reverse transcribed into cDNA using TransScript All-in-One First-Strand cDNA Synthesis SuperMIX for q-PCR (All-in-One Gold). q-PCR was performed on an ABI9700 system using the dye method. The reaction system, described in Supplementary Table 2, was executed under the following conditions: 94°C for 30 s; 40 cycles of 94°C for 5 s; and 60°C for 30 s. The temperature was slowly increased from 60°C to 97°C, and the fluorescence signal was collected five times per °C. Each sample was replicated three times, with sterile water used as the control. The relative expression of the genes was calculated with the 2-ΔΔCt algorithm.





3 Results



3.1 Morphological and physiological responses of the oat plant induced by FA under drought stress

We investigated the morphological and physiological changes in FA-treated leaves under drought conditions to confirm the positive effects of FA in alleviating drought stress in oat leaves. Under drought stress, the oat plants exhibited a significant reduction in height, accompanied by a decrease in leaf count. The lower leaves displayed green and yellow discoloration and curling, while the upper leaves showed scorching at the edges. Additionally, there was a notable decline in spikelet numbers. The number of dead leaves, the length of dead leaves, and the degree of yellowing all exhibited a significant reduction in FA-treated leaves under drought stress in comparison to the control group. There was also an observed increase in the number of spikelets (Figure 1A). The leaf area and dry matter quality of the oat leaves were significantly reduced under drought stress, while the application of FA mitigated the detrimental effects of drought stress on these parameters (Figures 1B, C). Under drought stress, the chlorophyll content and RWC declined by 23.29% and 47.48%, respectively, compared to the control, while the application of FA resulted in a significant recovery of chlorophyll content and RWC by 24.5% and 23.33%, respectively (Figures 1D, E). These results indicate that FA alleviates the negative effects of drought on oat leaves and promotes plant growth.

[image: (A) Three pots containing plants labeled CK, DS, and DF show different growth levels. (B) Bar graph displays leaf area, with CK highest, DF medium, DS lowest. (C) Bar graph of dry matter shows CK highest, DF medium, DS lowest. (D) Chlorophyll content graph shows CK and DF high, DS lower. (E) Relative water content (RWC) graph shows CK highest, DF medium, DS lowest.]
Figure 1 | Effects of fulvic acid on the morphology and physiology of oat (Avena sativa L.) under drought stress. CK was the control, DS was exposed to drought stress, and DF was exposed to drought stress and was treated with fulvic acid. (A) growth condition. (B) chlorophyll content. (C) leaf area. (D) dry weight. (E) relative water content. The columns represent the means and the error bars represent ± SD of three replicates. Columns in the same panel and capped with the same lower case letter are not significantly different P > 0.05 according to Duncan’s multiple range tests.

MDA and H2O2 levels were selected as markers of oxidative damage and ROS accumulation. Drought stress resulted in a significant enhancement in the levels of H2O2 and MDA in the oat leaves, while the application of FA effectively mitigated the accumulation of H2O2 and MDA (Figures 2A, B). We estimated the levels of antioxidative enzymes in the oat leaves under different treatments. The changes in these enzymatic antioxidants exhibited a similar variation trend (Figures 2C-G). Under water-deficit conditions, the activities of the antioxidative enzymes (SOD, POD, PAL, CAT, and 4CL) significantly increased in oat leaves, and FA application was able to further improve the levels of SOD, POD, PAL, CAT, and 4CL in the oat leaves. Ascorbic acid is one of the most abundant water-soluble antioxidants and can be used as a ROS scavenger directly against oxidative stress. Drought stress led to an increase in dehydroascorbic acid content in oat leaves, while fulvic acid application decreased its content (Figures 2H). These results suggest that the application of FA can enhance antioxidant defense activity and decrease excessive ROS.

[image: Eight bar graphs labeled A to H compare the effects of three treatments (CK, DS, DF) on various biochemical parameters. Each graph shows mean values with error bars:  A. MDA content: Highest in DS, then DF. B. H₂O₂ content: Highest in DS, then DF. C. SOD activity: Highest in DF, followed by DS. D. POD activity: Highest in DF, then DS. E. CAT activity: Highest in DF, followed by DS. F. PAL activity: Highest in DF, then DS. G. 4CL activity: Highest in DF, followed by DS. H. DHA content: Highest in DS, then CK and DF have similar values.]
Figure 2 | Effects of Fulvic acid on (A) MDA content, (B) H2O2 content, (C) SOD activity, (D) POD activity, (E) CAT activity, (F) PAL activity in oat,(G) 4CL activity, and (H) DHA content (Avena sativa L.) leaf under drought stress. CK was the control, DS was exposed to drought stress, and DF was exposed to drought stress and was treated with fulvic acid. The bars represent the means ± SD of three replicates. Different letters indicate significant differences at P < 0.05 according to Duncan’s multiple range tests.




3.2 Leaf transcriptome profiles in response to different treatments



3.2.1 Transcriptome sequencing analysis

RNA-seq analysis was performed on three biological replicates of leaf samples under CK, DS, and DF treatments. Nine cDNA libraries were prepared and then paired-end sequenced. The raw reads ranged from 44.26 to 49.06 million. After removing low-quality reads, clean reads ranged between 44.16 and 48.96 million. In our libraries, the percentage of clean reads was greater than 99%, and the Q30 values were greater than 90.77%. The mean GC content was determined as 55.14% (Supplementary Table 3). The transcriptome sequencing results exhibit high quality and are suitable for the subsequent analysis.

Pearson’s correlation coefficient analysis of the three replicates indicated that the sequencing data were of high quality and met the requirements for further analyses (Figure 3A). Based on the thresholds of adjusted |log2Fold Change| > 1 and false discovery rate (FDR) of <0.05, a total of 2126, 2786, and 652 DEGs were screened in DS-vs-CK (1138 upregulated and 988 downregulated), DF-vs-CK (1532 upregulated and 1254 downregulated), and DF-vs-DS groups (475 upregulated and 177 downregulated)groups, respectively (Figure 3B). There were more upregulated genes than downregulated genes in the seedlings following the DS and DF treatments, and more genes were differentially regulated by drought alone than by the DF treatment. Among the DEGs, 150 transcripts were commonly induced by the CK, DS, and DF treatments. Moreover, we identified 225 common DEGs between the DF-vs-DS and DS-vs-CK groups. These genes are likely to be involved in the alleviation of drought stress in oats through the action of FA (Figure 3C). The gene expression trend verified by q-PCR was similar to that determined by RNA-seq (Supplementary Figure 1), indicating that the data obtained by transcriptome analysis were highly reliable.

[image: Diagram with three panels: (A) A correlation heatmap with blue circles of varying sizes and intensity, representing sample relationships. (B) A bar graph showing the number of differentially expressed genes (DEGs) across three comparisons, with bars colored orange, green, and purple for total, upregulated, and downregulated genes, respectively. (C) A Venn diagram displaying the overlap of DEGs among three different comparisons, with numbers indicating the size of each intersection.]
Figure 3 | The correlation among samples and the contrast between groups of differentially expressed genes. (A) Heat map of correlation coefficient between samples. (B) The total number of differentially expressed genes (DEGs) and upregulated and downregulated DEGs under different treatments. (C) Venn diagram of DEGs. CK, Normal moisture treatment; DS, drought treatment; DF, Fulvic acid + drought treatment.




3.2.2 GO and KEGG enrichments of DEGs

To further understand the functions and the related biological processes of the DEGs, GO enrichment analyses were conducted. The results are presented in Figures 4A, B. The DEGs were classified into biological processes, cellular components, and molecular functions. In the biological process of DS-vs-CK, the differential genes were mainly enriched in the defense response and flavonoid biosynthetic process. In the cellular component, the most enriched DEGs were the integral component of the membrane and the chloroplast thylakoid membrane. The molecular function mainly included DNA-binding transcription factor activity and peroxidase activity. (Figure 4A). These terms have been reported vital for drought stress tolerance in plants. The most differentially enriched genes of DF-vs-DS in biological processes were the defense response, cell wall organization, and the abscisic acid-activated signaling pathway. The DEGs enriched in cellular components were the nucleus and extracellular region. DNA-binding transcription factor activity and sequence-specific DNA binding were the main types of genes with molecular function enrichment (Figure 4B). Thus, genes encoding functionally diverse proteins contribute to the FA-mediated response of oat plants to drought stress, and DF treatment uniquely and differentially regulates genes for multiple functions.

[image: Bar charts and bubble plots depict gene ontology (GO) terms and KEGG pathway enrichment. Panels A and B show the top 30 GO terms for comparisons DS vs. CK and DF vs. DS, respectively, categorized by BP, CC, and MF. Panels C and D display the top 20 KEGG pathways for the same comparisons. Bubble size reflects the number of genes, and color indicates p-values.]
Figure 4 | Top 20 enriched GO terms and KEGG pathways from DEGs. (A) GO terms of DEGs in DS-vs-CK. (B) GO terms of DEGs in DF-vs-DS. (C) KEGG pathway analysis of DEGs in DS-vs-CK. (D) KEGG pathway analysis of DEGs in DF-vs-DS.

To identify the main pathways by which FA contributes to drought tolerance, the DEGs were subjected to KEGG pathway enrichment analysis. Figures 4C, D depicts the scatter plot of enrichment analysis combined with the number of DEGs-identified significant pathways. In total, 785 (DS-vs-CK) and 150 (DF-vs-DS) DEGs were mapped to 108 and 67 KEGG pathways, respectively (Supplementary Table 4). The photosynthesis-antenna proteins, phenylpropanoid biosynthesis, photosynthesis, ascorbate and aldarate metabolism, and glutathione metabolism pathways were enriched in the DS-vs-CK group (Figure 4C). There were more upregulated genes in the pathway of photosynthesis-antenna protein and photosynthesis than downregulated genes, while the genes in the pathway of phenylpropanoid biosynthesis, ascorbate and aldarate metabolism, and glutathione metabolism showed an opposite trend. This indicates that the photosynthesis of oat leaves in the drought treatment group was weakened, and some secondary metabolites and their biosynthetic pathways were activated to enhance the drought tolerance of oat (Supplementary Table 5). Phenylpropanoid biosynthesis and glutathione metabolism pathways were significantly enriched in the DF-vs-DS group (Figure 4D), and the number of upregulated genes was greater than that of downregulated genes (Supplementary Table 5). This suggests that FA improved the antioxidant defense system and drought resistance of plants, mainly by promoting the expression of phenylpropanoid biosynthesis and glutathione metabolism.

Photosynthesis significantly affected the expression of genes encoding key enzymes in the photosynthesis pathway, including photosystem II, photosystem I, photosynthetic electron transport, and F-type ATPase (Supplementary Figure 2). Compared with CK, the genes related to photosynthesis were downregulated under drought stress, with the exception of PetH(ferredoxin–NADP+reductases). Similarly, 25 expressed genes related to the light-harvesting chlorophyll (LHC) protein complex in photosynthetic antenna proteins were downregulated. However, these same genes—encoding PsbS and Lhcb1—were upregulated by FA under drought stress.





3.3 Leaf metabolome profiles in response to different treatments

The dataset employed in this study is complex as the difference between groups is relatively small while the difference within groups is relatively large. Thus, to obtain more reliable differential metabolites between the control groups, OPLS-DA was used to analyze the data collected from the oat leaf samples. In the OPLS-DA score diagram, the separation of two different treatment samples was obvious, and the intra-group clustering was also evident, indicating that there were different metabolites between groups (Figure 5A). The heatmap visualized distinct hierarchical clustering of metabolites obtained in all leaf samples, suggesting that these metabolites have different expression patterns in response to the CK, DS, and DF treatments (Figure 5B). These findings confirmed that the reproducibility among the biological samples was sufficient for further analyses.

[image: Two sets of data visualizations. (A) Two OPLS-DA score plots: the left plot shows separation of CK and DS groups with confidence ellipses; the right plot shows separation of DF and DS groups. (B) Two heatmaps: the left heatmap shows clustering of groups CK and DS, and the right heatmap shows clustering of groups DS and DF. Color scales indicate data intensity variations, ranging from blue to orange.]
Figure 5 | Overview of widely targeted metabolome analysis of leaves responsive to CK, DS, and DF treatments. (A) OPLS-DA score map. (B) Heatmap visualization of the metabolites. The transition from blue to red indicates a gradient of expression abundance for metabolites, ranging from low to high; the redder the color, the higher the expression abundance of differential metabolites.

The significant differences in the relative metabolite content were screened using VIP >1 and p-value <0.05 (t-test results). In total, 8054 DEMs were detected in all leaf samples and were mainly classified into benzene and substituted derivatives (289), carboxylic acids and derivatives (633), fatty acyls (181), flavonoids (224), glycerophospholipids (322), organooxygen compounds (660), polyketides (261), prenol lipids (806), steroids and steroid derivatives (264), and others (3414) (Figure 6A; Supplementary Table 6). There were 724, 571, and 700 DEGs screened in DS-vs-CK (433 upregulated and 291 downregulated), DF-vs-DS (329 upregulated and 242 downregulated), and DF-vs-CK groups (448 upregulated and 252 downregulated), respectively (Figure 6B). Therefore, the differences in metabolite expression induced by FA in oats changed significantly under drought stress. Overlapping analysis showed that 132 metabolites commonly responded to DS-vs-CK, DF-vs-DS, and DF-vs-CK (Figure 6C). Interestingly, in the 132 DEMs, fatty acyls, flavonoids, isoflavonoids, and glycerophospholipids were highly accumulated, indicating that FA could improve the drought resistance of oats by regulating the accumulation of lipids and inducing the change of antioxidants (Figure 6D; Supplementary Table 7).

[image: (A) A pie chart showing the composition of various classes with the largest section labeled "Others" at 42.30%. (B) Bar chart comparing the number of significant differences labeled as up or down across three conditions: DF-versus-DS, DS-versus-CK, and DF-versus-CK. (C) Venn diagram displaying overlaps among DS-versus-CK, DF-versus-CK, and DF-versus-DS, highlighting shared and unique differences. (D) Heatmap illustrating the intensity of different classes across DF-versus-CK, DF-versus-DS, and DS-versus-CK.]
Figure 6 | (A) Category of the DAMs. (B) Number of differential metabolites between different control groups (C) Venn diagram illustrating the number of DAMs in DS-vs-CK, DF-vs-DS, and DF-vs-CK groups. (D) Heat map analysis of common DEMs in DS-vs-CK, DF-vs-DS, and DF-vs-CK groups.




3.4 Integrated analysis of the RNA-seq and metabolome data of oat leaves

The DEGs and DAMs from the same group were mapped onto the KEGG pathway database to elucidate the associations between genes and metabolites. A total of 50 and 29 pathways were enriched in DS-vs-CK and DF-vs-DS, respectively, in which genes related to phenylpropanoid biosynthesis and glutathione metabolism pathways were significantly enriched in both control groups, and two metabolic pathways were also enriched in the metabolome (Figure 7; Supplementary Table 8). Moreover, these two pathways are important for the antioxidant system. Therefore, we focused on the phenylpropanoid biosynthesis and glutathione metabolism pathways.

[image: Two bar charts labeled (A) and (B) compare the number of genes and metabolites across various metabolic pathways. Chart (A) shows pathways like Phenylpropanoid biosynthesis and Glutathione metabolism with high gene counts. Chart (B) highlights pathways like Phenylpropanoid biosynthesis and Glutathione metabolism having notable gene and metabolite counts. Blue bars represent genes, and red bars represent metabolites.]
Figure 7 | Differential enrichment pathways for metabolites and genes. (A), DS-vs-CK, (B), DF-vs-DS, The horizontal axis represents the number of differentially enriched metabolites and genes in the pathway, and the vertical axis represents the KEGG pathway name. The meta represents the metabolome, and the gene represents the transcriptome.

In the phenylpropanoid biosynthesis pathway, two genes encoding phenylalanine ammonia-lyase (PAL) and 4-coumarate-CoA ligase (4CL) were upregulated, four genes encoding β-glucosidase were upregulated and one gene was downregulated, nine genes encoding peroxidase (POD) were upregulated and seven genes were downregulated, and the metabolites p-coumaric acid and ferulic acid were upregulated under drought stress. These results indicate that the phenylpropanoid biosynthesis pathway experienced significant changes under drought stress, and the aforementioned genes and metabolites played an important role in protecting oats from drought stress. FA also significantly affected the phenylpropanoid biosynthesis pathway. Most genes were still upregulated under FA, such as PAL, 4CL, β-glucosidase, and POD. The expression patterns of metabolites p-coumaric acid and ferulic acid were opposite to those under the drought treatment, both of which were downregulated while sinapitol was upregulated. These results indicated that FA could improve the drought resistance of oats by promoting the expression of genes related to the phenylpropanoid biosynthesis pathway and regulating metabolites (Figure 8A). In the glutathione metabolism pathway, thirteen genes encoding GST were significantly upregulated, the metabolite dehydroascorbic acid was upregulated, and L-glutamate was downregulated under drought stress. FA application increased the expression of six genes encoding GST and the level of L-glutamate and decreased G6PD and dehydroascorbic acid. These results indicate that FA treatment induced relatively higher expression of glutathione metabolism-related genes and L-glutamate biosynthesis than drought (Figure 8B).

[image: Diagram showing phenylpropanoid biosynthesis and glutathione metabolism pathways. Panel (A) details phenylpropanoid biosynthesis from phenylalanine to syringyl lignin, with several intermediates and enzymes. Panel (B) depicts glutathione metabolism, highlighting interactions with L-glutamate and trypanothione. Panels (C) and (D) display network models illustrating gene interactions, with nodes representing genes and metabolites. Heatmaps indicate gene expression levels across different conditions.]
Figure 8 | The expression of important pathway genes and metabolites in oat leaves under CK, DS and FA treatments. (A) Expression profiles of the genes and metabolites involved in phenylpropanoid biosynthesis. (B) Expression profiles of the genes and metabolites involved in glutathione metabolism. The rectangular patterns represent the genes or metabolites, and the heatmap at the corresponding place depicts the differential expression of each identified gene or metabolite, which ranges from green or blue (low) to red (high). (C) The related networks of DEGs and DAMs in Phenylpropanoid biosynthesis. (D) The related networks of DEGs and DAMs participating in glutathione metabolism and dam. In the related network diagram, blue squares represent metabolites, yellow squares represent genes, red lines indicate positive correlation, blue lines indicate negative correlation, and the thickness of the lines represents the strength of the correlation.

Network correlation analysis was conducted on the DEGs and DAMs in these two pathways. In phenylpropanoid biosynthesis, p-Coumaric acid (C00811), and ferulic acid (C01494) exhibited a negative correlation with the genes encoding 4CL, PAL, and β-glucosidase, a positive correlation with four genes encoding POD, and a negative correlation with three genes. Sinapyl alcohol (C02325) showed an opposite expression pattern with p-Coumaric acid (C00811) and ferulic acid (C01494) (Figure 8C). In glutathione metabolism, L-glutamate (C00025) exhibited a positive correlation with genes encoding GST and a negative correlation with genes encoding G6PD. The expression pattern of dehydroascorbic acid (C05422) was opposite to that of L-Glutamate (C00025) (Figure 8D). These findings further confirmed that fulvic acid induced DEGs and DAMs were mainly concentrated in phenylpropanoid biosynthesis and glutathione metabolism pathways, and the differential genes were highly correlated with corresponding metabolites, indicating their importance in FA mediated drought stress response in plant.





4 Discussion

Under adverse conditions, FA can promote crop growth and increase yield (Chen et al., 2022b; Jesmin et al., 2023). When plants are subjected to drought stress, the water content in the body decreases and growth is delayed, resulting in a decrease in yield. In contrast, spraying FA can significantly improve plant growth (Shokhmgar et al., 2023). In the present study, under drought stress, spraying with FA was observed to reduce the number of dead oat leaves, deepen the green color of the leaves, and increase the number of spikelets (Figures 1A-C). The low molecular weight of FA enables it to penetrate through the pores of the membrane and promote nutrient entry into the cells by forming complexes with cations to increase the leaf area of oat leaves and promote the accumulation of dry matter (Bocanegra et al., 2006; Lalas et al., 2018). As the most important and effective pigment for photosynthesis, chlorophyll can reflect the plant’s ability to assimilate substances to a certain extent, and its content is an important factor in determining the plant’s photosynthetic capacity and substance production (Walker et al., 2018). Leaf RWC reflects the degree of soil aridity as well as the plant’s ability to retain water, and is most relevant to crop drought tolerance (Utsumi et al., 2019). (Figures 1D, E). Consistent with this, the expression levels of genes involved in chlorophyll synthesis were changed by FA (Supplementary Figure 3). FA decreased the expression levels of genes involved in chlorophyll degradation (SGR, NOL, and PAO) and increased the expression levels of genes involved in chlorophyll biogenesis (CHLH and CAO). This indicates that the occurrence of severe cellular water deficit caused by drought-affected chlorophyll synthesis, Which accelerated the decomposition rate of the original chlorophyll and consequently decreased in chlorophyll content (Javadi et al., 2017; Li et al., 2024). In contrast, FA increases chlorophyll content by improving the water retention capacity of oat leaves, allowing the leaves to absorb more light energy, mitigating chlorophyll degradation, and promoting chlorophyll synthesis (Nikoogoftar-Sedghi et al., 2024; Li et al., 2024). This result further supports the expression of antenna proteins, particularly LHCB1 (Supplementary Figure 2), whose genes are involved in the regulation of light capture in photosystem II (Bielczynski et al., 2020). FA may alleviate stress injury by regulating the light-capture protein of oat plants under drought stress. In wheat, the overexpression of LHC in chloroplast tissue enhances stress tolerance (Chen et al., 2023). The up-regulation of the photosynthesis-related protein PsbR further confirmed the role of FA in increasing photosynthetic efficiency of oat plants under drought stress (Wang et al., 2019) (Supplementary Figure 2). In conclusion, FA can enhance the drought tolerance and growth of oats by increasing chlorophyll, antenna protein, and photosynthetic pathway-related gene expression.

Elevated levels of H2O2 in plant tissues under drought stress may lead to oxidative stress, and the excessive accumulation of ROS leads to an increase in MDA, a key indicator of oxidative damage to cell membrane integrity (Begović et al., 2018). In this study, we found that H2O2 and MDA increased significantly under drought stress, but spraying FA inhibited this phenomenon. This indicates that drought stress led to the dehydration and large accumulation of H2O2 and MDA in the oat leaves, which ultimately led to the oxidative damage and growth retardation of leaves, while FA mitigated the oxidative damage of cell membranes by direct scavenging of H2O2 (Figures 2A, B) (Irani et al., 2021). The antioxidant enzyme defense system is another important mechanism for plants to manage drought stress, protecting the cell membrane from oxidative damage (Wang et al., 2023b). FA is a broad-spectrum plant growth regulator with pleiotropic effects on a wide range of unfavorable environmental factors (Sun et al., 2020; Liang et al., 2024). In our study, a significant increase in antioxidant enzyme activities was observed under water deficit conditions, and antioxidant enzyme activities were further increased by FA treatment (Figures 2C-G). This indicates that FA exerted free radical detoxification and cell membrane structure repair and protection effects on plant seedlings, This could maintain the stability of the intracellular environment, effectively alleviating the oxidative damage caused by drought stress, and enhancing the drought resistance of plant seedlings. Similar results were observed in cabbage seedlings under calcium nitrate stress (Wu et al., 2023). The phenylpropanoid biosynthesis pathway not only affects plant growth and development but also stress responses. Dong and Lin (2021) found that the plant phenylpropanoid metabolic pathway, especially lignin synthesis, has an important regulatory function in plant responses to biotic and abiotic stresses. Phenylpropanes are a large class of plant secondary metabolites. In the phenylpropanoid biosynthesis pathway, phenylalanine is deaminated by PAL to produce cinnamic acid, which is then converted to p-coumaric acid. Finally, p-coumaric acid is converted to p-coumaroyl coenzyme A catalyzed by 4-coumaroyl coenzyme A ligase (4CL), and p-coumarin and p-coumarol coenzyme A are ultimately formed into lignin through various metabolic pathways (Deng and Lu, 2017). In this study, we found that PAL genes were upregulated following the spraying of FA under drought stress, indicating that the biosynthesis of coumaric acid and ferulic acid should be higher (Chen et al., 2021). Interestingly, this study found that the levels of metabolites on coumaric acid and ferulic acid decreased under the action of FA, and more lignin synthase genes were also upregulated, such as 4CL. Therefore, it is speculated that more p-coumaric acid and ferulic acid may be converted into lignin monomer sinapyl alcohol under the catalysis of 4CL, which promotes the synthesis of lignin (Zhang et al., 2023). The increase in sinapyl alcohol in this study also confirms this phenomenon. Peroxidase (POD) is a multi-functional enzyme. It is involved in several different plant physiological processes, including stress resistance, oxidation, and the polymerization of lignin monomers after transportation to the cell wall (Lee et al., 2021). Under stress, plants enhance stress resistance by up-regulating the expression of genes encoding POD (Fei et al., 2020; Li et al., 2021). Research has shown that POD is a hub gene related to lignin biosynthesis (Yang et al., 2023). In this study, the upregulated expression of the POD gene further indicates that FA can promote lignin synthesis. Lignin is an important cell-wall component, and the increase in the lignin level contributes to the fixation of the cell wall (Shah et al., 2023). Plant lignification has been reported to improve stress resistance (Chun et al., 2019) and drought (Gu et al., 2020). Therefore, it is speculated that FA can help plants increase the thickness and strength of cell walls by promoting lignin synthesis, which controls water losses, reduces the wilting degree of plants, and enhances the drought resistance of oats (Ibrahim et al., 2019). The changes in PAL and POD activities in the physiological indexes further confirmed the possibility of lignin accumulation in plants.

Glutathione metabolism is known to be involved in the maintenance of cellular redox homeostasis under drought stress. This adaptive mechanism repairs oxidative damage by utilizing a variety of reactive oxygen scavengers (antioxidants) and redox reactions (Raihan et al., 2023; Wang et al., 2023c). Glutathione metabolism-related genes and metabolites regulate cellular redox homeostasis during abiotic stress (Yang et al., 2022; Horváth et al., 2023; Ali et al., 2024). For example, the overexpression of glutathione metabolism-related genes and proteins, including GST and G6PDH, improved drought tolerance in transgenic plants (Wang et al., 2016; Wei et al., 2020). The overexpression of GST activates its antioxidant-related transcripts, reduces ROS accumulation, and enhances plant drought resistance (Nerva et al., 2022; Niu et al., 2024). In this study, the genes encoding GST were all upregulated after spraying FA under drought stress, suggesting that FA may improve the scavenging capacity of ROS in oats under drought stress by increasing the expression of GST. This is similar to the results of a previous study on tea plants (Sun et al., 2020). The pentose phosphate pathway produces of NADPH, which promotes the production of reduced glutathione and thus maintains cellular redox homeostasis (Sharkey, 2021). G6PDH, as the rate-limiting enzyme in the pentose phosphate pathway (PPP), plays a key role in maintaining redox homeostasis (Li et al., 2023b). Under drought and cold stress, G6PDH maintains cellular redox homeostasis by increasing NADPH/NADP+ levels (Landi et al., 2016; Zhang et al., 2020). The expression of G6PDH can control the rate of increase of ROS and improve stress tolerance (Jiang et al., 2022). In this study, we found that the expression of the gene encoding G6PDH was downregulated after spraying with FA under drought stress. This suggests that glutathione reduction in FA-treated oat plants does not strictly depend on the positive PPP response to replenish NADPH for drought resistance. In contrast, Sun et al. (2020) showed that FA may enhance the ROS scavenging capacity of tea plants under moderate to severe drought stress by increasing the expression of G6PDH and the biosynthesis of the reduced form of glutathione, This differs from our results, possibly due to the differences in the species or the degree of stress employed in the experiments. Ascorbic acid is a powerful antioxidant that neutralizes free radicals and reduces oxidants, but in this process, ascorbic acid itself is oxidized to dehydroascorbic acid and loses its antioxidant function (Njus et al., 2020). Glutathione is a tripeptide that is able to reduce dehydroascorbic acid and turn it back into ascorbic acid, allowing it to continues to play an antioxidant role (Foyer and Kunert, 2024). In this study, the level of dehydroascorbic acid decreased after spraying FA under drought stress, and the results were consistent with the physiological level. This may be because the FA treatment accelerated the reduction process of glutathione and converted it back to ascorbic acid, which enhanced the antioxidant effect and alleviated the oxidative damage caused by drought stress to oats (Kim et al., 2020). As a ubiquitous amino acid, glutamate is involved in the synthesis of a wide range of precursors and plant resistance-related proteins or non-protein amino acids (Forde and Roberts, 2014). The exogenous application of glutamate is reported to enhances salt tolerance in lettuce (Franzoni et al., 2022). Glutamate treatment under drought stress significantly increases the proline content in the phloem and xylem of oilseed rape (La et al., 2020). Proline synthesis occurs in plants under two pathways, namely, through the glutamate and ornithine pathways. Among them, glutamate is directly or indirectly involved in altering certain physiological metabolisms (e.g., carbon and nitrogen metabolism) in plants by regulating the expression of related genes and the activities of key enzymes, which helps plants to grow under stress and enhances their adaptability to various adversities (Goto et al., 2020; Teixeira et al., 2020). In this study, FA treatment under drought stress increased the level of the metabolite glutamate. It is hypothesized that FA may promote proline synthesis and enhance drought resistance primarily by increasing the glutamate pathway.




5 Conclusion

This study indicates that FA improves drought tolerance and promotes the growth of oats through physiology and gene and metabolite expression under water-deficit conditions. FA reduces cell membrane damage and ROS accumulation, alleviates drought stress, and promotes oat growth by increasing chlorophyll content and enhancing antioxidant defense activity. It also improves the drought resistance of oats by inducing the expression of genes in phenylpropanoid biosynthesis, glutathione metabolism, and metabolite accumulation (Figure 9). Our findings revealed a new direction and theoretical basis for the future research on the use of FA technology to improve crop drought resistance.

[image: Diagram of a plant enhanced by ferulic acid (FA) under drought stress. FA improves water retention, reduces membrane peroxidation, raises antioxidation, and affects metabolism, enhancing drought resistance and growth promotion.]
Figure 9 | Mechanism of fulvic acid regulating drought resistance of oats.
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Fibrillins (FBNs), highly conserved plastid lipid-associated proteins (PAPs), play a crucial role in plant physiology. These proteins, encoded by nuclear genes, are prevalent in the plastoglobules (PGs) of chloroplasts. FBNs are indispensable for maintaining plastid stability, promoting plant growth and development, and enhancing stress responses. The conserved PAP domain of FBNs was found across a wide range of photosynthetic organisms, from plants and cyanobacteria. FBN families are classified into 12 distinct groups/clades, with the 12th group uniquely present in algal–fungal symbiosis. This mini review delves into the structural attributes, phylogenetic classification, genomic features, protein–protein interactions, and functional roles of FBNs in plants, with a special focus on their effectiveness in mitigating abiotic stresses, particularly drought stress.
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1 Introduction

Fibrillins (FBNs) were first identified as thread-like or tube-like structures of varying thicknesses in bell pepper (Capsicum annuum) and dog rose (Rosa rugosa) plants. The name “fibrillins” is derived from the fibrils, the suborganellar structures of chromoplasts where the proteins were initially discovered (Newman et al., 1989; Deruère et al., 1994; Jiang et al., 2020). Plastoglobules (PGs) in chloroplasts and algal eyespots have also been recognized as reservoirs of FBN proteins (Jiang et al., 2020). Consequently, the FBN protein family is known by several names, including plastoglobulin (PGL), plastid lipid-associated protein (PAP), chromoplast-specific carotenoid-related protein (ChrC), and chloroplastic drought-induced stress protein 34 kDa (CDSP 34) (Jiang et al., 2020).

FBN families are split into 12 groups (FBN1–FBN12) spanning a range of taxa, with FBN12 confined to lower algal fungus mutualistic interactions (Lohscheider and Río Bártulos, 2016; Kim et al., 2018). FBN proteins, found in several photosynthetic organisms such as cyanobacteria and plants, share the PAP domain (Supplementary Figure S1; Cunningham et al., 2010; Lohscheider and Río Bártulos, 2016; Sun et al., 2022). In addition to the unique PAP domain, the FBN11 group has a protein kinase C (PKC) domain, suggesting that members of this group may have other roles that need further exploration beyond lipoprotein-related functions (Li et al., 2020). Moreover, the FBN family also has a wide range of isoelectric point (pI) and molecular weights, and they are found in a variety of plastids, including chloroplasts, elaioplasts, chromoplasts, and etioplasts, which may indicate different activities (Kim et al., 2018).

Initially, FBNs were believed to be involved in the formation of fibril structures (Lee et al., 2020). However, several investigations have shown that FBNs also regulate carotenoid accumulation and chromoplast fibril formation (Jiang et al., 2020). Additionally, certain FBNs contain lipocalin domains, suggesting a role in metabolite transport (Singh and McNellis, 2011). FBN family genes are crucial for chloroplast formation and the regulation of metabolism in various plants (Li et al., 2020). FBN proteins are also essential for photosynthesis, lipoprotein structure development, and other vital biological processes (Kim et al., 2015).

The FBN family is significant in plant response to environmental stress. The expression of FBN genes is affected by biotic stresses, such as pathogenic bacteria, fungi, and viruses (Singh and McNellis, 2011), as well as abiotic stresses like drought, high light, wounding, cold, heat, herbicide, and heavy metals (Pruvot et al., 1996; Langenkämper et al., 2001; Jones et al., 2006; Leitner-Dagan et al., 2006; Lee et al., 2007; Simkin et al., 2007; Farinati et al., 2009). Nevertheless, FBNs exhibit complex and inconsistent gene regulatory patterns in response to abiotic stress (Singh and McNellis, 2011).

This mini review provides a comprehensive assessment of the structure, phylogenetic classifications, genomic properties, and functional roles of FBNs in plants, with a focus on their response to abiotic challenges, particularly drought stress.




2 Molecular characterization of plant FBN proteins

Within chloroplasts, FBNs are found in the stroma, thylakoids, and PGs. Notably, the distribution of all 14 Arabidopsis FBNs within chloroplasts is differential. Proteome analysis of PGs, which are thylakoid-associated monolayer lipoprotein particles and lipid storage sites, revealed that 70% of PG proteins are composed of seven FBNs: FBN1a, FBN1b, FBN2, FBN4, FBN7a, FBN7b, and FBN8 (Ytterberg et al., 2006; Lundquist et al., 2012). FBN3a, FBN3b, FBN6, FBN9, and FBN11 are located in the thylakoids, while FBN10 is believed to reside in either PGs or thylakoids. Recent immunoblotting studies have shown that FBN6 is present in both the thylakoid and envelope membranes (Lee et al., 2020), whereas FBN5 is found in the stroma (Kim et al., 2015). Further experiments are required to verify the localization of other FBNs, including FBN1a, FBN1b, FBN5, FBN6, and FBN11.

FBNs are also present in plastids other than chloroplasts in cereals. For instance, in Brasscia rapa, the proteins BrPAP1, BrPAP2, and BrPAP3 correspond to Arabidopsis FBN1a, FBN1b, and FBN2, respectively. BrPAP1 is located in the anther elaioplast, BrPAP2 in the petal chromoplast, and BrPAP3 in leaf chloroplasts, as demonstrated by tissue expression and lipid analysis (Kim et al., 2001; Suzuki et al., 2013).

The FBN protein family comprises 12 subfamilies, including 11 in higher plants and 1 in algae, sharing the PAP domain (PF04755) (Figure 1; Lohscheider and Río Bártulos, 2016; Kim et al., 2017). Proteins within these subfamilies have molecular weights ranging between 20 and 42 kDa and pI between 4 and 9. Despite their similar hydrophobic structures, these proteins exhibit diverse biophysical characteristics (Vidi et al., 2006; Lundquist et al., 2012), suggesting specific biological roles for each FBN.

[image: Circular phylogenetic tree illustrating relationships among different gene sequences. The tree is segmented into eleven color-coded sections, each labeled numerically from one to eleven. Each section contains multiple gene identifiers, suggesting diverse evolutionary branches.]
Figure 1 | Phylogenetic tree of FBN proteins from various plant species. The 11 plant groups were identified through a phylogenetic analysis of FBN proteins from Arabidopsis thaliana, Oryza sativa, Triticum aestivum, Zea mays, Sorghum bicolor, Solanum tuberosum, Panicum hallii, Panicum virgatum, Setaria italica, Hordeum vulgare, and Brassica oler. The phylogenetic tree was constructed using the neighbor-joining method implemented in MEGA7, with 1,000 bootstrap replicates to assess the reliability of the inferred relationships. Bootstrap values are shown at the nodes, and nodes with bootstrap values exceeding 99% are marked with asterisks. Nodes with minimal support (bootstrap values <50%) have been collapsed. FBN, fibrillin.

In Arabidopsis, FBN proteins feature a conserved hydrophobic domain (lipocalin motif 1) at the N-terminus and specific amino acid residues, including aspartic acid, at the C-terminus (Singh et al., 2010). The three-dimensional structure of FBNs resembles lipocalin, suggesting that the FBN family, which resembles lipocalins, supports the idea that FBNs may possess similar biological activities (Singh et al., 2010; Kim et al., 2015; Lohscheider and Río Bártulos, 2016). In addition, the gene structure and conserved domains of FBN11 differ significantly from those of other FBN members, indicating potential novel functions (Sun et al., 2022).

Recently, FBN gene families have been identified in a wide range of plants (Supplementary Table S1). These genes exhibit varying intron numbers, but members of the same group generally share similar intron counts and conserved motif organization, pointing to functional commonality (Sun et al., 2022). However, studies in cucumber (Kim et al., 2018), tomato (Sun et al., 2022), and rice (Li et al., 2020) suggest that members of different groups may perform distinct functions, particularly FBN11.

Collinearity analysis revealed that FBN genes in rice and tomato do not share homologous gene pairs, while Arabidopsis and tomato share eight homologous gene pairs, suggesting divergence of FBN genes between monocots and dicots during evolution (Kim et al., 2018; Sun et al., 2022). The widespread distribution of light and hormone response elements, such as those for ethylene, methyl–jasmonic acid, and abscisic acid (ABA), in the promoter regions of the FBN genes in wheat (Jiang et al., 2020) and tomato (Sun et al., 2022) indicates that these genes may play roles in regulating light and hormone pathways.




3 Interaction of FBN proteins in plants

FBN proteins are essential for the formation of plastid structures and the regulation of various physiological processes in plants, including stress responses. However, their interactions have not been thoroughly explored (Torres-Romero et al., 2022). The most prevalent proteins found in PGs are FBN1a, FBN1b, FBN2, and FBN4, which together form the core proteome of these structures (Lundquist et al., 2012). Notably, FBN2 exhibits a high PG/stroma abundance ratio of 1,188, indicating that it is predominantly associated with PGs (Lundquist et al., 2012). Despite this, FBN2-GFP suggests that the FBN2 localization suggests that FBN2 may also be evenly distributed across thylakoid membranes or within the stroma (Torres-Romero et al., 2022). The presence of two distinct FBN2 populations might indicate the existence of alternative splice variants or post-translational modifications (Karoulias et al., 2020).

FBN1a has been shown to co-immunoprecipitate with FBN2, and their interaction was confirmed through bimolecular fluorescence complementation (BiFC) in transiently expressed Nicotiana benthamiana leaves (Kim and Kim, 2022). In addition, earlier studies demonstrated head-to-tail interactions between FBN1a or FBN1b polypeptides, suggesting their potential to form homodimers, heterodimers, or oligomers in vivo (Gámez-Arjona et al., 2014). Under abiotic stress conditions, fbn mutants exhibit a significant reduction in anthocyanin production, leading to an upregulation of pigment granules and components of the flavonoid biosynthesis pathway (Youssef et al., 2010). Severe cold and light stress in fbn1-2 mutants result in necrotic tissues, possibly due to increased lipid peroxidation and reactive oxygen species (ROS) accumulation when photosystem II (PSII) performance declines (Triantaphylidès et al., 2008). FBN2 interacts with allene oxide synthase (AOS), FBN1a, and several other photosynthesis-related proteins, and its disruption may increase PSII susceptibility to damage and impair protein functionality (Torres-Romero et al., 2022). The membrane-associated FBN2 population is more active than its soluble population.

In chloroplasts, FBN5 interacts with solanesyl diphosphate synthases 1 and 2 (SPS1 and SPS2) to generate 45-carbon solanesyl diphosphate, the lipid tail of plastoquinone-9 (PQ-9). PQ-9 acts as a photoprotective antioxidant and is vital for electron transport during photosynthesis (Kim et al., 2015; Havaux, 2020). In addition, FBN4/FIB4 interacts with Fd2, the primary ferredoxin protein in Arabidopsis leaves, both in vitro and in vivo (Wang et al., 2018). Ferredoxins are crucial for delivering electrons to various receptor systems in plastids. The interaction between Fd2 and FBN4 appears to positively regulate FBN4 expression, as fd2 knockout mutants show reduced FBN4 transcript levels, which, in turn, diminishes the innate immunity against Pseudomonas syringae pv. tomato (Pst) DC3000 (Kim and Kim, 2022).




4 Functional characterization of plant FBN genes

FBNs are distributed across various plastid subcompartments, suggesting distinct roles depending on the type of plastid and lipid. These roles include triacylglycerol, prenyl lipids, carotenoids, and phytohormones such ABA and jasmonic acid (JA) (Singh and McNellis, 2011; Lundquist et al., 2012). Studies using mutant and transgenic plants have explored the roles of Arabidopsis FBNs in chloroplast formation and response to light stress (Yang et al., 2006; Singh et al., 2010; Youssef et al., 2010; Kim et al., 2015). However, the precise mechanisms in FBNs’ biological activity remain unclear, as they appear to function through interactions with various proteins or lipids in the plastids. FBNs contribute to multiple plant functions, including PG production, prenylquinone metabolism, pathogen defense, and abiotic stress tolerance (Table 1; Figure 2).


Table 1 | Functional attributes of FBNs, highlighting their specific localization within subplastid compartments and their corresponding roles in various cellular processes.
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Figure 2 | Proposed model of FBN family gene function in response to abiotic stress and hormone signaling. FBN1 (FBN1a and FBN1b) and FBN2 are activated by abiotic stress, and they are involved in photoprotection by regulating JA biosynthesis. The expression of FBN1a, which is essential for photosynthesis II, has been shown to be influenced by the ABA response regulators ABI1 and ABI2. In proteome analyses of LHCII subcomplexes treated with strong light to induce photoprotective properties, FBN1a and FBN4 were identified. However, the suppression of FBN1b and FBN4 renders plants more susceptible to pathogen infection, suggesting that they may be involved in disease defense. FBN5 interacts with SPS to generate PQ-9, a photoprotective antioxidant. FBN6 facilitates the formation of anthocyanin, which functions as an antioxidant and aids in sugar buffering. FBN11, which is produced by SA treatment and regulated by SA-induced OBP3, may function through either an ABA-dependent process (involving ABF1–4) or an ABA-independent process (involving CBF1). The significance of these FBN genes in metabolic control and plant stress responses is underscored by their specialized activities and connections. FBN, fibrillin; SPS, solanesyl diphosphate synthase; SA, salicylic acid; PQ-9, plastoquinone-9; JA, jasmonic acid, ABA, abscisic acid, ABF1–4, ABRE-binding factors; CBF1, CRT/DRE-binding factor 1, also known as DREB1B. This figure was made using BioRender.com.

Gene function modulates gene expression across tissues and developmental stages in different species. FBNs are regulated by various biological and environmental factors during different growth stages (Singh and McNellis, 2011). Research has shown that FBN family members are expressed at different stages of plant development (Pandey et al., 2023). In tomato plants, most of the 14 SlFBNs are primarily expressed in the leaves, playing essential roles during leaf development (Sun et al., 2022).

FBN1, a well-conserved FBN found in photosynthetic organisms and terrestrial plants, likely evolved from a precursor, similar to its cyanobacterial counterpart, cFBN1. FBN1 and FBN2, being the most negatively charged proteins in the family, are well-suited for preventing PG coalescence (Ytterberg et al., 2006). FBN1 also plays a role in forming lipoproteic structures in certain chromoplast types, such as PGs or fibrils, contributing to a “sink effect” during pigment accumulation (Simkin et al., 2007). FBN1-suppressed plants exhibit increased susceptibility to infection, suggesting a role in plant defense.

In bell pepper, FBN, homologous to Arabidopsis FBN1a, contributes to the reconstitution of fibrils storing polar lipids and carotenoids in the chromoplast, leading to the red coloration of mature fruits due to carotenoid accumulation (Camara et al., 1995). Chloroplast PG levels increased when tobacco overexpression of pepper FBN increases chloroplast PG levels (Rey et al., 2000), indicating that FBN1a and FBN1b regulate PG size by restricting coalescence. These studies collectively demonstrate that clade 1 FBNs are involved in the formation and maintenance of PGs, used by plastids to sequester and store various lipids (Kim and Kim, 2022).

The widespread presence of FBN3 across diverse organisms suggests its critical role in these species. FBN3’s association with modular proteins containing protein-interacting domains (FHA and PB1) (Durocher and Jackson, 2002; Sumimoto et al., 2007) indicates a specialized function, although its exact nature remains unclear without identifying the corresponding interacting proteins.

FBN4, also known as Harpin-binding protein, is localized in chloroplasts, PG, and the PS-II light-harvesting complex in thylakoids (Jones et al., 2006). FBN4 is believed to regulate PG content, influencing photosynthetic activity and stress sensitivity (Flower et al., 2000; Singh et al., 2010). By utilizing stored antioxidants, FBN4 may reduce ROS levels, acting as a mediator of plant stress tolerance (De Pourcq, 2014). FBN4 is also involved in disease, as demonstrated by its role in Arabidopsis defense against Pst DC3000 (Jones et al., 2006). FBN4 knockdown in apple and Arabidopsis increases susceptibility to bacterial pathogens like Pst DC3000 and Erwinia amylovora (Singh et al., 2010). Furthermore, interactions between FBN4 and proteins such as Fd2 or HrpN impact the innate immune response to pathogens.

FBN5, the least conserved FBN in the family, is less understood (Kim et al., 2015). However, the presence of modular FBN5 proteins suggests a potential function in some species. The inclusion of a vesicle transport module (Vps51 and Vps67) in one of these proteins (Zaman and Fancy, 2012) implies a role in vesicle trafficking. FBN5, an Arabidopsis stromal protein, binds to solanesyl diphosphate synthases, facilitating PQ-9 production and adaptation to photooxidative stress (Kim et al., 2015). PSII’s electron transport activity is significantly reduced in its absence, while PSI is minimally affected (Kim et al., 2015; Otsubo et al., 2018).

FBN6 is essential for plant response to light stress and ROS scavenging (Lee et al., 2020). It co-immunoprecipitates with phytoene synthase (PSY), the primary enzyme in the carotenoid pathway (Welsch et al., 2018; Iglesias-Sanchez et al., 2023). FBN6 is the only FBN enriched in pure envelope fractions, including PSY (Ferro et al., 2010; Bouchnak et al., 2019).

The absence of FBN7 in algae suggests that its function may be provided by another FBN or is unnecessary in these organisms (De Pourcq, 2014). Localization experiments in Arabidopsis indicate that the entire FBN7 sequence, except for a short C-terminal stretch, is required for PG targeting (Vidi et al., 2006; Shanmugabalaji et al., 2013). This targeting is based on proper folding rather than a specific sequence (Vidi et al., 2006; Shanmugabalaji et al., 2013). FBN8 and FBN9 have limited literature, primarily being conserved in terrestrial plants and less in phytoplankton (De Pourcq, 2014). Unlike FBN2, FBN4, and FBN6, FBN8 and FBN9 expression increases as tomato fruit matures.

FBN10 is notable for its presence in terrestrial plants, algae, and even distant species like stramenopiles and diatoms (De Pourcq, 2014). It features a dual-module FBN structure, possibly allowing membrane anchoring and fatty-acyl-CoA dehydrogenase activity. However, the function of this domain combination remains unclear. FBN10, like FBN4, may draw diminishing power from PGs (De Pourcq, 2014). FBN10, like FBN4, may derive reducing power from PGs, interacting with fatty acyl-CoA dehydrogenase to provide the necessary reducing power for dehydrogenation/desaturation.

FBN11, the only member of the FBN gene family with a kinase domain between its N-terminus and FBN domain at the C-terminus, suggests a role in signal transduction pathways and regulation (Choi et al., 2021). Its specific presence in terrestrial plants implies a unique regulatory function. Arabidopsis FBN11, also known as an OBP3-binding protein, is a putative nuclear-localized protein responsive susceptible to SA. It is hypothesized that FBN11 is restricted to terrestrial plants, possibly involved in root development. During land plant evolution, FBN11 may have reorganized its domains in conjunction with PLAP2 and STT7 kinases, originating from lycophytes (Choi et al., 2021).




5 Plant FBN genes and abiotic stress

Plants respond to water stress through various mechanisms, including altering growth patterns, increasing antioxidant production, accumulating compatible solutes, and producing stress proteins and chaperones (El-Sappah and Rather, 2022). These responses are mediated by complicated signaling networks, with the FBN gene family playing a critical role, particularly in the response to drought and other abiotic stressors (Singh and McNellis, 2011).

Most research has focused on how Arabidopsis FBNs function under stress and in response to hormones such as ABA, JA, and salicylic acid (SA) (Verma et al., 2016). These studies aim to understand how FBNs help safeguard plants against environmental stressors. For instance, FBN1a, FBN1b, and FBN2, belonging to groups 1 and 2, have been studied for their role in protecting plants from photodamage caused by PSII (Yang et al., 2006; Youssef et al., 2010). These FBNs regulate JA production for photoprotection, with FBN1a showing increased resistance to photoinhibition under light stress when treated with ABA (Yang et al., 2006). Moreover, studies on abi1 and abi2 mutants revealed that ABA response regulators, ABI1 and ABI2, alter the expression of FBN1a at the transcriptional or post-transcriptional level. ABI2, for example, may regulate protein levels in the cytoplasm before FBN1a translocates to the chloroplast, contributing to the protection against light damage (Yang et al., 2006).

In addition to photoprotection, some FBNs have been implicated in ROS scavenging. For example, FBN6, co-expressed with photosynthetic genes such as PsbY, PsbO, and Lhcb6, is involved in ROS scavenging within the chloroplast thylakoid and envelope membranes under high-light conditions (Lee et al., 2020). FBN6 may also enhance Cd detoxification and tolerance by improving the ROS scavenging mechanism in chloroplasts. Similarly, FBN11 expression is induced by abiotic stresses, including ABA, NaCl, and mannitol. Knockout mutants of FBN11 show decreased seed germination rates in mannitol-containing media, indicating its role in osmotic stress tolerance during seed germination (Choi et al., 2021).

In other crops, drought stress increases the abundance of CDSP 34 (FBN1) mRNA, and protein in potatoes, with immunolocalization studies showing elevated CDSP 34 levels in thylakoids and stroma under drought stress (Eymery and Rey, 1999). In tomatoes, the wild-type flacca plant, which accumulates more ABA, showed significantly higher FBN1 protein levels under drought compared to an ABA-deficient mutant (Gillet et al., 1998). SlFBN11 in tomatoes has been identified as particularly responsive to ABA treatment, indicating its unique role in the ABA signaling pathway (Sun et al., 2022).

In wheat, the expression of TaFBNA1, TaFBNB1, TaFBNA2, TaFBNB2, TaFBND2, and TaFBN-B6 is significantly increased under drought, stripe rust, cold, and heat stress (Jiang et al., 2020). Similar upregulation of FBN1a, FBN1b, and FBN2 has been observed in the leaves of rice, Arabidopsis, Brassica, and potato under cold and drought conditions (Gillet et al., 1998; Laizet et al., 2004; Jiang et al., 2020). In chickpeas, CaFBN1, CaFBN2, and CaFBN6 expression levels increase under dehydration stress, while CaFBN3, CaFBN5, CaFBN7, CaFBN8, CaFBN9, CaFBN10, CaFBN11, and CaFBN12 show decreased expression under the same conditions (Pandey et al., 2023). The FBN gene family, particularly GmFBN2, GmFBN1, GmFBN10, GmFBN11, and GmFBN15, has also been implicated in mediating soybean’s response to drought, with significant increases in expression observed (Zafer et al., 2023).




6 Conclusion

FBN proteins are a vital family of proteins first identified in the chromoplasts of bell pepper and dog rose. Characterized by a conserved PAP domain, FBNs play essential roles in various plant physiological processes, including photosynthesis, stress responses, and developmental regulation. The FBN family comprises 12 subfamilies, with 11 found in higher plants. Their presence across different plant tissues and developmental stages underscores their versatile functions in growth and environmental response. Notably, FBNs are involved in regulating carotenoid accumulation, chromoplast fibril formation, and protecting against oxidative stress. Their expression is influenced by environmental stressors such as drought, temperature fluctuations, and pathogen attacks, often mediated by plant hormones like ABA and JA. The intricate regulation and numerous activities of FBNs underscore their crucial role in improving plant resilience and adaptation to changing environmental circumstances, particularly abiotic ones.
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Background

Codonopsis pilosula (Campanulaceae) is a traditional herbal plant that is widely used in China, and the drought stress during the seedling stage directly affects the quality, ultimately impacting its yield. However, the molecular mechanisms underlying the drought resistance of C. pilosula seedlings remain unclear.





Method

Herein, we conducted extensive comparative transcriptome and physiological studies on two distinct C. pilosula cultivar (G1 and W1) seedlings subjected to a 4-day drought treatment.





Results

Our findings revealed that cultivar G1 exhibited enhanced retention of proline and chlorophyll, alongside a marked elevation in peroxidase activity, coupled with diminished levels of malondialdehyde and reduced leaf relative electrolyte leakage compared with cultivar W1. This suggested that cultivar G1 had relatively higher protective enzyme activity and ROS quenching capacity. We discerned a total of 21,535 expressed genes and identified 4,192 differentially expressed genes (DEGs) by RNA sequencing (RNA-seq). Our analysis revealed that 1,764 DEGs unique to G1 underwent thorough annotation and functional categorization utilizing diverse databases. Under drought conditions, the DEGs in G1 were predominantly linked to starch and sucrose metabolic pathways, plant hormone signaling, and glutathione metabolism. Notably, the drought-responsive genes in G1 were heavily implicated in hormonal modulation, such as ABA receptor3-like gene (PYL9), regulation by transcription factors (KAN4, BHLH80, ERF1B), and orchestration of drought-responsive gene expression. These results suggest that cultivar G1 possesses stronger stress tolerance and can better adapt to drought growing conditions. The congruence between qRT-PCR validation and RNA-seq data for 15 DEGs further substantiated our findings.





Conclusion

Our research provides novel insights into the physiological adaptations of C. pilosula to arid conditions and lays the groundwork for the development of new, drought-tolerant C. pilosula cultivars.
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1 Introduction

The utilization of medicinal plants represents a significant approach for humans to harness natural resources. These plants not only serve as treatments for various diseases but also play a crucial role in boosting the immune system and preventing illness. As the global population grows and living standards improve, the demand for medicinal plants continues to rise. Notably, approximately 75% of the population in developing countries primarily relies on herbal medicines for their healthcare needs (Kim et al., 2015). Codonopsis pilosula is a traditional herbal plant that is widely used in Asian countries, mainly planted in China, Japan, and Korea (Chen and Huang, 2018; Liu et al., 2018), and its dry roots are used as medicine (Codonopsis Radix, also Dangshen) (C. P. Committee, 2020). Furthermore, the Chinese Pharmacopeia lists more than 110 Chinese Herbal Medicines (CHM) preparations containing Codonopsis Radix or its extracts (C. P. Committee, 2020) due to its extensive pharmacological effects, such as strengthening the spleen, benefiting the lungs, nourishing the blood, and promoting the production of body fluids (C. P. Committee, 2020; Gao et al., 2018; He et al., 2014; Sun et al., 2018a). People in countries such as China, Japan, North Korea, South Korea, and the United States also use it as a food additive in wine, soup, porridge, etc (Zou et al., 2014; Boo et al., 2017; Gao et al., 2018; Moon et al., 2018).

C. pilosula is a perennial herbaceous plant in the Campanulaceae family that propagates by seed reproduction (Shin et al., 2019) and is mainly cultivated in Gansu Province, China, which has an arid and semiarid temperate continental climate (He et al., 2013). Drought is one of the most important environmental stressors, and its intensity increases due to climate changes and irrigation water shortages caused by world population growth (Marthandan et al., 2020). The agricultural losses caused by drought each year account for approximately 70% of the global potential yield losses (Min et al., 2016; Wu et al., 2017), mainly due to water deprivation causing a decrease in water potential, nutrient uptake, and photosynthesis, and inducing oxidative damage from reactive oxygen species (ROS) and disturbance of metabolism, finally resulting in reduced production and yield quality of crops (Wahab et al., 2022). To cope with drought stress, plants initiate multiple drought- response strategies at the morphological, physiological, and molecular levels. These strategies include altering the structural characteristics of roots and leaves, enhancing the synthesis of hormones and osmotic regulators, and regulating the expression of drought-tolerant genes (Chimungu et al., 2014). The yield and quality of Codonopsis Radix depend on the C. pilosula seed and seedling quality. High-quality Codonopsis seedlings are fundamental for improving the Codonopsis Radix yield and quality (Liu et al., 2019; Xiao et al., 2020). The C. pilosula seedling stage requires more water than the medicinal value formative period, while drought stress at the seedling stage directly affects the quality of the C. pilosula and, ultimately, its yield. Thus, the needs of daily life and clinical medicine for this species cannot be met (He et al., 2015).

After years of field breeding, our research group has successfully cultivated a new cultivar of C. pilosula, ‘Gandang number 1, G1’. Experiments have shown that cultivar G1 has strong stress resistance, but the yield of its dried roots is not the highest (Wang et al., 2024). This clearly cannot meet the demand for high-yield and high-stress resistance new cultivars of C. pilosula in production. At present, assisted breeding based on biochemical markers is a valid approach used to accelerate the cultivation of C. pilosula cultivars (Gupta and Crants, 2019). Therefore, it is essential to elucidate the potential mechanisms underlying the drought stress response, as well as to identify the drought resistance genes unique to cultivar G1. This knowledge can then be applied in molecular marker-assisted breeding to develop new cultivars of C. pilosula that exhibit both high yield and enhanced resistance to stress.

In this work, we employed an Illumina RNA sequencing and analysis-based methodology to conduct a comprehensive comparative transcriptome analysis of two contrasting C. pilosula cultivars—the new cultivar G1 and the widely promoted local variety Weidang No. 1 (W1), both at the seedling stage. Our aim was to reveal the dynamic molecular mechanisms that underlie the drought stress responses in C. pilosula and to identify the drought resistance genes that are unique to the G1 cultivar. Additionally, we assessed physiological indices to provide a foundational reference for our research. Ultimately, this study offers a molecular basis for breeding new drought-resistant cultivars of C. pilosula.




2 Materials and methods



2.1 Plant materials and drought stress treatment

In this experiment, potted soil-cultivated Codonopsis seedlings were utilized. The soil used for the test, with a moisture content of 150.43 g/kg, was taken from the Bacchus Garden of Gansu Agricultural University. This loess soil exhibited an electrical conductivity of 173.67 μs/cm and a pH level of 8.19 and was enriched with 12.27 g/kg of organic matter. Additionally, it contained 17.08 mg/kg of nitrate nitrogen, 9.79 mg/kg of ammonium nitrogen, 13.48 mg/kg of available phosphorus, and 108.06 mg/kg of available potassium. The test cultivars of C. pilosula included Weidang No. 1 (W1), a variety promoted in Dingxi, Gansu Province (the seed was obtained from the Dry Farming Research and Promotion Center of Dingxi, Gansu Province), and Gandang No. 1 (G1), a cultivar selected by the group of Yuan Chen and Feng-xia Guo of Gansu Agricultural University. All seeds were naturally shade-dried seeds harvested in the same year. Seeds weighing 0.0430 ± 0.0005 g—sufficient for approximately 150 seeds—were sown in plastic pots. These pots, with dimensions of 13 cm in diameter, 12 cm in height, and a bottom diameter of 9 cm, were used for 20 pots per cultivar. A rain-proof shed was used to prevent rainwater from entering and to ensure consistency with the local climatic conditions.

During the potted plant experiment, the climate conditions were obtained from the European Centre
for Medium Range Weather Forecasts (ECMWF, https://www.ecmwf.int/). The following data were collected: daily maximum temperature (°C), daily minimum temperature (°C), average humidity (% RH), average daily rainfall (mm), daily maximum Direct Normal Irradiance (DNI, W/m2), and daily minimum DNI (W/m2) data at the coordinates of the potted plant experiment (36.092035° N, 103.699152° E). The daily maximum solar intensity and daily minimum solar intensity data using formula 1 DNI (W/m2) = 126.58 solar intensity (lux). The soil moisture content was maintained by weighing during the experimental stage (Ruiz-Nieto et al., 2015). To minimize the effects of environmental heterogeneity, all pots were periodically moved and rotated (Ruiz-Nieto et al., 2015). The climatic conditions throughout the entire experimental period are summarized in Supplementary Figure S1.

The weighing method was employed to maintain the soil moisture content of potted plants at 180 ± 5 g/kg. Four weeks after the emergence of seeds, two pots of each cultivar were left as control for observation and photography. The remaining 18 pots of each cultivar underwent drought treatment (D) by withholding water, with the day water was withheld designated as drought day 0. Sampling was conducted at 4–5 pm on the same day. After sampling, the soil moisture content of the potted soil was immediately measured by the drying method. Three samples, with each pot containing one biological replicate, were collected on drought days 0, 2, 4, 6, and 7. The samples were immediately stored at −80°C for subsequent physiological analyses. Based on phenotype observations and physiological indicator measurement results, samples from drought days 0 (CG1, CW1) and 4 (DG1, DW1) were used for transcriptome sequencing and quantitative real-time PCR (qRT-PCR) assays.




2.2 Physiological and phenotypic characterizations

Soil moisture content was determined using the oven-drying method: Fresh soil samples were placed in an aluminum box of two-thirds’ capacity, weighed, and then oven dried at 105°C for 6 to 8 h, and the samples were reweighed after cooling. The formula was as follows: Soil moisture content (g/kg) = [(Weight of box + wet soil) −(Weight of box + dry soil)]/ [[(Weight of box + dry soil) − (Weight of box)] ×10].

Lipid peroxidation was measured following treatment and after 5 h by using malondialdehyde (MDA) equivalents (Dhindsa and Matowe, 1981). Leaves (0.20 g) from each treatment were ground in a precooled mortar with 10 mL of 0.05 M phosphate buffer (pH 7.0) and liquid nitrogen. The homogenate was evenly divided into two 5- mL portions using a standard pipette, and placed into separate 5-mL centrifuge tubes. One portion was immediately centrifuged at 12,000 ×g for 10 min to measure the initial MDA content. The other portion was incubated at room temperature with gentle shaking for 5 h before centrifugation and MDA measurement. For MDA quantification, the supernatant (1.5 mL) after centrifugation was mixed with an equal volume of a solution containing 20% trichloroacetic acid (TCA) and 0.6% thiobarbituric acid (TBA) in 0.05 M phosphate buffer (pH 7.0). The mixture was heated in a 95°C water bath for 15 min, and then rapidly cooled and centrifuged at 12,000 ×g for 10 min. The absorbance was measured at 450 nm, 532 nm, and 600 nm. The automatic oxidation rate (AR, = (5 h MDA-0 h MDA)/5) of membrane lipids was calculated as the average increase in the MDA concentration per hour (Li and Mei, 1989).

The levels of proline were evaluated using a Proline Assay Kit (A107-1-1, Jiancheng, Nanjing, China) by the colorimetric method. Ethanol extraction was used for chlorophyll determination, and the leaf relative electrolyte conductivity was determined using a P902 conductivity meter (Youke, Shanghai, China). Antioxidant enzymatic activity was performed at 4°C. The samples were homogenized in liquid nitrogen with 5 mL extract buffer containing 0.2 mM ethylenediaminetetraacetic (EDTA) and 2% polyvinylpyrrolidone (PVP) in 25 mM PBS buffer (pH 7.8). The homogenate was centrifuged at 15,000 r·min−1 for 20 min. The supernatant was used for antioxidant enzyme analysis (Guo et al., 2006, 2021; Niu et al., 2018). The activity for SOD was expressed as U/g, the activity for APX was expressed as U/s/g, and CAT and POD activities were expressed as U/min/g according to Niu et al. (2018).




2.3 RNA isolation, transcriptome sequencing, and data analysis

Total RNA was extracted from the leaf tissues by using TRIzol reagent following the manufacturer’s procedure (Invitrogen, CA, USA). RNA quality was evaluated on 1% agarose gel, and RNA concentrations were determined with NanoDrop 2000 spectrophotometer (Thermo Technologies) (Wei et al., 2019). High-quality RNA (RNA integrity number [RIN] scores >7.5) was used for subsequent experiments. The messenger RNA (mRNA) was enriched using Oligo (dT) beads, followed by fragmentation into short fragments using fragmentation buffer and reverse transcribed into cDNA with random primers. Second-strand cDNA was synthesized by DNA polymerase I, RNase H, dNTP, and buffer. Subsequently, the cDNA fragments were purified with the Qiaquick PCR extraction kit (Qiagen, Venlo, Netherlands), end repaired, A base added, and ligated to Illumina sequencing adapters. The ligation products were size selected (~300 bp) by agarose gel electrophoresis, PCR amplified, and sequenced using Illumina NovaSeq 6000. Raw reads were processed by quality control with unjoining and quality shearing to obtain the clean reads. The clean reads of each sample were assembled using Trinity v2.5.0 to acquire the number of unigenes. All the assembled transcripts were annotated against the following databases: NCBI_NR (non-redundant protein sequences), Gene Ontology (GO), and KEGG (Kyoto Encyclopedia of Genes and Genomes). The expression of unigenes was summarized using RSEM1.2.31. Significantly differentially expressed genes (DEGs) were analyzed using the DESeq2 1.10.1 R package. DEGs were identified within the following criteria: adjusted P-value < 0.005, |log2(foldchange)| ≥ 2 (Robinson et al., 2010). The acquired DEGs then underwent KEGG enrichment analysis using KOBAS (http://kobas.cbi.pku.edu.cn/kobas3) to identify the biological functions and related metabolic pathways. The raw transcriptome data have been deposited in the NCBI Gene Expression Omnibus (GEO) under the accession number GSE270657.




2.4 Quantitative real-time PCR analysis

To validate the reliability of the RNA-Seq transcriptome sequencing results from our experiments, we randomly selected 15 genes and quantified their expression levels using quantitative real-time fluorescence PCR (qRT-PCR). Primer design was conducted using Primer 5.0 software (Supplementary Table S1), with 18S rRNA serving as the internal reference gene. RNA from each sample group was reverse transcribed using a reverse transcription kit from TaKaRa. The resulting cDNA was subsequently stored at −20°C. For qRT-PCR reactions, qPCR Mix 15 µL, 2 μL Mg2+ (25 mM), 0.5 µL each for forward and reverse primers (10 µM), cDNA 2 µL, and dd H2O 10.0 µL were included, and the PCR amplification program is shown in Supplementary Table S2. The relative expression 2−ΔΔCt levels were calculated using the relative method (Livak and Schmittgen, 2001).




2.5 Statistical analysis of physiological data

We used the SPSS software package (version 22.0; SPSS Institute Ltd., Armonk, NY, USA) to conduct the statistical analysis of physiological data by Fisher’s protected least significant differences (PLSD) test. The level of significance was set at P ≤ 0.05.





3 Results



3.1 Phenotypical response of two contrasting C. pilosula cultivars to drought stress

To investigate the drought tolerance phenotype of C. pilosula cultivars W1 and G1, 4-week-old seedlings were subjected to drought treatment. After 6 days of drought exposure, the leaves and stems of cultivar W1 exhibited significant wilting, with the stems showing more severe dehydration than the leaves. In contrast, the leaves and stems of cultivar G1 remained in relatively good condition (Figure 1A). Following 7 days of drought treatment, the stems of cultivar W1 were nearly completely dehydrated, whereas the leaves and stems of cultivar G1 began to show initial signs of wilting.

[image: Growth stages of plants under stress are shown in two rows labeled G1 and W1 over seven days in panel A. Panel B presents a bar graph of moisture content for W1 and G1 over time. Panels C to F show bar graphs for proline, relative electrical conductivity, malondialdehyde, and ammonium ion content under different treatments. Panel G displays a bar chart of Chl a, Chl b, and carotenoid content with treatment labels. Panel H illustrates a radial chart detailing various stress metrics for Codonopsis pilosula under drought stress, comparing G1 and W1.]
Figure 1 | Phenotypical characterization of two cultivars under drought stress. (A) Phenotypes of W1 and G1 on days 0, 2, 4, 6 and 7 of drought treatment. (B) Soil moisture content on days 0, 2, 4, 6, and 7 of the drought treatment. (C–F) Effect on osmotic adjustment substances of proline, relative electrical conductivity, malondialdehyde (MDA), and automatic oxidation rate. (G) Changes in chlorophyll. (H) Antioxidant enzyme activity of peroxidase (POD), catalase (CAT), ascorbate peroxidase (APX), and superoxide dismutase (SOD). Data are mean ± SD (n = 3). Different lowercase letters mean a significant difference at P< 0.05.

In both C. pilosula cultivars, proline content and antioxidant enzyme activities initially increased from days 1 to 4, followed by a decrease on day 6 as the duration of stress exposure lengthened (Figures 1C, H). The chlorophyll content peaked on day 2 of drought stress before subsequently declining (Figure 1G). Additionally, other leaf osmotic adjustment substances, including relative electrical conductivity, malondialdehyde, and automatic rate, exhibited a significant increase (P < 0.05) during the drought period from days 1 to 6 (Figures 1D–F). In comparison, cultivar G1 consistently maintained higher levels of proline content, antioxidant enzyme activities, and chlorophyll content than cultivar W1 at all time points. However, the levels of other osmotic adjustment substances were lower in cultivar G1 than in cultivar W1. This observation suggests that as the duration of drought exposure increases, the leaf cell membranes of cultivar W1 may experience significant damage, leading to the release of cell membrane lipids and the destruction of membrane structure (Zenda et al., 2018). Therefore, after evaluating the physiological changes, we conducted transcriptome analysis on leaf samples of two C. pilosula cultivars, comparing those with normal growth (control, C) and those subjected to drought stress on day 4 (D). This analysis aimed to identify the relevant genes associated with drought stress in C. pilosula seedlings.




3.2 Transcriptomic analysis of C. pilosula response to drought stress

Transcriptomic analysis was used to explore the molecular mechanisms underlying the adaptation of C. pilosula Seedlings to drought stress. In total, 549.75 million raw sequencing reads were generated. After removing adapter sequences and low-quality reads, we obtained 71.44 GB of clean data; all Q20 values and Q30 values were more than 98% and 94% (Supplementary Table S3). Approximately 55,270 genes were assembled, with lengths ranging from 201 bp to 9,071 bp. All of these genes were successfully annotated in the database (Supplementary Table S4).

To test the repeatability and reliability of the results, we tested the relation of expression patterns among the drought treatment (D) and control (C) replicates of two cultivars by Pearson’s correlation test. The RNA-seq correlation coefficients of transcript per million (TPM), among DW1, DG1, CW1, and CG1 replicates, showed that the gene expression patterns were similar (Figure 2A), thus confirming the repeatability and reliability of evaluation results.

[image: Panel A presents a correlation matrix with colored circles indicating the strength and direction of correlations among variables CG1_3, CG1_2, CG1_1, CW1_3, CW1_2, CW1_1, DG1_3, DG1_2, DG1_1, DW1_3, DW1_2, DW1_1. Panel B shows a PCA biplot with points representing these variables, identified by labels and colored according to groups CW1, DW1, CG1, and DG1. The biplot axes represent principal components one and two, explaining 69.23 percent and 20.5 percent of the variance, respectively.]
Figure 2 | The repeatability and reliability test of the results of two cultivars and their replicates. (A) Pearson correlation coefficient analysis of biological replicates of two C. pilosula cultivars under different treatment conditions. The correlation coefficient (R2) between two corresponding (x- and y-axis) samples was calculated based on the TPM values of those samples. The x- and y- axes show the corresponding biological samples for different treatment conditions. (B) Principal component analysis (PCA) of the similarities and differences between the 12 samples used for RNA sequencing.

Furthermore, to analyze the similarities and differences between the 12 samples, principal component analysis (PCA) of all samples was performed (Mortazavi et al., 2008). The PCA results showed a clear separation between the two C. pilosula cultivars. Additionally, the replicates of each treatment clustered together (Figure 2B). These results showed that this experiment was reproducible and reliable.




3.3 Differential gene expression analysis of C. pilosula response to drought stress

The current study used TPM values ≥ 5 to determine the genes expressed. A total of 21,535
annotated gene transcripts were identified from the four treatments (DW1, DG1, CW1, and CG1). The Venn diagram (Supplementary Figure S2) shows the number of genes exclusively expressed in each treatment, overlapping genes between treatments, and common genes among all treatment combinations. Of these 21,535 gene transcripts, 63.71% (13720) were represented in all treatments. Before drought stress, 81.55% (17562) and 78.03% (16803) of the genes were expressed in W1 and G1, respectively. After drought stress, 80.85% (17412) and 79.81% (17188) were expressed in W1 and G1, respectively. A total of 735 genes were exclusively expressed in W1 after drought treatment (DW1), and a total of 1,437 genes were exclusively expressed in G1 after drought treatment (DG1). It is evident that a greater number of genes were expressed in variety G1 in response to drought stress, indicating that different mechanisms or pathways were activated to cope with the drought. Analyzing the differentially expressed genes in drought stress holds significant value.

The software R was used to explore differentially expressed genes (DEGs) between treatments at a standard fold change of less or equal to four (≤4) and false discovery rate (P < 0.05). Before drought treatment, we identified a total of 1,212 (809 upregulated and 403 downregulated) DEGs to be differentially expressed between the cultivar W1 and G1 (CW1_CG1). Under water-deficit conditions, 556 DEGs (241 upregulated and 315 downregulated) were observed between the cultivar G1 and W1 (DG1_DW1). From these results, we further compared the differences (in DEGs) between the cultivar G1 and W1. We identified 2,909 (1,369 upregulated and 1,540 downregulated) DEGs in the cultivar G1 (DG1_CG1).

Clustering analysis of the DEGs of the DG1_DW1 experimental comparison showed that, after drought stress exposure, DEGs were grouped into 10 clusters, and more DEGs were downregulated than upregulated (Figure 3A). Additionally, analysis of the log2(FC) of these DEGs showed that the highest −log10 (Pvalue) was noted in the upregulated DEGs than downregulated DEGs (Figure 3B). Furthermore, a greater number of drought-responsive DEGs were observed in the G1 than in W1, and there were 1,764 specific DEGs, which were the specific drought-responsive DEGs of cultivar G1 (Figure 3C), and further research can be conducted on them.

[image: Three panels depict data analysis. Panel (A) is a heatmap showing log_2(count+1) for various samples; yellow indicates higher values, blue lower. Panel (B) is a volcano plot with data points colored by significance: not significant (light blue), downregulated (blue), upregulated (red). Panel (C) shows a Venn diagram comparing groups G1 and W1, with overlapping section indicating 577 shared elements, and distinct elements noted as 1764 for G1 and 246 for W1.]
Figure 3 | Clustering analysis of differentially expressed genes (DEGs) and number of DEGs in G1 and W1. (A) Clustering analysis of DEGs in two C. pilosula cultivars after drought stress treatment (DG1_DW1). The x-axis represents different samples. DW1_1, DW1_2, and DW1_3 refer to the three replicates of W1 drought-stressed; DG1_1, DG1_2, and DG1_3 refer to the three replicates of the G1 drought-stressed; and the y-axis represents the differential genes expressed. The scale bar indicates the DEG expression levels. The bluer the color, the higher the expression, whereas the yellower the color, the lower the expression. (B) Volcano plot showing the (log2FC, −log10FDR) expression of the DEGs in the DG1_DW1 experimental comparison. (C) Number of DEGs in drought-stressed W1 and G1 seedlings. The overlapping section of the Venn diagram shows the DEGs common to G1 and W1 seedlings after drought stress.




3.4 KEGG analysis of DEGs related to C. pilosula response to drought stress

We conducted KEGG enrichment analysis on the 1,764 genes obtained above, and the results indicated that these genes were enriched in 84 KEGG pathways (Supplementary Table S5). The enrichment bubble plot (Figure 4A) for the top 20 metabolic pathways, as well as the heatmap (Figure 4B) showing the correlation between metabolic pathways and C. pilosula cultivars, revealed that the pathways related to plant stress resistance, such as starch and sucrose metabolism, plant hormone signal transduction, and glutathione metabolism pathway, were significantly positively correlated with the C. pilosula cultivars, indicating their involvement in the drought response of C. pilosula. Therefore, we conducted further analysis on the DEGs within these pathways.

[image: Panel A shows a bubble plot of the top 20 KEGG enrichment pathways, with rich factors on the x-axis and pathways on the y-axis. Bubble size indicates count, and color represents the -log10 p-value, ranging from blue (low) to red (high). Panel B displays a heatmap of Pearson correlations for metabolic pathways with color gradients from blue (-1) to red (1) and significance levels indicated by asterisks.]
Figure 4 | KEGG pathway enrichment and the Pearson correlation analysis of the DEGs of C. pilosula seedlings response to drought stress. (A) KEGG enrichment top 20 pathways of the DEGs. (B) Pearson correlation analysis of the DEGs. In the pathways of steroid biosynthesis, limonene and pinene degradation, benzoxazinoid biosynthesis, and monoterpenoid biosynthesis, fewer than three differentially expressed genes were enriched; hence, Pearson correlation analysis was not conducted. '*' indicates significance at the level of P < 0.05; '**' indicates significance at the level of P < 0.01; '***' indicates significance at the level of P < 0.001.

Statistical analysis was conducted on the DEGs of starch and sucrose metabolism pathways (map00500) under drought stress (Figure 5A). The results showed that under drought stress, there were a total of 25 DEGs (10 upregulated and 15 downregulated). The up/downregulated genes included beta-amylase 1 (BAM1), pfkB-like carbohydrate kinase family, glucan endo-1,3-beta-glucosidase A6, hexokinase, and O- glycosyl hydrolases family. These genes are primarily involved in the metabolism of starch, sucrose, and cell walls in plants, making them important genes related to carbohydrate metabolism, which can rapidly respond under drought conditions, enhancing the energy metabolism of C. pilosula seedlings, thereby helping the plant resist drought stress.

[image: Metabolic pathways are illustrated in panels labeled A, B, and C. Panel A shows sucrose metabolism involving enzymes and their gene expressions, with up- and down-regulated markers. Panel B outlines hormone signaling pathways affecting plant growth, detailing various hormone interactions with genetic expressions. Panel C illustrates glutathione metabolism, displaying enzyme interactions and gene expressions, marked by regulatory changes. Red and blue indicate up- and down-regulated expressions, respectively.]
Figure 5 | DEG pathway map of C. pilosula seedlings response to drought stress. (A) Starch and sucrose metabolism pathways. (B) Plant hormone signal transduction pathways. (C) Glutathione metabolism pathway.

A total of 25 DEGs (9 up- and 16 downregulated) were identified as involved in plant hormone signal transduction (map04075) (Figure 5B). The regulatory component of ABA receptor3-like gene (PYL9) was significantly upregulated after drought treatment in cultivar G1, and this gene has been confirmed to potentially participate in the response of plants to drought and other stresses in tomatoes (Infantes et al., 2022). And, the NSP-interacting kinase (SRF8) may be related to the plant signaling pathways, particularly involved in the plant’s response to environmental stresses (Li et al., 2019b). In addition, we found many transcription factors related to plant stress resistance and growth development regulation in this pathway, such as transcription factor KAN4 (KAN4), BES1/BZR1-like protein 4 (BEH4), ethylene-responsive transcription factor 1B (ERF1B), and transcription factor PIF3 isoform X1 (PIF3). Therefore, those above genes can be used as candidate genes for the response of cultivar G1 of C. pilosula seedlings to drought stress.

Statistical analysis was conducted on differentially expressed genes in the glutathione metabolism pathway (map00480) under drought stress (Figure 5C). The results showed that there were total of 17 DGEs (2 up- and 15 downregulated). A large number of glutathione S-transferase genes were found in this pathway, and these enzymes play an important role in the antioxidant and metabolic processes of plants, having been identified in multiple species (Kumar and Trivedi, 2018). Moreover, we found that GST_C domain-containing protein could be related to plant metabolism and stress resistance (Meng et al., 2023). These results indicated that the genes annotated in this pathway in our study were all involved in the resistance of cultivar G1 of C. pilosula seedlings to drought stress, helping the plant better adapt to environmental growth conditions.




3.5 The role of DEGs encoded transcription factors in drought resistance of C. pilosula seedlings

Research has shown that transcription factors play a key role in plant stress resistance (such as drought, salinity, and low temperature) primarily by regulating the expression of genes related to stress responses, thereby enhancing the plant’s adaptability. We analyzed the transcription factors (TFs) among 1,764 DEGs, and the results indicate that the TFs belonged to 5 families and mainly involved in bHLH, ERF, MYB, PIF, and TCP (Table 1). We found that most of these transcription factors play important roles in plant growth and responses, and they may be related to various physiological processes, thereby regulating the growth and development of C. pilosula seedlings drought tolerance.


Table 1 | Transcription factors.

[image: A table showing gene data with columns "Gene_ID," "Log2FC," "KOEntry," "Gene family," "Name," and "Annotation." It contains seven entries with specific values for each column. There is a note about abbreviation of the original ID as "DNXXXXX_X_X."]



3.6 qRT-PCR validation of DEGs

To validate the transcriptome sequencing results, transcriptome data on 16 genes were randomly selected for qRT-PCR testing. The results indicated that the qRT-PCR expression changes of the 15 tested genes were consistent with the expression changes of the corresponding genes in the transcriptome sequencing data (Figure 6). Therefore, the transcriptome sequencing data in this study can be considered sufficiently reliable to serve as a foundation for differential expression analysis.

[image: Graphs showing expression levels of various genes (KAN4, LAR, PRP1, CEL3, PER52, At1g11820, ARR17, SS4, At5g56590, HSP26-A, HST, GSTU17, ANP2, WRKY22, ERF13) across four conditions (CW1, CG1, DW1, DG1). Bars represent RNA-seq data, and red dotted lines with points indicate qRT-PCR data. Letters above bars denote statistical significance.]
Figure 6 | qRT-PCR validation of DEGs. Comparison of the relative expression level between RNA-seq and qRT-PCR in two cultivars under drought. The X-axis displays the selected genes, whereas the Y-axis shows the relative expression level.





4 Discussion

Drought is one of the most damaging abiotic stressors for plants and triggered by insufficient rainfall, rising temperatures, and limited water availability. It is becoming an increasing problem due to global climate change. In response to drought stress, plants have evolved complex adaptive mechanisms at the physiological, biochemical, and molecular levels (Shan et al., 2013; Edmeades, 2013). However, the molecular mechanisms underpinning this phenomenon have remained elusive despite recent advances in molecular biology approaches (Bhanu et al., 2016). Here, we began with potting soil that had a moisture content exceeding 180 g/kg. By day 6, we reduced this moisture content to 130 g/kg or less, and by the end of the experiment, it was 123 g/kg or less. This process was designed to induce a water deficit in C. pilosula seedlings (Figure 1). Then, we determined the most sensitive period of C. pilosula to water deficiency through physiological index analysis and further studied the drought response patterns at the transcriptome level in two contrasting C. pilosula cultivars. We specifically identified the unique drought- responsive differentially expressed genes in the cultivar G1 seedlings. Furthermore, functional validation by qRT-PCR analysis corroborated the differential expression of these identified genes. Our findings provide deeper insights into the mechanisms of drought stress tolerance in C. pilosula seedlings, as well as providing a basis for further downstream analyses of the identified individual specific genes.



4.1 Clear divergence exists between C. pilosula cultivars G1 and W in their drought stress responses

Plants accumulate ROS under drought stress, which can impair chloroplast and mitochondrial functions, and subject the plant cells to oxidative damage, including lipid peroxidation, protein oxidation, and DNA damage. H2O2 is one of ROSs closely associated with oxidative stress. It is derived from disproportionation of superoxide anion, and the product of H2O2 has strong oxidation ability (Kissen et al., 2016; Yin et al., 2018). Throughout evolution, plants have developed an enzymatic antioxidant system to remove excess ROS, primarily involving ascorbate peroxidase (APX), SOD, POD, and CAT (Prerostova et al., 2020; Medina et al., 2021; Panchuk et al., 2002). Proline is an amino acid that accumulates in response to a variety of environmental factors, including water scarcity, salinity, low temperature, and heavy metal accumulation. Additionally, proline is a crucial variable amino acid in regulating the architectures of proteins and membranes, as well as scavenging reactive oxygen species (ROS) in drought-stressed organisms (Chun and Chandrasekaran, 2018). In C. pilosula, leaf osmotic adjustment substances (such as relative electrical conductivity, malondialdehyde, and automatic rate) showed a significant increase under drought days 1– 6. Meanwhile, the proline, APX, SOD, POD, and CAT activities increased on days 1 –4, helping to maintain ROS balance during the early stage of drought stress. However, their activities decreased after 4 days, indicating that the protective enzyme system is highly time dependent in response to drought stress in C. pilosula seedlings. Moreover, the cultivar G1 exhibited relatively higher protective enzyme activity and the enhanced ROS quenching competency of its cells resulted in greater cell membrane integrity and relatively lower levels of osmotic adjustment substances in leaves. Consequently, cultivar G1 seedlings with better drought stress endurance than cultivar W1.

Chlorophyll a is a key pigment that is involved in multiple chlorophyll–protein complexes within plants’ photochemical and carbon fixation systems (Bano et al., 2013). It is instrumental in capturing light energy during photosynthesis. Chlorophyll b is primarily used in the creation of light-harvesting chlorophyll–protein complexes within the photochemical system. These complexes assist in absorbing light energy and transferring it to chlorophyll a, thereby facilitating the photosynthetic process. Despite variations based on plant characteristics and conditions, chlorophyll content serves as an effective indicator of desiccation tolerance. A common trait under drought stress conditions is a decrease in leaf chlorophyll content. This reduction in chlorophyll levels is often linked to oxidative stress and chlorophyll damage. The chlorophyll content is closely linked to photosynthetic activity, and alterations in chlorophyll levels can significantly affect a plant’s overall photosynthetic performance. There was a difference in chlorophyll content between the two C. pilosula cultivars under drought treatment. The chlorophyll a/b ratio in cultivar G1 increased, whereas the a/b ratio remained unchanged in cultivar W1. The increase in the a/b ratio of cultivar G1 is attributed to a slight increase in chlorophyll a, which is anticipated to enhance the activity of carbon fixation systems. This suggests that the drought stress conditions were not severe enough to significantly reduce photosynthesis of cultivar G1.




4.2 Transcriptomic analysis of the molecular mechanisms of drought resistance in C. pilosula seedlings

Stress perception is the first step to ensure plant survival to abiotic stress exposure (Frolov et al., 2017). The stress is firstly perceived by the receptors located on cell membranes, such as for GPCRs, PLKs, HKs, ABA, and CAS. The signals are then transduced downstream, leading to the generation of secondary messengers including K+, Ca2+, sugars, ROS, cyclic nucleotides, and inositol phosphates (Wu et al., 2017). The secondary messengers trigger the corresponding signaling pathways to transduce the signals (Chaves et al., 2009). Central to the signal transduction machinery are protein kinases and phosphatases that mediate protein phosphorylation and dephosphorylation, respectively. The calcium-dependent protein kinases (CDPKs), abscisic acid-activated signaling (ABA), and mitogen- activated protein kinase (MAPK) pathways are vitally involved in plant abiotic stress responses (Jonak et al., 1996; Dudhate et al., 2018).

In this study, a total of 25 DEGs related to plant hormone signal transduction were identified only in cultivar G1 seedings under drought (Figure 5B). We found that the regulatory component of ABA receptor3-like gene (PYL9) was significantly upregulated, NSP-interacting kinase (SRF8) related to the plant signaling pathways was significantly downregulated, and two TFs (KAN4 and ERF1B) were significantly downregulated, whereas two TFs (BHLH80 and PIF3) were significantly upregulated. When stress occurs, a large amount of ABA is produced in the cell, and PYL protein, as a receptor for ABA, first senses and binds to it. Then, the PYL–ABA complex reacts with clade A protein phosphatase 2C (PP2C). The binding of PP2C to form the PYL-ABA-PP2C ternary complex results in the loss of activity of PP2C, thereby relieving the inhibitory effect on the kinase sucrose non-financial 1- related protein kinase subfamily 2 (SnRK2s) and activating the kinase SnRK2s (Schweighofer et al., 2004; Melcher et al., 2009). The activated SnRK2s phosphorylate downstream transcription factors or effector proteins, thereby initiating the expression of ABA responsive genes (Fujita et al., 2012), inducing stomatal closure and reducing transpiration, thereby improving plant stress resistance.

Starch and sucrose are important forms of carbohydrate storage in plants, and plants can utilize carbohydrate reserves reasonably by regulating metabolic pathways to maintain the energy and material supply required for growth and development. In drought-resistant varieties, the expression of sucrose metabolism-related genes is upregulated under drought stress, which helps to scavenge ROS and alleviate oxidative damage (Thomas and Beena, 2021). Genes related to starch and sucrose metabolism pathways are significantly enriched under drought stress (Cao et al., 2022). Liang et al. (2021) suggests that carbohydrates served as biomarkers for drought stress response and enhanced drought tolerance in C. pilosula. In this study, there were a total of 25 DEGs in G1 cultivar seedings enrichment in starch and sucrose metabolism pathways, suggesting that G1 cultivar seedings can maintain growth requirements under drought stress through more efficient energy metabolism.

In addition, we have known that glutathione (GSH) is an important antioxidant that can scavenge reactive oxygen species (ROS) and free radicals, preventing these substances from causing damage to cellular components (Gaucher et al., 2018). Under abiotic stresses such as high salinity, drought, and low temperatures, the levels of reactive oxygen species in plants increase, leading to cellular damage (Hasanuzzaman et al., 2020). Additionally, the activity of antioxidant enzymes such as glutathione S-transferases (GST) increases, helping plants eliminate excess reactive oxygen species and mitigate oxidative damage (Khan et al., 2022). Glutathione plays a crucial role in the ascorbate (AsA) and glutathione cycle, participating in the reduction of H2O2 and further enhancing the plant’s antioxidant defense mechanisms (Valero et al., 2016). Therefore, glutathione not only is an important antioxidant in plants but also plays a key role in responding to various environmental stresses, helping plants maintain physiological balance and growth. Our results suggested that 17 DEGs were identified as involved in glutathione metabolism pathway, and 9 glutathione S-transferase genes were significantly upregulated in cultivar G1 of C. pilosula. Transcriptome analysis under drought stress revealed that drought-resistant bananas exhibited significantly upregulated expression of glutathione metabolism-related genes compared with sensitive varieties (Muthusamy et al., 2016). Furthermore, comparable findings have been reported in a large number of plants species, such as Arabidopsis (Meng et al., 2023), chickpea (Singh et al., 2023), rice (Wang et al., 2022), and maize (Anjum et al., 2017).




4.3 Transcription factor- related genes are a critical component of drought response machinery

The drought stress response is controlled by complex regulatory networks in plants. Transcription factors (TFs) are important regulators in this network, playing a pivotal role by activating or inhibiting the expression of downstream stress-related target genes (Wang et al., 2016). To date, numerous TFs have been reported being involved in the regulation of drought stress tolerance in plants, including MYB, ERF, and bHLH. The BHLH family is the largest transcription factor family in eukaryotes (Sun et al., 2018b) and plays an important role in regulating plant drought resistance. For example, recent studies have shown that the peanut bHLH transcription factor AhbHLH112 can enhance peanut drought resistance, and drought can significantly induce its expression (Li et al., 2021). Moreover, the maize bHLH transcription factor ZmPTF1 regulates maize tolerance to drought stress by promoting root development and ABA synthesis (Li et al., 2019a). Research in Arabidopsis and some crops has shown that MYB transcription factors are involved in response to drought stress, such as regulating stomatal movement, leaf development, flavonoid, and cell wall synthesis (Baldoni et al., 2015). Chen et al. (2022) suggest that the MYB family transcription factor SlMYB55 is an ABA and drought- responsive gene, and silencing the expression of SlMYB55 can significantly enhance tomato drought resistance.

Numerous studies have shown that ERF transcription factors play an important role in plant stress response. For instance, the rice OsERF922 negatively regulates plant salt tolerance by disrupting Na+/K+ homeostasis and mediating the ABA signaling pathway (Liu et al., 2012). In our study, we identified a total of seven drought- related transcription factors in the C. pilosula, belonging to five gene families, namely, bHLH, ERF, MYB, PIF, and TCP families. Furthermore, one DEG related to bHLH, PIF, and TCP was upregulated in cultivar G1, whereas two DEGs related to ERF and one DEG related to bHLH and MYB were downregulated. These studies indicated that those specific TFs may play essential roles in plant response to environmental stress. Therefore, the different expression of these specific TFs only in cultivar G1 may be one of the pivotal reasons for its greater drought tolerance compared with cultivar W1.




4.4 Proposed molecular model of C. pilosula seedling drought stress tolerance

Based on our main findings of the key drought- responsive DEGs and their associated pathways/networks, and the relevant published citations contained in this study, we have developed a molecular model for drought stress tolerance in C. pilosula seedlings as shown in Figure 7.

[image: Diagram illustrating the plant response mechanism to drought. Starting from the top, drought stress affects a potted plant, triggering signal perception through receptors like GPCRs and ABA. This leads to signal transduction via MAPK and hormone pathways. Transcription regulation involves factors like ERF and MYB, influencing stress-responsive pathways like starch metabolism and glutathione metabolism. Results are phenotype responses, showing stress sensitivity and tolerance in plants.]
Figure 7 | Schematic molecular model of C. pilosula seedlings drought stress tolerance. This model was developed based on our key putative components of drought response identified in this study, supported by previously described schemes of plant abiotic stress response pathways/networks (Wang et al., 2016; Shinde et al., 2018).





5 Conclusions

In this study, physiological and comparative transcriptome analyses were performed on 4-week seedling leaf tissues of Codonopsis pilosula cultivars ‘G1’ and ‘W1’ seedings in drought treatment for 4 days to explore the key genes responsible for the differences in response to drought between these two cultivars. Resultantly, cultivar G1 seedlings maintained comparatively higher proline contents, chlorophyll content, and greatly increased peroxidase activity but decreased malondialdehyde content and leaf relative electrolyte conductivity, than cultivar W1 seedlings. Using an RNA sequencing (RNA-seq)-based approach, we identified a total of 21,535 genes that were expressed and 1,764 differentially expressed genes (DEGs) only in G1 under drought stress. All those DEGs got annotation and functional classification based on different databases. We suggest that drought-induced changes in osmoregulation to prevent water deficit and enhance the defense capacity of the antioxidant system are the strategies of C. pilosula cultivar G1 in response to drought stress. We found hormonal regulation (ABA); regulation of transcription factors, such as KAN4, BHLH80, and ERF1B; and regulation of drought-responsive genes, such as glutathione metabolism- and starch and sucrose metabolism- related genes. The functions of these genes and the physiological responses of plants provide a basis for preliminarily explaining the mechanism of physiological changes in C. pilosula under drought stress and breed new C. pilosula cultivars.
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Salinity is an important abiotic environmental stressor threatening agricultural productivity worldwide. Flax, an economically important crop, exhibits varying degrees of adaptability to salt stress among different cultivars. However, the specific molecular mechanisms underlying these differences in adaptation have remained unclear. The objective of this study was to identify candidate genes associated with salt tolerance in flax using RNA-Seq combined with population-level analysis. To begin with, three representative cultivars were selected from a population of 200 flax germplasm and assessed their physiological and transcriptomic responses to salt stress. The cultivar C121 exhibited superior osmoregulation, antioxidant capacity, and growth under salt stress compared to the other two cultivars. Through transcriptome sequencing, a total of 7,459 differentially expressed genes associated with salt stress were identified, which were mainly enriched in pathways related to response to toxic substances, metal ion transport, and phenylpropanoid biosynthesis. Furthermore, genotyping of the 7,459 differentially expressed genes and correlating them with the phenotypic data on survival rates under salt stress allowed the identification of 17 salt-related candidate genes. Notably, the nucleotide diversity of nine of the candidate genes was significantly higher in the oil flax subgroup than in the fiber flax subgroup. These results enhance the fundamental understanding of salt tolerance mechanisms in flax, provide a basis for a more in-depth exploration of its adaptive responses to salt stress, and facilitate the scientific selection and breeding of salt-tolerant varieties.
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1 Introduction

Soil salinity is a significant abiotic stress that primarily occurs in coastal and arid/semi-arid regions, greatly impacting plant life processes and ultimately limiting agricultural productivity and crop worldwide distribution (Chen et al., 2023; Munns and Gilliham, 2015). Currently, more than 20% of cultivated land (equivalent to 1000 million hectares) is impacted by salt, a situation that is worsening due to global climate change and insufficient management of irrigation and fertilizer practices (Corwin, 2020; Jiang et al., 2019). The most effective approach to mitigate yield losses in plant production is the development of plant varieties that are both salt-tolerant and high-yielding (van Zelm et al., 2020). Comprehending the mechanisms underlying plants’ response to salinity is crucial for implementing traditional breeding techniques and biotechnological approaches to enhance stress resistance in plants (Ashraf et al., 2013).

High salinity poses multiple challenges to plants, including hyperosmotic stress, oxidative stress, ionic imbalance, and metabolic disorders (Li et al., 2022b). Plants have evolved a variety of morphological, physiological, biochemical, and molecular adaptation strategies to withstand salt stress and sustain growth, development, and productivity (Arif et al., 2020). Deeper and more comprehensive mechanisms underlying plant responses to salt stress have resulted from research conducted over the past two decades in many crops, which has increasingly relied on genetic and biochemical analyses (Atta et al., 2023; Yang and Guo, 2018). Many biological pathways and genes that respond to salt have been found in a wide range of species, and they have roles in ion accumulation and exclusion, transcription control, stress signal transmission, redox processes, and the accumulation of certain osmoregulation chemicals. Some examples of these genes include transcription factor genes such as OsDOF15 (Qin et al., 2019), OsbHLH38 (Du et al., 2023), and GsMYB15 (Shen et al., 2018), kinase genes like OsMKK10.2 (Yu et al., 2023), STRK1 (Zhou et al., 2018), and GmSNF1 (Lu et al., 2023), metabolism-related genes such as GmNmrA6 (Mao et al., 2023), and DNA demethylase genes such as OsDML4 (Li et al., 2023). It is noteworthy that modifying AT1 or its orthologs in monocot crops has shown great promise in improving saline-alkaline tolerance in sorghum, rice, and maize (Zhang et al., 2023). Though new genes for salt response were reported in recent years, related research in non-model and minor crops still lacking. The structural diversity and evolution of complexity in crops make it necessary to screen and dig for new genes in more crops to detail the strategies for salt stress.

Flax (Linum usitatissimum L.) is one of the oldest crops that has garnered increased attention due to its remarkable health benefits and rich nutrient content (Hall et al., 2016). Currently, there is an urgent need for salt-tolerant flax varieties in salt-affected zones, particularly in China’s Xinjiang and Inner Mongolia regions, as well as several countries in the Middle East that lack irrigating water and suffer from hazards of saline soils (Abido and Zsombik, 2019; Li et al., 2022a). Some studies have focused on physiological and biochemical responses to salt stress (Abido and Zsombik, 2019; Mekawy et al., 2019) and transcriptome analysis of individual materials (Wang et al., 2022; Wu et al., 2019; Yu et al., 2014) in linseed, providing theoretical support for our understanding of flax salt responses. However, less recognized are the adaptations in flax root morphology and their relevance for salt tolerance, as well as the variations in salt tolerance observed among different cultivars.

In this study, we systematically analyzed the growth parameters, antioxidant capacity, water-holding capacity, and root transcriptomic profile of three flax cultivars. The results demonstrated that a powerful antioxidant system and osmoregulatory capacity were important contributors to the flax’s resistance to salt stress. Meanwhile, we genotyped the differentially expressed genes for salt stress in the three materials and further screened the salt-related candidate genes by combining the phenotypic data of 200 flax populations. This study aims to identify candidate genes related to salt tolerance, providing a foundation for a better understanding of the molecular processes involved in salt stress response and for improving the resistance of flax.




2 Materials and methods



2.1 Plant materials and treatment

A Genome-wide Association Study (GWAS) population containing 200 diverse flax accessions was previously established (Guo et al., 2020), and all cultivars within this population were evaluated for salt tolerance during germination (Li et al., 2022) and seedling stages (Supplementary Figure S1; Supplementary Table S1). Interestingly, we observed that some cultivars exhibited inconsistent salt tolerance between the germination and seedling stages. To gain insight into the salt tolerance traits of flax, we utilized seedling stage results as a reference point to choose one salt-tolerant cultivar, C121, along with two salt-sensitive cultivars, C71 and C49 (demonstrating salt tolerance during germination), for experimental analysis. The seedling planting methods were described previously (Li et al., 2022a). Briefly, 36 seeds of each cultivar were planted in 96-well PCR plates and three PCR plates were incubated in a hydroponic tank for 21 days. Then the group treated with 200 mmol/L NaCl was labeled as “TR” (treated) group and the group without salt solution was labeled as “CK” (control) group. Each hydroponic tank was designated as one biological replicate, and the experiment was repeated at least three times to ensure accurate data.




2.2 Statistics on phenotypic traits

In the hydroponic experiment, 36 seedlings of each flax cultivar were planted together in the same hydroponic pot, which represented one replicate. The plants were exposed to salt stress for 7 days. After this period, the surviving plants were manually counted, and photographs were taken. To further analyze the effects of salt stress on the flax seedling root systems, a random sample of six seedlings was taken from each replicate. The aerial part of the seedlings was removed, and the remaining root portion was analyzed using the LA-S series plant root analysis system (Wan Shen, Hangzhou, China). 9 plants were randomly selected from each sample for measuring the dry and fresh weights of the whole plant, which were then used to calculate the relative water content as described previously (Li et al., 2022a). Relative survival refers to the ratio of green seedlings before and after stress, whereas relative root change is calculated as the difference between stressed root data and pre-stress root data, divided by the mean pre-stress root value.

Due to the complexity of the GWAS population, we implemented another program to count survival rates. The planting and salt stress treatment methods for the flax seedlings were as follows. Initially, 40 seeds from each flax cultivar were selected and placed in seedling pots containing a mixture of perlite, vermiculite, and nutrient soil in a ratio of 1:1:2. After a germination period of 14 days, the seedling pots were transferred to a hydroponic tank for salt stress treatment. The treatment solution was refreshed every 7 days. The seedling survival rate was measured after 21 days of salt stress and then combined with the pre-stress survival rate to determine the relative survival rate. The results from multiple experiments confirmed 450 mmol/L NaCl as the optimal salt stress concentration (Supplementary Figure S1A). In this experiment, we conducted three biological replicates and the correlation coefficient was greater than 0.6 (Supplementary Figures S1B, C). Varieties with relative survival rates exceeding 0.5 in all three experiments were classified as salt-tolerant, whereas those with rates below 0.05 were categorized as salt-sensitive materials (Supplementary Table S1).




2.3 Determination of physiological and biochemical indicators

The Nanjing Jiancheng Bioengineering Institute (http://www.njjcbio.com/) provided kits for measuring the following physiological indicators: soluble sugar content, proline content, catalase (CAT) enzyme activity, and malondialdehyde (MDA) content. Specifically, the Plant Soluble Sugar Content Test Kit (A145-1-1) was used to determine soluble sugar levels, employing the anthrone colorimetric method. The Proline Assay Kit (A107-1-1) relied on the ninhydrin reaction to assess proline content. For CAT activity, the Catalase Assay Kit (A007-1-1) utilized the ammonium molybdate method, which required an initial determination of protein concentration in the supernatant using Thomas Brilliant Blue. CAT activity was then expressed as units per milligram of protein, with one unit defined as the consumption of 1 µmol of H2O2 by 1 mg of tissue protein at 405 nm in 1 second. Finally, the Plant Malondialdehyde Kit (A003-3-1) measured MDA content using the thiobarbituric acid method. After 3 days of salt stress, the relevant osmoregulatory substances and antioxidant enzyme activities of flax reached a peak. 0.1g of seedling root from 3 days of treatment was required for each experiment. The corresponding indexes were tested according to the kit instructions.

Tetranitroblue tetrazolium chloride (NBT) staining was used to detect O2• − content and diaminobenzidine (DAB) staining was used to detect H2O2 content, following previously published protocols (Yu et al., 2019). Seedling leaves from 3 days of treatment were employed in the experiments. The Soil and plant analyzer develotrnent (SPAD) values were measured using a SPAD-502 chlorophyll meter on the latest fully expanded leaf of each seedling. Eighteen seedlings were randomly selected from each sample, and the leaves from 3 days of treatment were used for the experiments.




2.4 RNA extraction, cDNA library construction and sequencing

Fresh roots from 3 days of treatment were collected in liquid nitrogen for total RNA extraction, the procedure was carried out according to the instructions of the RNeasy Plant Mini Kit (3 biological replicates each of the control and salt stress treatments, each replicate consisted of 3 plant roots). RNA purity and integrity were analyzed using agarose gel electrophoresis and further detected using Nanodrop and Agilent 2100, while RNA concentration was accurately quantified using Qubit 2.0. Subsequently, cDNA libraries were constructed and sequenced at Novogene (Beijing, China).




2.5 Sequencing data processing and identification of DEGs

After obtaining the sequencing data and checking the QC report, the next step was to process the data. Firstly, the flax reference genome and annotation file (2014 version) were downloaded from Phytozome (https://phytozome-next.jgi.doe.gov/). Using hisat2 v2.1.0, an index was built to compare the unzipped clean reads with the reference genome. Next, featurecounts v1.6.0 were used to count the read numbers mapped to each gene (Liao et al., 2014). Then, the transcripts per kilobase of million mapped reads (TPM) for each gene were calculated based on the length of the gene and the read count mapped to this gene. The limma program was used to correct the results obtained in the previous step and obtain the TPM and trimmed mean of M values (TMM) two-fold normalized matrices for gene expression data (Wagner et al., 2012).

Differential expression analysis was performed using the DESeq2 R package (1.20.0) (Love et al., 2014). The p-values were adjusted using the Benjamini–Hochberg method to control the false discovery rate. A corrected p-value of 0.05 and log2 (fold change) of 1 was set as the threshold for significance differential expression.




2.6 GO and KEGG enrichment analysis of DEGs

As described previously (Li et al., 2022a), the differentially expressed genes (DEGs) were enriched by GO and KEGG pathways using ClusterProfile R packages. Set p-value ≤ 0.05 as the standard to screen the path of GO and KEGG enrichment pathways.




2.7 Validation of DEGs by qRT-PCR

Six genes, namely Lus10002916, Lus10020718, Lus10013250, Lus10012145, Lus10005114, and Lus10027742, were randomly selected and verified by qRT-PCR using L. usitatissimum ACT1 (GenBank accession number AY857865) as an internal reference gene in this experiment. The RNA samples used were consistent with the sequencing samples. Primer sets were designed using Primer Premier v6.25 and are listed in Supplementary Table S2. qRT-PCR was performed using the SYBR Green Master Mix kit, and the gene expression was detected using an ABI PRISM 7500 Real-time PCR system (USA). The following cycling conditions were used: 95°C for 3 min; 95°C for 15 s, 60°C for 60 s, and 40 cycles. The data were analyzed using the 2−ΔΔCt method, and all samples were tested in triplicate.




2.8 Population-level screening

In total, 7,459 salt-responsive genes were mapped into a high-density flax genomic variation map from our previous study (Guo et al., 2020), and a total of 42649 SNPs were obtained by VCFtools v0.1.16. A population-level screening was performed using the GLM and MLM with TASSEL 5.0 (Bradbury et al., 2007). For GLM analysis, the population structure (Q) matrix generated from Admixture 1.23 was used to adjust for population stratification (GLM-Q). The kinship matrix (K) was calculated using TASSEL 5.0. The population structure matrix and Kinship matrix both were considered in the MLM (Q + K). To set the threshold cutoff level, we screened valid SNP loci by KGGSEE v1.0 (Li et al., 2011). The effective number of independent tests for all the 3,171 valid variants was 2,015.14 (63.55%). The p-value cutoff by Bonferroni correction for family-wise error rate 0.05 was 2.48e-05. The allele frequency and nucleotide diversity (π) were calculated in the software VCFtools (Li et al., 2020). The π values were analyzed utilizing a window size of 100 bp and a step size of 25 bp.




2.9 Identification of transcription factor gene family

Using the hidden Markov model (HMM), we obtained sequence-based transcription factor families. First, we downloaded the domain files corresponding to MYB (PF00249), bHLH (PF00010), and WD40 (PF00400) from the Pfam database (http://pfam.xfam.org/). Then, we compared the HMM files with the whole genome protein sequences of flax using hmmer 3.0 to identify proteins containing relevant domains. These proteins were further conditionally screened based on E-value ≤ 1e-5. Subsequently, we extracted the filtered protein sequences using Seqtk 1.3 (https://github.com/lh3/seqtk). The extracted protein sequences were then uploaded to the MEME database (https://meme-suite.org/meme/tools/meme) for motif prediction. Finally, the identified target proteins were annotated and validated using the Arabidopsis database (https://www.arabidopsis.org/), eggNOG-mapper (http://eggnog-mapper.embl.de/), and phytozome database.




2.10 Phylogenetic analysis

For efficient and accurate identification of homologous genes, it is crucial to establish a local blast database. To accomplish this, we obtained genome protein sequences of relevant species from the Ensembl Plants database (http://plants.ensembl.org/index.html) and integrated them with flax genome protein sequences into the local blast database. Subsequently, blastp analysis was conducted between the protein sequences of the target genes and the local database, using two key parameters (% Identity > 50 and E-value < 1e-30) for homologous protein screening. To further analyze the obtained similar sequences, we employed Seqtk 1.3 to swiftly extract them, followed by the construction of a phylogenetic tree. The complete amino acid sequence was aligned using ClustalW, and the phylogenetic tree was constructed by the neighbor-joining method with 1000 bootstrap replicates in MEGA10 software (https://www.megasoftware.net/).




2.11 Statistical analysis

All the experiments were repeated three times. The experimental data processing and mapping were completed using Excel 2020, GraphPad Prism 9.5, R version 4.0.4, IBM SPSS statistics 20.0, and TBtools-II. All values are expressed as mean ± standard error. The mean was compared using analysis of variance (ANOVA) and Duncan’s honestly significant difference test or independent samples t-test. The significance of data analyzed by independent samples t-test is denoted by an asterisk (P < 0.05), while significance according to Duncan’s test is indicated by different letters.





3 Results



3.1 Phenotypic and physiological evaluation for salinity stress response

Our results indicated that flax of different genotypes has shown varying degrees of salt adaptation (Supplementary Table S1), which of them with the accession of C121 exhibited a higher survival rate under 200 mmol/L NaCl stress, evidencing its salt-tolerant properties. In contrast, the other two flax cultivars C49 and C71 were found to be salt-sensitive (Figure 1A; Supplementary Figure S2A). Under normal conditions, C121 exhibited significantly slower growth rates in plant shoots and roots compared to the two salt-sensitive varieties (Supplementary Figures S2B, C). However, after 7 days of exposure to a salt solution, C121 showed remarkable root growth, whereas the root parameters of the salt-sensitive variety C49 remained almost unchanged (Figures 1B–D). Total root length, root projected area, and root surface area were increased by 22.01%, 15.02%, and 17.03% in cultivar C71, 5.96%, 1.07%, and 2.96% in cultivar C49, and 48.91%, 31.23% and 44.78% in cultivar C121, respectively.
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Figure 1 | Detection of growth and physiological indices of flax under normal conditions and salt treatment. Phenotypes of the three cultivars were counted for (A) relative survival, (B) relative total root length, (C) relative root surface area, (D) root projected area, and (E) relative water content; (F–I) Effects of salt stress on the physiological parameters (contents of soluble sugar, proline and MDA, the activities of CAT) of roots in C49, C71 and C121. Values are means standard deviations (n = 3). The bars represent standard error. Different letters indicate significant differences based on Duncan’s test (P < 0.05). Independent samples t-test, ns without significant differences, *P < 0.05, **P < 0.01, ***P < 0.001. CK: 0 mmol/L NaCl, TR: 200 mmol/L NaCl.

Compared to the control group, the water content of C49, C71, and C121 decreased by an average of 13.51%, 16.34%, and 2.52%, respectively, under 200 mmol/L NaCl stress (Figure 1E). Interestingly, the concentrations of soluble sugars and proline were significantly higher in C49 and C121 than in C71 under 200 mmol/L NaCl stress in the roots, although no difference was observed under normal conditions (Figures 1F, G). Further, we conducted reactive oxygen species-related tests on these cultivars. NBT and DAB staining revealed that leaves treated with salt stress showed more intense staining in C49 and C71 compared to C121, indicating that C121 accumulated fewer O2• − and H2O2 under salt stress (Supplementary Figures S2D, E). Consistently, when compared to the control condition, the activity of the antioxidant enzyme CAT increased by an average of 0.66-fold, 1.26-fold, and 3.69-fold in C49, C71, and C121, respectively, under 200 mmol/L NaCl stress (Figure 1H). MDA, a marker of lipid peroxidation and stress resistance (El Mamoun et al., 2023), was found to be significantly higher in C49 and C71 compared to C121 under 200 mmol/L NaCl stress, but there was no difference under normal conditions (Figure 1I). It is worth noting that SPAD value, which correlates with plant photosynthesis and can be used to measure plant growth rate (Jiang et al., 2017), also showed different trends among the leaves of three cultivars under salt stress, according to our results (Supplementary Figure S2F). Overall, our results demonstrate that C121 is capable of maintaining growth and displaying improved water retention and antioxidant capacity under salt stress, significantly outperforming the two sensitive varieties.




3.2 General transcriptome feature

To explore the adaptive response mechanisms of the three cultivars under salt stress, we conducted transcriptome sequencing of flax root systems before and after salt stress. Three biological replicates were performed for each cultivar. Mapping the rRNA depleted 727.1 million RNA-seq reads of the 18 samples against the flax reference genome (https://phytozome-next.jgi.doe.gov/info/Lusitatissimum_v1_0) showed that 650.6 million reads (91.1%) were mapped in total, and 623.1 million (87.2%) were mapped uniquely (Supplementary Table S3). The data from 43,471 gene expressions were obtained, and Spearman correlation coefficients of duplicate samples were always higher than 0.9 (Supplementary Figure S3). PCA analysis showed that salt stress affected gene expression in flax, and the effects differed somewhat between salt-tolerant and salt-sensitive samples (Figure 2A), with PC1 and PC2 explaining a total of 81.64% of the total variation in gene expression. To make the RNA data more convincing, we randomly selected six genes for qPCR validation. Combining RNA-seq and qRT-PCR data to calculate their correlation, the result showed a positive correlation with the Pearson coefficient R2 = 0.944 (Supplementary Figure S4).

[image: Graphic showcasing biological data across four panels. Panel A shows a PCA plot with 67.16% and 14.48% variation for PC1 and PC2, respectively, with colored shapes representing species and conditions. Panel B displays a bar graph comparing upregulated and downregulated expressions in C121, C71, and C49 species. Panel C is a Venn diagram illustrating shared and unique elements among the three species under CK/TR conditions. Panel D presents a dot plot of biological processes and KEGG pathways, color-coded by p-value and sized by count, displaying gene ratios related to metabolic and biosynthetic processes.]
Figure 2 | Counting and analysis of DEGs in flax under salt stress. (A) PCA analysis of correlations in 18 samples; (B) statistics of DEGs in three varieties under salt stress; (C) Venn diagrams of DEGs under salt stress from three cultivars and (D) bubble plots based on TOP15 terms from GO and KEGG enrichment.




3.3 Insights into the critical biological processes under salt stress

Using DESeq2 to compare the differences between the three cultivars before and after salt treatment, we obtained a total of 7,459 differentially expressed genes (DEGs) related to salt response (Supplementary Table S4). These DEGs included 2,526 in C121 (1246 upregulated and 1280 downregulated), 2,769 in C71 (1,126 upregulated and 1,643 downregulated), and 5,487 in C49 (2,714 upregulated and 2,773 downregulated) (Figure 2B; Supplementary Figures S5A–C). GO and KEGG enrichment analyses of the DEGs in the three flax varieties revealed significant enrichment in response to toxic substances, metal ion transport, phenylpropanoid biosynthesis pathway, and more (Supplementary Figures S5D–I). These are common primarily metabolic pathways that plants activate in response to abiotic defense.

Furthermore, we identified a total of 899 common differentially expressed genes (DEGs) by merging the salt-responsive DEGs from the three flax cultivars (Figure 2C), which are considered to be the core regulatory genes for salt induction in flax. These DEGs were significantly enriched in 95 biological processes, 27 molecular functions, and 4 cellular compartments. Notably, there were 30 DEGs associated with metal ion transport, 24 with response to toxic substances, 23 with ion homeostasis, 22 with response to cytokinins, and 20 with response to nutrient levels. Additionally, the KEGG pathway enrichment analysis revealed significant enrichment of these DEGs in 21 pathways. Specifically, we found 37 DEGs enriched in phenylpropanoid biosynthesis, 17 in starch and sucrose metabolism, 15 in terpenoid backbone biosynthesis, 13 in amino sugar and nucleotide sugar metabolism, 10 in riboflavin metabolism, and 9 in steroid hormone biosynthesis (Figure 2D; Supplementary Table S5).

This suggests that flax plants employ various mechanisms, including enhanced energy utilization through starch and sucrose metabolism, to facilitate ion transport and detoxification reactions under salt stress conditions (Supplementary Figures S5G–I). Notably, a significant enrichment of common DEGs in the dephosphorylation process was observed, which is consistent with the energy dynamics and cellular signaling events that occur during stress response (Figure 2D).




3.4 Differences in transcripts of salt-tolerant and salt-sensitive varieties exposed to salt stress

Comparing the transcript differences between C121 and C49, 1852 DEGs (957 upregulated and 895 downregulated) were obtained under normal conditions, and 1,397 DEGs (800 upregulated and 597 downregulated) under salt stress (Supplementary Figures S6A, B). GO and KEGG enrichment analyses were used to determine the biological functions and pathways that underlie the 1,093 DEGs that were upregulated and 951 DEGs that were downregulated in C49 during salt stress as compared to C121 (Figures 3A, B; Supplementary Table S6). The results showed that the upregulated DEGs primarily correlated with processes such as precursor metabolite and energy generation, photosynthesis, ion homeostasis, detoxification, water-soluble vitamin biosynthesis, riboflavin metabolism, glutathione metabolism, etc.

[image: Circular charts labeled A, B, C, and D depict gene data. Each chart shows sections in blue and green representing up and down-regulated genes. Red boxes indicate the number of genes and the number selected, with gene ratios between zero point zero to zero point two.]
Figure 3 | GO and KEGG enrichment circle maps based on salt‐tolerant and salt-sensitive cultivars of flax. Analysis of GO enrichment (A) and KEGG enrichment (B) based on the DEGs of C121/49 during salt stress; GO enrichment (C) and KEGG enrichment (D) based on the DEGs of C121/71 during salt stress. From outer to inner enrichment circle plots show: total number of genes in the enrichment pathway set (de-duplicated), annotation terms, annotated total number of DEGs (color represents significant), enriched number of DEGs in term, enriched gene percentage (enriched DEGs/annotated total DEGs), and detailed description. Terms information was presented in Supplementary Table S6.

Similarly, we compared the transcriptional differences between C121 and C71 during salt stress conditions, and the analysis indicated that 834 DEGs were upregulated and 709 DEGs were downregulated in C71 compared to C121 (Supplementary Figures S6A, C). The GO and KEGG enrichment demonstrated that the upregulated genes were predominantly enriched in aging, detoxification, jasmonic acid-mediated signaling pathways, MAPK signaling pathway, amino sugar, and nucleotide sugar metabolism, among others (Figures 3C, D; Supplementary Table S6). Interestingly, both analyses showed that C121 exhibited a greater number of upregulated genes related to the secondary metabolic pathways compared to the two salt-sensitive varieties, such as stilbenoid, diarylheptanoid, and gingerol biosynthesis, phenylpropanoid biosynthesis, and sphingolipid signaling pathway.

Furthermore, we aggregated the DEGs of the two groups and obtained 497 overlapping genes (287 downregulated DEGs and 210 upregulated DEGs compared to the two salt-sensitive varieties) (Supplementary Figure S6D). These genes were then aligned with Arabidopsis and predicted using the String online protein-protein interaction network (https://cn.string-db.org/). Interestingly, we haven’t only identified a strongly correlated regulatory network associated with photosynthesis, but also identified important salt-tolerant regulatory proteins in upregulated DEGs, such as CBL4, CBL8, MYB121, PP2CA, PIP2:2, SNRK2E, CIPK10, and so on (Supplementary Figures S6E, F; Supplementary Table S7).




3.5 DEGs involved in glutathione metabolism and riboflavin metabolism

Transcriptome analysis identified 21 salt-related DEGs encoding GSTs and 2 DEGs encoding GPXs (Figure 4; Supplementary Table S8). The genes encoding GSTs were classified into four main groups: Phi, Theta, Tau, and Lambda, all of which displayed upregulated expression under salt stress. It is worth noting that the gene encoding GPX, Lus10008499, exhibited significant upregulation in C49 and C71, while its expression levels remained unchanged in C121 under salt stress. Additionally, we observed that the gene Lus10009135, which encodes dehydroascorbate reductase (DHAR3) involved in glutathione synthesis, was significantly upregulated only in C121 under salt stress. These observations provide further insights into the involvement of glutathione metabolism in flax’s adaptation to salt stress.
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Figure 4 | Glutathione metabolism and riboflavin metabolism pathways of flax under salt stress. These pathways were constructed based on the KEGG pathway, in which pathways not involving DEGs were omitted. Refer to Supplementary Tables S8, S9 for DEG information.

Riboflavin metabolism may be critical to the process of flax salt adaptation (Figures 2D, 3D; Supplementary Figures S5G–I, Supplementary Tables S5, S6). KEGG enrichment pathway analysis identified 16 DEGs in salt-stressed flax root systems, including 2 genes encoding alkaline phosphatase, 4 genes for riboflavin synthase (LusRibC), 3 for phosphosynthase (LusRibB), 1 gene for phosphatase (LusPyrP), 2 for riboflavin-specific deaminase (LusRibD2 and LusRibD1), and 2 GTP cyclohexanase (LusRibA) (Figure 4; Supplementary Table S9). Under salt stress, the expression of all of these genes was notably reduced. However, it is worth noting that among the varieties studied, C121 exhibited a significantly higher expression of five genes encoding RibA and RibB compared to the other varieties. Notably, the gene encoding FAD phosphatase (converts FAD to FMN) showed downregulation in C121 and C71, while no significant change was observed in C49 under salt stress.




3.6 Candidate genes of salt tolerance by RNA-seq combined with population-level screening

To further identify candidate genes associated with salt stress, we conducted a subsequent screening using 7,459 salt-related differential genes at the population level in natural flax populations. These genes were mapped into a high-density flax genomic variation map (Guo et al., 2020), resulting in a total of 42,649 SNPs for further analysis. To reveal the degree of contribution of salt-responsive genes to flax salt adaptation, we performed a candidate gene-based association study of relative survival rates in the population. Using the general linear model (GLM) and mixed linear model (MLM), we screened 17 candidate genes associated with survival rates (Supplementary Figure S7; Supplementary Table S10). Population data indicated that the salt tolerance of oil flax was significantly higher than that of fiber flax (Supplementary Figure S1E). Therefore, the allele frequencies of all SNPs within these genes and 2000 bp upstream from the two subgroups were extracted, and π-values were calculated using VCFtools. The nucleotide diversity of its nine genes in the oil flax subgroup was significantly higher than that in the fiber flax subgroup, indicating that some salt-related genes may have undergone positive selection during flax domestication from oil flax to fiber flax (Supplementary Figure S8).

We observed the lead SNP on chromosome 8, which is located in the CDS region of a gene (Lus10022333) with a length of 4785 bp (Figures 5A–C). There are two major haplotypes based on lead SNP (G/A), and the accessions carrying the AA allele showed a greater survival rate than those with the GG haplotype under salt stress in all four environments (Figures 5D–G). To further investigate the function of Lus10022333, we conducted a protein blast against a database consisting of Arabidopsis, rice, sunflower, maize, soybean, and flax. The results were filtered based on E-value and identified length, and after removing duplicates, we identified 11 highly homologous proteins (Figure 5H). One of the identified proteins in the Arabidopsis database, AT5G14260.1, has been reported to suppress singlet oxygen-induced stress responses by protecting grana margins (Wang et al., 2020). Additionally, Zhang et al. (Zhang et al., 2012) demonstrated that drought stress induces the expression of Rubisco protein methylation-related genes, which play a role in preventing Rubisco protein oxidation and degradation.

[image: A series of charts and diagrams related to genetic analysis. Panel A shows a Manhattan plot of genetic variants across chromosomes one to fifteen, highlighting significant loci. Panel B is a localized Manhattan plot for chromosome eight, marking lead SNP 16311632. Panel C details the Lus10022333 gene, with a focus on coding sequences. Panels D to G present box plots comparing relative survival rates between GG and AA genotypes with significance levels indicated. Panel H displays a phylogenetic tree with genetic relationships and percentage values for confidence at various nodes.]
Figure 5 | Screening and analyzing genes related to salt response. (A) manhattan plot using a general linear model (GLM). The blue line indicates the significance threshold (-log10(P) = 4.61) using GCE; (B) Localized Manhattan map of chromosome 8, the position of the lead SNP (-log10 (P) = 5.36) is indicated by the dotted line; (C) Structure of the gene corresponding to lead SNP; (D–G) Box plot for survival rate stratified by genotype at the lead SNP in four environments (repeat 1, repeat 2, repeat 3, and mean 4); (H) Phylogenetic tree of Lus10022333 and its homologs in Arabidopsis, rice, maize, wheat, and flax.

Notably, a lead SNP significantly associated with salt stress was located in the interior of a gene encoding a bHLH family transcription factor (Lus10023610) (Figures 6A, B). Transcriptome analysis showed that the expression of the gene was downregulated in all three varieties under salt stress (Supplementary Table S4). Moreover, we identified two major haplotypes based on lead SNP (C/A), and the accessions carrying the AA allele showed a greater survival rate than those with the CC haplotype under salt stress in all four environments (Figures 6C–F). These results strongly suggest the involvement of this gene in regulating salt adaptation in flax. Further, we identified a total of 178 genes belonging to the bHLH family in flax, and among them, 67 were responsive to salt stress (Figure 6G; Supplementary Figure S9; Supplementary Table S11). Notably, out of these salt-responsive genes, the expression patterns of 42 differentially expressed genes (DEGs) were similar to the localized gene we focused on. This may indicate a shared motif sequence or a common regulatory pathway among these genes.
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Figure 6 | Identification and expression analysis of the bHLH gene. (A–F) Identification of a salt-associated core bHLH gene, Lus10023610; (G) Expression analysis of 67 bHLH genes under salt stress.





4 Discussion

Soil salinity is a major environmental stress that restricts the growth and yield of crops (Melino and Tester, 2023). Plant roots have direct contact with the soil and play a critical role in sustaining plant growth and crop yields, particularly in harsh environmental conditions (Galvan-Ampudia and Testerink, 2011). It is necessary to identify salt response and tolerance mechanisms in plant roots to improve crop salt stress resistance. Here, we examine the physiological and transcriptomic changes in the root systems of the three cultivars, and conduct candidate gene mining in conjunction with the population data, providing a comprehensive understanding of the molecular regulation and adaptation of flax to salt stress.



4.1 Accumulation of osmotic regulatory substances in response to salt stress

Loss of water, resulting from increased osmotic pressure, presents itself as a significant challenge for plants that strive to thrive in salinized soils (van Zelm et al., 2020). Here, we found that proline and soluble sugar contents were substantially increased in three cultivated flax root systems under salt stress (Figures 1F, G). Compatible osmotic substances such as soluble sugars and proline, which increase with salt concentration, are considered to play an important regulatory role in flax’s response to osmotic stress (Li et al., 2022a; Yadav et al., 2022). Meanwhile, transcriptome analysis revealed a large number of salt-induced DEGs that were enriched in starch and sucrose metabolism, as well as amino sugar and nucleotide sugar metabolism (Figure 2D; Supplementary Figures S5G–I; Supplementary Table S5). These genes are involved in regulating the synthesis of osmoregulatory substances. Consistently, Zhao et al. (Wei et al., 2022) also found that the important genes of flax roots regulating salt resistance metabolism under salt stress are involved in regulating sugar metabolism, thus effectively reducing the damage caused by saline-alkali stress by enhancing the osmotic pressure of cells.

Osmoregulatory capacity may be one of the reasons for determining the strength of salt tolerance in flax. The water loss rate of C121 under salt stress was significantly lower than that of the two salt-sensitive varieties, and it exhibited a substantial accumulation of free proline and soluble sugars after salt induction (Figures 1E–G). By comparing transcript differences between salt-tolerant and salt-sensitive varieties, we identified some genes that regulate osmotic stress (Figure 3; Supplementary Tables S6, S7). A gene encoding SNRK2E with differential expression between salt-tolerant and salt-sensitive flax varieties (Supplementary Table S7), has been demonstrated to play an important role in rice response to osmotic stress (Kobayashi et al., 2004). We also found that five genes encoding water channel proteins (two TIP1:3, two TIP2:2, and one PIP2:2) exhibited significantly higher expression levels in C121 compared to other varieties when subjected to salt stress (Supplementary Table S7). Notably, transcriptome investigations and physiological testing revealed that the osmoregulatory capacity of the two salt-sensitive varieties differs significantly as well (Figures 1F, G; Supplementary Figure S10).




4.2 Remodeling ROS homeostasis under salt stress

To cope with the toxicity of ROS, a complete antioxidant system was organized in flax, and the activities of ROS scavengers such as SOD, CAT, and GST were significantly increased under salt stress (Abido and Zsombik, 2019; Li et al., 2022a; Yadav et al., 2022). In physiological experiments, it was observed that three different flax cultivars showed a significant increase in CAT activity when exposed to salt stress (Figure 1H). Transcriptome analysis showed that 18 DEGs responsive to salt stress were enriched in the ROS response pathway, and one of them, LusCYP71B10 (Lus10030189), had over tenfold changes across the three flax cultivars under salt stress (Figure 2D; Supplementary Tables S4, S5). Li et al. (Li et al., 2013) revealed that overexpression of OsCYP71Z2 increased the ability to scavenge ROS in rice. Glutathione metabolism is regarded as one of the crucial antioxidant pathways, and it has been observed that the expression of 21 GST-related genes is significantly induced in response to salt stress (Figure 4; Supplementary Table S8). Heterologous expression of GST genes from soybean (Jia et al., 2015), oilseed rape (Kao et al., 2016), and tamarisk (Yang et al., 2014) into Arabidopsis can enhance the antioxidant capacity and thus salt tolerance of Arabidopsis. Simultaneously, we have identified a gene, Lus10025538, encoding L-ascorbate oxidase that appears to have undergone purifying selection during domestication (Supplementary Figure S8). osa-miR12477 can target L-ascorbate oxidase and thereby regulate the oxidative response generated in rice after salt treatment (Dai et al., 2022).

The accumulation and scavenging of ROS may be one of the important reasons for the difference in salt tolerance between the two flax cultivars. The salt-tolerant variety C121 had lower ROS levels than other types during salt stress, according to the results of physiological and biochemical studies (Figures 1H, I; Supplementary Figures S2D, E). Comparative transcriptome analysis revealed that C121 upregulated more genes related to phenylpropanoid biosynthesis, stilbenoid, diarylheptanoid, and gingerol biosynthesis, and flavonoid synthesis pathways compared to the two salt-sensitive varieties during salt stress (Figure 3; Supplementary Table S6). Phenylacetones, flavonoids, and terpenoids play a vital role as antioxidants in plants, effectively enhancing their antioxidant capacity through the synthesis of these secondary metabolites (Assaf et al., 2022; Di Ferdinando et al., 2012). Meanwhile, a gene homologous to AtMYB12, Lus10001458, was identified (Supplementary Table S7). This discovery highlights the similar function of Lus10001458 to AtMYB12 in enhancing salt and drought tolerance through the elevation of flavonoid and ABA levels in transgenic Arabidopsis (Wang et al., 2016). Interestingly, we found that DHAR3 was upregulated under salt stress only in C121, whereas F4K6Z5 was downregulated under salt stress specifically in salt-sensitive material (Supplementary Tables S8, S10). However, the junction of these two genes is LusAPX3, which is a salt-responsive differentially expressed gene, but no significant differences were observed between salt-tolerant and salt-sensitive materials. It has been shown that APX3 enhances the antioxidant capacity of Arabidopsis and thus responds to salt, drought, and heat stress (Li et al., 2019).




4.3 Energy costs affect plant determination to resist adversity

Total energy gain decreases with higher salinity due to reduced photosynthetic rate from induced stomatal closure and damage to cellular and photosynthetic machinery, while stress tolerance mechanisms represent additional costs for the plant to cope with soil salt loads (Munns and Gilliham, 2015). The C121 plants exhibited a relatively dwarf and slow-growing nature, which may account for the notably superior salt tolerance of this cultivar compared to the other two (Supplementary Figure S2). Through the application of population genetics, we identified the gene encoding GTP-binding protein beta 1, known as Lus10042325 (Supplementary Figures S7, S8; Supplementary Table S10). Interestingly, this gene belongs to one of the 497 core genes that are differentially expressed among materials (Supplementary Table S7). Heterotrimeric G-proteins play a critical role in regulating various aspects of growth, development, and stress response pathways (Roy Choudhury et al., 2020). Additionally, riboflavin acts as a central component in the cofactors FMN and FAD, essential for a wide array of redox reactions crucial to core energy metabolism (Sa et al., 2016). In the study, it was discovered that certain genes involved in the riboflavin metabolic pathway also showed significant differential expression between salt-tolerant and salt-sensitive materials (Figure 4; Supplementary Table S9). Notably, comparative transcriptome analysis of the two salt-sensitive materials also revealed the involvement of the riboflavin metabolic pathway (Supplementary Figure S10).

Two salt-sensitive flax varieties were identified at the seedling stage: C49, exhibiting green seedlings that rapidly perished under salt stress, and C71, whose leaves wilted and subsequently perished at a slower pace under salt stress (Supplementary Figure S2A). Notably, C49 exhibited potential salt tolerance during the germination stage, evidenced by its superior germination rate, root length, and shoot length under salt stress (Li et al., 2022). This disparity in salt tolerance between the germination and seedling stages prompts further consideration regarding salt tolerance mechanisms in flax. A free expenditure of energy affects stress tolerance in plants (Munns and Gilliham, 2015). We compared the transcript information of C49 and C71 and conducted GO and KEGG enrichment analysis on the 856 DEGs. The results of the enrichment analysis indicated that C71 and C49 likely employ different mechanisms when facing salt stress (Supplementary Figure S10). During salt stress, the dominant types of gene expression of C71 were involved in catabolic processes like aging, fatty acid metabolism, ascorbate and alternate metabolism, and regulation of the immune system. On the other hand, the significant processes of gene expression in C49 were focused on anabolic processes such as arginine biosynthesis, indole alkaloid biosynthesis, stilbenoid, diarylheptanoid, and gingerol biosynthesis, as well as carbon fixation in photosynthetic organisms. These observations suggest that C49 may require a higher energy supply to harmonize salt resistance and growth.

Photosynthesis is the basis for plant growth and energy supply (Evans, 2013). Puzzlingly, a large number of photosynthesis-related genes were upregulated in the roots of C49 under salt stress (Supplementary Figures S5E, H; Supplementary Table S6). It is speculated that this may be a defense against adversity. The limitation of photo-assimilates under salinity leads to competition among different physiological processes and organs, with root biomass generally being less affected by excess salinity than aboveground organs (Rewald et al., 2013). Using the genotype data, we correlated the population data with DEG and identified a gene encoding Rubisco methyltransferase, Lus10022333 (Figure 5). Homology matching revealed cognate genes in Arabidopsis and rice with this function to suppress singlet oxygen-induced stress responses by protecting grana margins (Zhang et al., 2012). Accumulation of photosynthesis-related genes in roots under salt stress may represent a strategy of prioritizing root maintenance over above-ground parts, potentially leading to the abandonment of the above-ground tissues.




4.4 Transcription factors involved in regulating adversity defense

During plant adaptation to harsh environmental conditions, transcription factors (TFs) play a key role in regulating plant responses to stress (Rui et al., 2023; Wu et al., 2018). In a genome-wide association study, we observed that a lead SNP significantly associated with salt stress was located in the interior of a gene encoding a bHLH family transcription factor (Lus10023610) (Figures 6A, B). The MYB-bHLH-WD40 protein complex plays a crucial role in regulating secondary metabolism and responding to adverse stress conditions in plants (Pan et al., 2020). Our transcriptome analysis identified 73 MYB, 67 bHLH, and 6 WD40 transcription factors. By consolidating the outcomes of 497 overlapping DEGs from the material combination and 2526 genes responsive to salt stress in C121, we were able to further discern 115 genes (Supplementary Figures S11A, B; Supplementary Table S12). These genes not only participate in the salt stress response in flax but also potentially contribute to the differences in salt tolerance between salt-tolerant and salt-sensitive cultivars. To gain insights into the function of these genes, we compared them with the genes in Arabidopsis and conducted a protein network interaction analysis (Supplementary Table S13). We identified 23 stress-related proteins and three proteins that interacted with the localized gene (Supplementary Figure S11C). The upstream 2000 bp sequences of 115 DEGs were extracted for predicting promoter cis-acting elements. Interestingly, a significant number of MYB and G-box elements were identified (Supplementary Figure S12). bHLH proteins can bind to specific sequences of the E-box (5’-CANNTG-3’), including the well-studied G-box (5’-CACGTG’) (Pireyre and Burow, 2015). These results provide valuable information for understanding the bHLH transcription factor family in flax.





5 Conclusion

In this study, we reported that the salt-tolerant genotype C121 exhibits a unique combination of growth and salt tolerance under salt stress conditions, which has greater osmoregulatory and antioxidant capacity compared to two salt-sensitive varieties, C49 and C71. Comparative root transcriptome analysis showed that C121 induced more genes related to aquaporins, ion transport, and secondary metabolism. Furthermore, we performed a genotype-phenotype association analysis of 7,459 salt-responsive genes and identified nine candidate genes that were selected in domestication. Overall, our study has laid a theoretical groundwork for comprehending the molecular mechanisms behind flax’s response to salt stress, thus holding great significance for selecting and breeding salt-tolerant flax varieties.
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The present study has evaluated different soybean genotypes to understand the salt and drought tolerance mechanisms based on physiological traits (photosynthesis, stomatal conductance, chlorophyll, and cell membrane stability), antioxidant enzymes (superoxide dismutase, catalase, and peroxidase), reactive oxygen species (H2O2 and O2•−), osmolytes (glycine betaine, proline, and Na+/K+), plant water relations (relative water content, water potential, and solute potential) and expression of related genes (GmCAT1, GmPOD1, GmSOD, GmP5CS, GmNHX1, GmAKT1, GmDREB1, and GmARF1). The experiment was conducted in a two-factorial arrangement using randomized complete block design (RCBD) with genotypes as one factor and salt, drought, and control treatments as the other factor. All physiological traits, relative water content, and water potential decreased significantly in all soybean genotypes due to individual and combined treatments of drought and salt stress, with significantly less decrease in soybean genotypes G4620RX, DM45X61, and NARC-21. Besides that, the activity of antioxidant enzymes, production of ROS, accumulation of osmolytes, solute potential, and Na+/K+ ratio were increased significantly in all soybean genotypes under salt and water deficit conditions. As a whole, the soybean genotypes G4620RX, DM45X61, and NARC-21 showed the maximum enzymatic activity with less increase in ROS and Na+/K+ in addition to a high accumulation of osmolytes and an increase in solute potential. Correspondingly, the genotypes exhibiting high physiological and biochemical tolerance to drought and salt stresses showed the high expression of genes imparting the stress tolerance. Moreover, correlation, heatmap, and principal component analysis further confirmed the varying physiological and biochemical responses of all soybean genotypes under individual and combined applications of drought and salinity stresses. Overall, the present study confirmed that plants opt for the integrated physiological, biochemical, and genetic approaches to counteract the harmful effects of environmental stresses.
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1 Introduction

Soybean is a globally important leguminous crop, famous for its rich oil and protein contents. This crop is ecologically important and has a tendency to improve the soil’s fertility due to the assistance of symbiotically associated bacteria. In terms of cultivated area, soybean comes at fourth place after wheat, rice, and maize and at first place among legumes (Sedibe et al., 2023). In the year 2020, it was cultivated on a 127-million-hectare area of the world, with an annual yield of 354 million tonnes (Staniak et al., 2023). The yield of soybean varies from year to year due to various sorts of environmental factors such as drought, heat, and salinity (Wójcik-Gront et al., 2022). The stress conditions, particularly drought and salinity, induce disturbances at the cellular level causing secondary stresses, e.g., oxidative stress, owing to the generation of reactive oxygen species (ROS) (Hasanuzzaman et al., 2020). Besides that, ROS damage the biochemical structure of cell membranes due to lipid peroxidation and protein denaturation (Feng et al., 2023). Plants are naturally equipped with an antioxidant system to scavenge the ROS (Khan et al., 2009). In this regard, a speedy change in the activities of antioxidant enzymes such as superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) is an indicator of plant tolerance to oxidative stress (Wang et al., 2018). Furthermore, the abiotic stresses interrupt the physiological processes (photosynthesis) due to the damage of enzymes involved in chlorophyll synthesis (Rajput et al., 2021). Like all living organisms, plants also have a tendency to counter the impacts of stress through different types of homeostatic mechanisms. In this context, plant increases the production of osmoprotectants like proline and glycine betaine (Wani et al., 2013; Xu et al., 2023). Besides that, the water status of plant changes due to abiotic stresses that further change the water potential and solute potential. Therefore, plants opt for some osmotic adjustments by producing some osmolytes (Wijewardana et al., 2019; Otie et al., 2021). These osmolytes play adaptive roles in plants in facilitating the osmotic adjustments and safeguarding the sub-cellular structures in stressed plants (Ding et al., 2024). On the other hand, salinity stress increases the accumulation of Na+ in plant cells (Jin et al., 2022). However, like all other living organisms, plants also respond, and as a homeostatic adjustment, plants enhance the efflux of Na+ due to the influx of K+ (Sun et al., 2021). It is essential for a plant to maintain a low Na+/K+ ratio under saline conditions to carry out normal physiological and biochemical processes (Sun et al., 2019). Furthermore, soybean is an ideal system to understand the genetic dynamics of drought and salinity tolerance in plants. Plants’ tolerance to drought and salinity is a complex trait regulated by various genes; therefore, it is important to understand various regulatory mechanisms in association with the expression of genes involved in regulatory networks—for instance, under oxidative stress, the overexpressed GmSOD1, GmCAT1, and GmPOD1 enhance the activities of SOD, CAT, and POD, respectively, that accelerate the detoxification of ROS such as H2O2 and O2.- (Li et al., 2020; Xu et al., 2023). The enzyme pyrroline-5-carboxylate synthase is involved in the synthesis of pyrroline-5-carboxylate (P5CS), a key precursor in proline synthesis exhibiting a protective role during drought and salinity stress (Xu et al., 2023). Besides that, the sodium and proton exchanger (NHX) mediates the efflux of Na+ through regulating the expression of genes, while AKT1 triggers the influx of K+ to balance the Na+/K+ ratio under saline conditions (Sun et al., 2019; Wang et al., 2021). Furthermore, Sun et al. (2019) have found that apart from regulating the efflux of Na+, GmNHX1 regulates the expression of a series of other genes including SKOR, SOS1, and AKT1 involved in salinity tolerance. Moreover, Wang et al. (2021) reported the essential role of GmAKT1 in the uptake of K+ to balance the Na+/K+ ratio under saline conditions. Furthermore, drought stress triggers the expression of dehydration-responsive element binding protein (DREB) that regulates the expression of other genes imparting drought tolerance in soybean (Zhou et al., 2022). The auxin-responsive factors (ARF) are also responsive to drought stress and regulate biochemical processes to enhance the plants’ drought tolerance potential (Ha et al., 2015). To date, various studies have been conducted to investigate the potential impact of drought and salt stress on soybean based on physiological and biochemical indicators; however, limited knowledge is available on physio-chemical changes, oxidative stress, osmolytic dynamics, and respective genetic control. The present study intended to elucidate the impacts of individual and combined treatments of drought and salt stress on the physiological, biochemical, and genetic indicators of stress tolerance in different soybean cultivars for a comparative understanding of the dynamics of stress tolerance.




2 Materials and methods

The present study was conducted in a glass house located at the experimental site of King Abdulaziz University, Jeddah, Saudi Arabia, 21°32′36″ N and 39°10′22″ E, at 12 m above sea level. Six different soybean cultivars—Rawal-1, Swat-84, NARC-1, and NARC-21 collected from National Agricultural Research Center (NARC), Islamabad, Pakistan, and G4620RX and DM45X61 collected from USA—were evaluated for salinity and drought tolerance. The tri-replicate experiment was conducted in a randomized complete block design (RCBD) using factorial arrangements with soybean cultivars as one factor and with drought and salinity treatments as second factor.



2.1 Plant husbandry and treatments

Seeds were sown in a plastic container with 60-cm height and 35-cm diameter at a depth of 2.5 cm. The pots were filled with 1:3 mixtures of soil and vermiculite. The conditions within the growth chamber were optimized following the procedure of Liu et al. (2017) at relative humidity of 75%, day/night temperature of 28°C/20°C, photoperiod of 16 h, and irradiance of 240 μmol m-2 s-1. The pots were watered to full capacity until the second-node stage (V2). Afterward, the irrigation water was supplemented with 15% (m/v) polyethylene glycol (PEG-6000) to induce drought stress and supplemented with 150 mM NaCl to induce salt stress. The drought treatment was applied using 300 mL PEG solution (Hamayun et al., 2010), while salt treatment was applied using 300 mL of NaCl solution (Hasanuzzaman et al., 2022). Besides that, the control set of plants received normal water as per requirement. When the plants attained the third vegetative stage with three nodes and axillary buds, two to three leaves from the upper side were taken from the stressed and control plants. These leaves were kept in liquid nitrogen and stored at -80°C before RNA extraction and assessment of enzymatic activity. Furthermore, for each treatment in a replicate, four pots each with three plants were used.




2.2 Physiological analysis

The chlorophyll content was estimated with the help of SPAD-502plus apparatus, while photosynthesis and stomatal conductance rates were estimated using a special apparatus, IRGA apparatus (ADC Bioscientific, UK). The cell membrane stability percentage (CMSP) was calculated by recording the leakage of electrolyte from leaves under applied treatments using the relative conductivity method (Ibrahim and Quick, 2001). For the estimation of physiological traits, five plants from each treatment were selected for data collection. The data were averaged before subjecting to statistical analysis. Besides that, the results depicting a significant variation at the third vegetative stage with three nodes and axillary buds were included in the analysis.




2.3 Analysis of biochemical traits



2.3.1 Osmolytic analysis

Among biochemical parameters, proline content was determined with the help of a UV–Vis spectrophotometer (N5000, Shanghai, China) based upon its reactivity with ninhydrin (Carillo and Gibon, 2011), while glycine betaine (GB) was determined using HPLC (Shimadzu Corp, Japan) following the method described by Ma et al. (2007). On the other hand, the Na+ and K+ content from soybean leaves was estimated following the protocol described by Havre (1961). For this purpose, the oven-dried leaf samples were crushed in the form of fine powder, and 0.5 g of each sample was mixed in a mixture of 8 mL HNO3 and 3 mL HClO4 and kept at room temperature for 12 h. Afterward, the mixture was burnt at 300°C for 3 h using a flame photometer (Sigma-Aldrich, USA). Subsequently, distilled water was added in the burnt sample to attain a final volume of 50 mL. Finally, the concentration of Na+ and K+, respectively, was calculated using a flame photometer (Sigma-Aldrich, USA), and the Na+/K+ ratio was calculated. For the quantification of biochemical traits, five plants from each treatment were selected for data collection on average basis. Besides that, the results depicting a significant variation at the third vegetative stage with three nodes and axillary buds were included in the analysis.




2.3.2 Estimation of enzymatic activity and reactive oxygen species

For the assessment of catalytic activity of antioxidant enzymes (SOD, POD, and CAT), the frozen leaf sample weighing 1.5 g was thoroughly mixed in 1.5 mL of 0.1 M ice-cold Tris-HCl having a pH of 7.4. Subsequently, the mixture was centrifuged at 20,000 g for 15 to 20 min at 4°C. Afterward, the supernatant was isolated, and enzymatic activity was recorded following the protocols described by Alici and Arabaci (2016). The enzymatic activity of the catalase enzyme was estimated spectrophotometrically at room temperature using H2O2 as substrate and recording absorbance reduction at 240 nm. Similarly, the enzymatic activity of peroxidase was recorded by employing a spectrophotometer using 4-methylcatechol as substrate at an absorption standard of 420 nm. Moreover, the activity of superoxide dismutase was estimated based on its ability to inhibit the photoreduction of nitroblue-tetrazolium against the standard absorption curve of 560 nm. The enzymatic activities of all enzymes were measured in enzyme units (U mg-1 of protein). The H2O2 and superoxide contents were determined following the procedure opted by Ba et al. (2013). The O2•− content was determined following the protocol described by Yang et al. (2020). For this purpose, 0.5 g flag leaf samples were homogenously mixed in phosphate buffer (65 mM with pH 7.8) and subjected to centrifugation for 10 min at 4°C and 5,000 × g. Subsequently, the supernatant was extracted and incubated for 20 min at 25°C in a mixture of phosphate buffer and 10 mM hydroxylamine chlorhydrate. After incubation, 17 mM sulfanilamide and 7 mM α-naphthylamine were added in the mixture and incubated for a further 20 min. Besides that, the formation rate of O2•− was recorded using a spectrophotometer at absorbance of 530 nm from the standard curve of NaNO2. On the other hand, H2O2 was determined following the procedure described by Jun et al. (2000). For this purpose, the absorbance was recorded at 410 nm, and the H2O2 content of leaves was measured from H2O2 solution-derived standard curve.





2.4 Determination of water-related attributes

The procedure adopted by Bannister (1964) was used to estimate the relative water content (RWC) using the formula

[image: Formula for relative water content (RWC): RWC equals the quantity of fresh weight minus dry weight divided by total weight minus dry weight, multiplied by one hundred.]	

Besides that, the water potential (ψw) and osmotic potential (ψs) were measured according to the method explained by Turner (1981). The value of ψw was estimated using Scholander bomb (PMS Instrument Company, Albany, USA), following the methodology given by the manufacturer. On the other hand, the ψs osmotic potential (ψs) was estimated using an osmometer (Advanced Instruments, Norwood, USA), according to the instructions provided.




2.5 Gene expression analysis

The genes associated with abiotic stress tolerance such as GmCAT1, GmPOD1, GmSOD, GmP5CS, GmNHX1, and GmAKT1 were analyzed for relative expression. The leaf samples collected for RNA extraction were stored at -80°C sharp after collection. RNA was extracted following the standard procedure of the manufacturer using RNeasy kit (Qiagen, Germany). The cDNA library was constructed using QuantiTect reverse transcription kit (Qiagen, Germany) from 2 µg RNA. Furthermore, qRT-PCR (QR0200, Sigma Aldrich, USA) was executed using SYBER Green Kit (Sigma-Aldrich, USA), while GmActin was used to normalize the gene expression. Likewise with Ahmed et al. (2022), three technical and three biological replicates were used for the analysis and confirmation of each expression profile. Moreover, double delta Ct value was used to calculate the relative gene expression of each sample. The primers used in the study are indicated in Table 1.


Table 1 | List of gene primers used in the qRT-PCR analysis.

[image: Table listing genes, their primers, and references. Columns include "Gene," "Primer," and "Reference." Genes: GmCAT1, GmPOD1, GmSOD, GmP5CS, GmNHX1, GmAKT1, GmDREB1, GmARF1, and Actin. References are from Li et al., Xu et al., Sun et al., Wang et al., Zhou et al., and Ha et al., dated between 2015 and 2023.]



2.6 Statistical analysis

The data were subjected to analysis of variance (ANOVA) at a probability level of 5% using the computer-based program Statistix8.1. (McGraw-Hill, 2008). The R-packages (RStudio Team, 2020) “factoextra” and “FactoMineR” were used for the principal component analysis (PCA). Pearson’s correlation was performed by using the R package “GGally”, and heatmap was constructed by using the R package “pheatmap”.





3 Results



3.1 Physiological outcomes

All physiological traits such as chlorophyll (chl), photosynthesis (Pn), stomatal conductance (Gs), and cell membrane stability (CMS) varied significantly (p ≤ 0.05) due to the individual and combined effects of drought and salinity treatments in all soybean cultivars (Figure 1). All soybean genotypes illustrated a significant reduction in all physiological traits under split and integrated applications of drought and salinity stress; however, this reduction was significantly higher under the integrated application of drought and salinity stress compared with split applications (Figure 1). However, the individual application of drought and salinity did not show a significant difference in the reduction of corresponding physiological traits compared with each other. Besides that, among genotypes, G4620RX recorded the minimum decrease in chl (13 g kg-1), Gs (600 mmol m-2 s-1), and CMS (30%), followed by NARC-21, Rawal-1, DMX4561, NARC-1, and Swat-84, respectively (Figure 1) at the combined application of drought and salt stress. However, Pn illustrated a minimum decrease in NARC-1 (20 µmol m-2 s-1) followed by G4620RX, Rawal-1, DMX4561, NARC-21, and Swat-84, respectively, at the integrated treatments of drought and salt stress.

[image: Four clustered bar charts display the effects of different treatments on six genotypes: DM45X61, G4620RX, NARC-1, NARC-21, Rawal-1, and Swat-84, each represented by distinct colors. The charts measure variables: Chl, CMS, Pn, and Gs, across four treatments: Control, Drought, Drought + Salinity, and Salinity. Each bar includes standard error bars and annotated letters indicating statistical significance. Legends differentiate the genotypes by color.]
Figure 1 | Effect of individual and combined applications of drought and salt stress on the physiological traits (photosynthesis, Pn; stomatal conductance, Gs; chlorophyll, Chl; cell membrane stability, CMS) of soybean genotypes. The values indicated in the figure indicate mean estimates analyzed during a tri-replicate two-factorial experiment at p ≤ 0.05. Units: Pn (µmol m-2 s-1), Gs (mmol m-2 s-1), Chl (g kg-1), CMS (%). The asterisk indicates that the bar values following different letters are significantly different at p ≤ 0.05.




3.2 Biochemical traits

All biochemical traits including proline, glycine betaine (GB), and Na+/K+ illustrated a statistically significant (p ≤ 0.05) variation under individual and combined applications of drought and salinity treatments compared with the control treatment (Figure 2). All soybean genotypes exhibited a significant (p ≤ 0.05) increase in the level of the osmolytes proline and GB under the isolated and combined application of drought and salinity; however, this increase was more dramatic under combined application compared with individual application (Figure 2). The Na+/K+ ratio increased significantly (p ≤ 0.05) in all soybean genotypes due to the individual application of salinity stress followed by the combined application, control treatment, and drought stress (Figure 2). Besides that, among genotypes, G4620RX showed the maximum increase in osmolytes (proline = 38 mg g–1 FW, GB = 86 µg g-1FW), followed by DMX4561, NARC-21, Swat-84, Rawal-1, and NARC-1 (Figure 2) at the combined treatments of salt and water deficit treatments. On the other hand, the soybean genotype Swat-84 (0.80), followed by Rawal-1 and NARC-1, depicted a significant rise in Na+/K+ ratio under the combined application of drought and salinity stress.

[image: Three bar charts display the effects of different treatments on various genotypes labeled DM45X61, G4620RX, NARC-1, NARC-21, Rawal-1, and Swat-84. The top left chart shows N(a)/(K+), the top right chart shows Proline levels, and the bottom chart shows GB levels. Treatments include Control, Drought, Drought plus Salinity, and Salinity. Data shows variations in response to treatments across genotypes, indicated by different colors and labeled bars with error lines.]
Figure 2 | Effect of individual and combined treatments of drought and salinity stress on osmolytes (glycine betaine, GB; proline) and Na+/K+ in soybean genotypes. The values indicated in the figure are means analyzed during a tri-replicate two-factorial experiment at p ≤ 0.05. Units: GB (µg g-1FW), proline (mg g–1 FW). The asterisk indicates that the bar values following different letters are significantly different at p ≤ 0.05.




3.3 Antioxidant enzymes and ROS

Parallel to the production of ROS, H2O2, and O2•−, the antioxidant enzymes SOD, CAT, and POD illustrated a significant (p ≤ 0.05) increase in catalytic activity in terms of enzyme units under both individual and combined applications of drought and salinity as indicated in Figure 3. The combined treatment of drought and salinity revealed a more significant (p ≤ 0.05) rise in ROS and enzymatic activity compared with the individual application of stresses (Figure 3). Furthermore, among genotypes, G4620RX, followed by DMX4561, NARC-21, Swat-84, Rawal-1, and NARC-1, depicted a statistically significant (p ≤ 0.05) difference in ROS production and enzymatic activities compared with the other genotypes under isolated and integrated applications of drought and salinity stress. The genotype G4620RX showed the highest activities of SOD (46 U mg-1 protein), POD (0.7 U mg-1 protein), and CAT (16 U mg-1 protein) along with the highest generation of H2O2 (2,600 nmol µg-1 FW) and O2•−(1,600 nmol µg-1 FW) at the combined treatment of drought and saline stress.

[image: Bar charts display enzyme activity levels (CAT, POD, SOD, H₂O₂, O₂⁻) under different treatments (Control, Drought, Drought + Salinity, Salinity) for six genotypes. Each chart includes distinct color-coded bars representing genotypes DM45X61, G4620RX, NARC-1, NARC-21, Rawal-1, and Swat-84. Treatment effects on each enzyme activity are visually compared across genotypes.]
Figure 3 | Effect of individual and combined applications of drought and salt stress on antioxidant enzymes (catalase, CAT; peroxidase, POD; superoxide dismutase, SOD) and ROS (H2O2 and O2•−) in soybean genotypes. The values indicated in the figure are means analyzed during a tri-replicate two-factorial experiment at p ≤ 0.05. Units: Enzymatic activity (U mg-1 protein), ROS (nmol µg-1FW). The asterisk indicates that the bar values following different letters are significantly different at p ≤ 0.05.




3.4 Plant water attributes

The plant water attributes relative water content (RWC), water potential (ψw), and solute potential (ψs) varied significantly (p ≤ 0.05) under the individual and combined applications of drought and salinity stresses in all soybean genotypes (Figure 4). The RWC and water potential (ψw) decreased significantly (p ≤ 0.05) under both split and integrated applications of stresses; however, this decrease was far greater at combined application compared with the individual application of stress (Figure 4). Furthermore, among genotypes, G4620RX illustrated a comparatively less reduction in RWC, and water potential (ψw) showed a comparatively less decrease in genotypes NARC-21 (RWC = 55%, ψw = -0.5 MPa), followed by NARC-21 DMX4561, Rawal-1, and Swat-84, at the combined treatment of drought and salinity (Figure 4). Contrary to RWC and water potential (ψw), solute potential (ψs) depicted a significant (p ≤ 0.05) increase under the individual and combined versions of drought and salinity stresses with a comparatively high increase at the combined treatment compared with the individual treatments (Figure 4). Among genotypes, G4620RX (1.10 MPa), followed by DM45X61, NARC-21, Rawal-1, Swat-84, and NARC-1, showed a significantly high increase in solute potential under the combined treatment of drought and salinity stresses.

[image: Three bar charts display the effects of different treatments (Control, Drought, Drought + Salinity, Salinity) on various genotypes (DM45X61, G4620RX, NARC-1, NARC-21, Rawal-1, Swat-84). The charts measure RWC, WP, and SP. Each genotype is represented by a different colored bar across the treatments, with error bars indicating variability.]
Figure 4 | Effect of individual and combined applications of drought and salt stress on water traits (relative water content, RWC; water potential, WP (ψw); osmotic potential, SP (ψs)) of soybean genotypes. The values indicated in the figure indicate mean estimates analyzed during a tri-replicate two-factorial experiment at p ≤ 0.05. Units: RWC (%), ψw (-MPa), ψs (MPa). The asterisk indicates that the bar values following different letters are significantly different at p ≤ 0.05.




3.5 Correlation, PCA, and heatmap

The correlation analysis revealed a significant extent of paired association among physiological traits, osmolytes, ROS, antioxidant enzymes, and plant water relations in both the negative and positive directions (Figure 5). Chlorophyll content illustrated a significantly positive paired association with osmolytes (proline and GB), CMS, plant water relations (RWC, ψw, and ψs), Pn, and Gs. On the other hand, chl, Gs, and Pn varied in opposite directions due to the increasing catalytic activity of antioxidant enzymes and the high Na+/K+ ratio. Moreover, the increasing activity of antioxidant enzymes SOD, POD, and CAT resulted in the suppression in the generation of ROS as indicated by the negative correlation between enzymatic activity and ROS. Overall, physiological traits (Chl, Pn, and Gs), osmolytes (proline and GB), and plant water relations (RWC) illustrated a positive correlation with respect to each other, while they illustrated a negative correlation with respect to antioxidant enzymes and Na+/K+ ratio. The correlation of traits varied significantly among all soybean cultivars as indicated by the PCA biplot. The scatter plot for genotypes confirmed the varying extent and type of association among physiological, biochemical, and water-related traits in all soybean genotypes as indicated by the varying length and spacing of the traits’ vectors with respect to the origin (Figure 6). In the PCA biplot, the genotypes G4620RX, DM45X61, and NARC-21 closely spaced to the traits’ vectors, indicating the strong association of traits among these genotypes. Conversely, the genotypes Rawal-1, NARC-1, and Swat-84 positioned away from the traits’ vectors in the biplot indicated the weak association of traits among these genotypes. Moreover, the slightly different distribution of eclipses with respect to the origin of the biplot also indicated the varying impact of genotypes on the association of traits. On the other hand, the scattered plot also confirmed the varying impact of individual and combined treatment of drought and salinity on the association of traits, as confirmed by the varying orientation of the traits’ vectors with respect to the origin (Figure 7). Besides that, the varying positioning of eclipse indicating combined drought and salinity from the biplot origin confirmed the varying effect of combined stress on the association of physiological, biochemical, and water-related traits compared with individual and control treatments. The heatmap dendrogram has further confirmed the results from biplots (Figure 8) and revealed a strong expression of physiological, biochemical, and water-related traits in soybean genotypes G4620RX, DM45X61, and NARC-21 compared with Rawal-1, NARC-1, and Swat-84 under control, individual, and combined treatments of stresses. Moreover, the different band colors of the dendrogram indicated the varying extent of the expression of each trait in soybean under different treatments.

[image: A correlation matrix with scatter plots, showing relationships between various variables such as Chl, CMS, Proline, GB, Pn, Gs, Na+/K+, SOD, POD, CAT, H2O2, O2-, RWC, WP, and SP. Correlation values are shown, with asterisks indicating significance levels. Each cell includes either a correlation value or a scatter plot with a trend line, showing how each pair of variables is related. Values closer to 1 or -1 indicate stronger correlations, while values near zero indicate weak or no correlation.]
Figure 5 | Correlation chart indicating the pairwise association among physiological traits, antioxidant enzymes, reactive oxygen species, osmolytes, and plant water relations in soybean genotypes. The significance of association is proportional to the size of the font in the table. The large font size represents high significance, and the small font size represents no significance. Photosynthesis, Pn; stomatal conductance, Gs; chlorophyll, Chl; cell membrane stability, CMS; catalase, CAT; peroxidase, POD; superoxide dismutase, SOD; glycine betaine, GB; relative water content, RWC; water potential (ψw), WP; osmotic potential (ψs), SP. ***, significant at p ≤ 0.001; **, significant at p ≤ 0.01; *, significant at p ≤ 0.05.

[image: PCA biplot showing distribution of different genotypes including DM45X61, G4620RX, NARC-1, and others across Dim1 (72.3%) and Dim2 (17.4%). Ellipses indicate confidence intervals. Arrows represent variables like Proline, CAT, and POD, showing correlations. Genotypes are marked with different shapes and colors, explained in a legend on the right.]
Figure 6 | PCA biplot indicating varying degrees of association of physiological traits, antioxidant enzymes, reactive oxygen species, osmolytes, and plant water relation in soybean genotypes. The soybean genotypes (inscribed by eclipses) positioned closer to the traits’ vectors have a stronger association of respective traits compared to genotypes positioned away from the traits’ vectors. Besides that, closer vectors represent the strong association of respective traits and vice versa. Photosynthesis, Pn; stomatal conductance, Gs; chlorophyll, Chl; cell membrane stability, CMS; catalase, CAT; peroxidase, POD; superoxide dismutase, SOD; glycine betaine, GB; relative water content, RWC; water potential (ψw), WP; osmotic potential (ψs), SP.

[image: PCA biplot showing the distribution of treatments in a two-dimensional space (Dim1 and Dim2). Different symbols represent treatments: circles for Control, triangles for Drought, squares for Drought + Salinity, and crosses for Salinity. Arrows indicate variables like CAT, POD, Na+/K+, and more. Ellipses group similar treatments and variables. Dim1 explains 72.3 percent of the variance and Dim2 explains 17.4 percent.]
Figure 7 | PCA biplot indicating varying degrees of association of physiological traits, antioxidant enzymes, reactive oxygen species, osmolytes, and plant water relation due to the individual and combined effects of drought and salt stress. The changing stresses (inscribed by eclipses) affect the paired association of traits in a different way as indicated by the positioning of stress eclipses with respect to the traits’ vectors. Besides that, closer vectors represent the strong association of respective traits and vice versa. Photosynthesis, Pn; stomatal conductance, Gs; chlorophyll, Chl; cell membrane stability, CMS; catalase, CAT; peroxidase, POD; superoxide dismutase, SOD; glycine betaine, GB; relative water content, RWC; water potential (ψw), WP; osmotic potential (ψs), SP.

[image: Clustered heatmap illustrating gene expression under four conditions: control, drought, salinity, and drought-salinity. Rows represent different genotypes (G4620RX, NARC-21, DM45X61, Rawal-1, Swat-84, NARC-1) and columns show analyzed parameters (e.g., RWC, Pn, GS). Color gradient ranges from green (low expression) to red (high expression).]
Figure 8 | Heatmap categorizing the wheat genotypes in terms of the varied expression of traits in soybean genotypes under individual and combined applications of drought and salt stresses. The varying color pattern of bands (light to dark) illustrates the extent of variation of trait expression in each soybean genotype. Photosynthesis, Pn; stomatal conductance, Gs; chlorophyll, Chl; cell membrane stability, CMS; catalase, CAT; peroxidase, POD; superoxide dismutase, SOD; glycine betaine, GB; relative water content, RWC; water potential (ψw), WP; osmotic potential (ψs), SP. The asterisk indicates that the white color represents no effect, the color change from light to dark green represents minimum to maximum decline in trait expression, and the color change from light to dark red represents minimum to maximum increase in trait expression.




3.6 Gene expression

The genes GmCAT1, GmPOD1, and GmSOD illustrated a significant (p ≤ 0.05) variation in their expression in all soybean genotypes under individual and combined applications of drought and salinity stress (Figure 9). Under all versions of stresses, these genes showed a significantly (p ≤ 0.05) high level of transcripts compared with the control treatment, with a maximum transcript level at the combined application of stresses. Besides that, among genotypes, G4620RX, DM45X61, and NARC-21 illustrated a significantly high upregulation while the genotypes Rawal-1, NARC-1, and Swat-84 showed a significantly less upregulation of GmCAT1, GmPOD1, and GmSOD1. Similarly, the activity of antioxidant enzymes CAT, POD, and SOD was consistent with the regulation of these genes under corresponding individual and combined treatments of drought and salinity stress. The expression of GmP5CS gene varied significantly (p ≤ 0.05) in all soybean genotypes parallel to the accumulation of proline under individual and combined applications of drought and salinity treatments (Figure 9). Moreover, GmP5CS showed a significantly (p ≤ 0.05) high upregulation in all genotypes due to individual and integrated versions of drought and salinity treatments, with the highest upregulation under integrated treatment of stress. Furthermore, the genotypes G4620RX, DM45X61, and NARC-21 depicted a comparatively high increase while Swat-84, Rawal-1, and NARC-1 depicted a comparatively less increase in the expression of GmP5CS. The genes GmAKT1 and GmNHX1 recorded a significantly high level of transcripts in all soybean genotypes under individual and combined applications of drought and salinity compared with the control treatment (Figure 9). Unlike other genes, GmAKT1 and GmNHX1 illustrated a significantly (p ≤ 0.05) high expression under saline condition compared with drought and combined drought and salinity stress. Among genotypes, Rawal-1, followed by NARC-1 and Swat-84, showed less upregulation, while DM45X61, followed by G4620RX and NARC-21, showed high upregulation of GmAKT1 and GnNHX1. The high expression of these genes in soybean genotypes was in line with the decrease in Na+/K+ as these genes trigger the influx of K+. On the other hand, the expression of drought-responsive genes GmDREB1 and GmARF1 increased significantly in all soybean genotypes at drought and combined applications of drought and salt stress compared with the control and saline treatments (Figure 9). The genotype DM45X61, followed by G4620RX and NARC-21, illustrated a comparatively high increase in transcripts of GmDREB1 and GmARF1, while the genotypes Swat-84, NARC-1, and Rawal-1 recorded a lesser increase in the transcripts of GmDREB1 and GmARF1.

[image: Bar charts displaying gene expression levels of GmCAT1, GmPOD1, GmSOD, GmP5CS, GmNHX1, GmAKT1, GmDREB1, and GmARF1 across different soybean varieties. Conditions include control, drought, salinity, and drought plus salinity. Significant differences are noted with asterisks. Each chart compares these conditions across varieties like NARC-1, Swat-84, Rawal-1, NARC-21, G4620RX, and DM45X61. The y-axis represents expression levels, while the x-axis lists the soybean varieties.]
Figure 9 | Relative expression of genes related to drought and salt stress tolerance in different soybean genotypes under individual and combined applications of drought and salt stress. **, significant at p ≤ 0.01; *, significant at p ≤ 0.05.





4 Discussion

Soil drought and salinity are potential stresses restricting plant productivity. The impacts of drought and salinity on plants ranges from morpho-physiological adaptations to biochemical and molecular responses. The responses of plants to the twin abiotic stresses are a bit unique such that they are difficult to predict in isolation. The initial responses of plants to drought and salt stress are primarily similar as both perturb physiological processes and osmotic balances. The twin drought and salt stress directly affect Pn, Gs, and chl due to biochemical perturbances such that they produce intense secondary oxidative stress compared with the isolated application of stress. In short, combined drought and salt stress causes additional adverse effects on plants’ physiological and osmotic traits. Therefore, all soybean cultivars showed more drop in Pn, Gs, chl, RWC, and water potential and more rise in proline, GB, O2•−, H2O2, and antioxidant activities under the twin application of compared with the sole application of drought and salt stress. During stress, the enhanced levels of ROS show signaling function in addition to the synthesis of antioxidant enzymes. Plants are naturally equipped with protective responses including stomatal closure, activating ROS scavenging, stopping photosynthesis, and activating the expression of stress-related genes. Numerous research studies have found that coupled water and salt stress has more adverse effects on plants (Angon et al., 2022; Cao et al., 2023; Fu et al., 2023). Besides that, high Na+/K+ ratio was recorded at salt and combined drought–salt stress, illustrating that water deficiency does not increase the deposition of Na in plants. Moreover, plant experiences more oxidative stress under combined drought–salinity stress compared with the isolated application of stresses as indicated by the high production of O2•− and H2O2. Correspondingly, the high activities of antioxidant enzymes were recorded at the twin application of stress compared with sole stresses probably due to ROS scavenging mechanisms triggered due to the overproduction of ROS. In addition, the genes controlling the biochemical traits of stress tolerance were regulated differently under the sole and coupled applications of drought and salt stress. Overall, the integrated application of drought and salt stress depicted a high level of change in all physiological, biochemical, and indicators of stress tolerance.

Plants face oxidative stress due to the generation of reactive oxygen species such as hydrogen peroxide (H2O2) and superoxide radical (O2•−), which disrupts the structural integrity of membranes present in different organelles (Shah et al., 2017; Dos-Santos et al., 2022; Juan et al., 2021; Sachdev et al., 2021; Zhang et al., 2022). The abiotic stresses partially or wholly impede the vital physiological processes, including Gs and Pn, that are essential for plant survival (Ding et al., 2024). The coupled drought–salinity stress has an additional adverse effect on chlorophyll compared with individual stress, hence causing a high reduction in Pn and Gs compared to individual stress as reported by Otie et al. (2021) and Zhou et al. (2022) in soybean under salt and water stress, respectively. Similarly, the present study found a substantial reduction in chl, Gs, and Pn under combined drought–salt stress compared with individual stresses in all soybean genotypes (Figure 1). Generally, the levels of compatible solutes glycine betaine and proline increase additionally when the plant is exposed to multiple stresses (Wani et al., 2013). The compatible solutes are non-toxic at a high concentration and serve as osmoprotectant to protect the plant from multiple stresses in different ways, such as cellular osmotic adjustment, retention of membrane integrity, and detoxification of ROS as reported by Xu et al. (2023). Figure 2 likewise illustrates the dynamic rise in the concentration of proline and GB under twin drought–salt stress in all soybean genotypes. Furthermore, the high proline and GB contents in soybean genotypes G4620RX, DM45X61, and NARC-21 compared with those in Rawal-1, NARC-1, and Swat-84 under coupled and individual drought and salinity treatment were an indicator of their strong molecular mechanism to counter the stress (Figure 2). Moreover, the leakage of K+ and influx of Na+ is possibly due to ROS production under water-deficit and salt-elevated conditions as confirmed through various studies (Feng et al., 2023; Ali and Rab, 2017; Demidchik and Maathuis, 2007; Wu, 2018). Besides that, salinity triggers the influx of Na+ and leakage of K+ that lead toward a high Na+/K+ ratio causing leaf necrosis, pigment degradation, and disruption of water and osmotic potentials (Otie et al., 2021). Parallel with these findings, the current study reported a significant increase in Na+/K+ in all soybean genotypes due to saline and drought conditions (Figure 2). Conversely, the soybean genotypes G4620RX, DM45X61, and NARC-21 illustrated a lesser increase in Na+/K+ ratio even under saline stress, which is attributed to their high salt tolerance and speedy influx of K+ as explained by Ali and Rab (2017). Furthermore, plants possess various enzymatic and non-enzymatic processes to detoxify the harmful effect of oxidative stress imposed by ROS produced as a consequence of sole and combined drought–salinity stress (Liu et al., 2017; Hasanuzzaman et al., 2020). As the coupled drought–salt stress poses an additional oxidative stress, it therefore necessitates a comparatively high catalytic activity of antioxidant enzymes as reviewed by Cao et al. (2023). Hence, an increase in the catalytic activity of antioxidant enzymes CAT, SOD, and POD indicates the activation of the ROS scavenging mechanism (Rajput et al., 2021; Kesawat et al., 2023). The reduction in H2O2 and superoxide (O2•−) concentration owing to the enhanced activity of antioxidant enzymes is an indicator of tolerance to oxidative stress as reported by Khan et al. (2009) and Liu et al. (2017) in soybean. Similarly, in the present study, the soybean genotypes G4620RX, DM45X61, and NARC-21 manifested a high activity of SOD, POD, and CAT for ROS (H2O2 and O2•−) scavenging under coupled drought–salt stress compared with their individual application (Figure 3). This proves the high biochemical tolerance of these genotypes compared with Rawal-1, NARC-1, and Swat-84. Under abiotic stresses, plants can likewise alter water relation in order to retain various cellular functions (Zhang et al., 2023)—for instance, plants undergo osmotic adjustment through the accumulation of compatible osmolytes such as glycine betaine (GB) and proline (Doğan, 2011; Akitha et al., 2015; Ghosh et al., 2021). These osmotic adjustments intimate the plant to keep the cell volume at low water potential (ψw), which is vital to maintain the metabolic functions (Ghosh et al., 2021). Besides that, the high RWC, increasing osmotic potential (ψs), and decreasing water potential (ψw) under drought and salinity stress illustrate the crop’s high tolerance to drought and salinity stress as reported by Wijewardana et al. (2019) and Otie et al. (2021), respectively, in soybean. The present study has further confirmed their findings and reported high RWC, high osmotic potential (ψs), and low water potential (ψw) in soybean genotypes G4620RX, DM45X61, and NARC-21, exhibiting comparatively high physiological and biochemical tolerance under drought and salinity stress (Figure 4). In plants, the physiological and biochemical traits are strongly associated, and their correlation varies according to the type of genotype and nature of stress (Liu et al., 2017; Vital et al., 2022; Ding et al., 2024). Moreover, the extent of physiological and biochemical responses under drought and salinity varies due to the varying tolerance tendency of soybean genotypes as shown in Figures 5–7. Besides that, the heatmap analysis has further confirmed the varying intensity of expression of each trait in all soybean genotypes under individual and integrated levels of drought and salinity stress (Figure 8). To date, various studies have been conducted to investigate the impacts of drought and salinity on the physiological and biochemical processes of soybean, but studies investigating the impacts on oxidative stress, physio-chemical changes, osmolytic dynamics, and genetic indices are limited. Although stress tolerance mechanisms vary from crop to crop, basic cellular responses to abiotic stresses are almost conserved in most of the plant species (Zhang et al., 2023)—for example, different abiotic stress elements trigger oxidative stress, protein denaturation, and osmotic stress in plants, which result in identical adaptive strategies such as production of stress proteins, induction of ROS-scavenging mechanisms, and accumulation of compatible osmolytes (Sachdev et al., 2021). Therefore, it is necessary to understand the physiological and biochemical markers of stresses with respect to their genetic determinants. Besides that, the genes GmCAT1, GmSOD, and GmPOD1 detoxify ROS through regulating the activities of antioxidant enzymes CAT, SOD, and POD, respectively. The antioxidant enzyme SOD converts superoxide (O2•−) to H2O2, which is further detoxified to O2 and H2O due to the catalytic activities of CAT and POD (Wang et al., 2018). Li et al. (2020) noticed the higher transcript of GmCAT1, GmSOD, and GmPOD1 in tolerant soybean genotypes under oxidative stress imposed by high aluminum content that substantially lowered the concentration of ROS, including H2O2 and superoxide radical (O2•−). Correspondingly, the current study reported the significant upregulation of GmCAT1, GmPOD1, and GmSOD in soybean genotypes G4620RX, DM45X61, and NARC-21 along with the increased catalytic activities of antioxidant enzymes CAT, POD, and SOD that caused a significant decline in ROS (H2O2 and O2•−) under oxidative stress imposed by sole and twin drought and salt stress (Figure 9). This has confirmed the potential role of genetic determinants in regulating the antioxidant potential of soybean genotypes through regulating the biochemical mechanisms. Xu et al. (2023) confirmed that GmP5CS is a downstream gene of GmCOL1a whose overexpression improves the salt tolerance and drought resistance in soybean due to an increase in proline content, RWC, and CAT, POD, and SOD catalytic activities. Similar to these findings, the current study recorded a parallel increase in the expression of GmP5CS along with RWC, proline concentration, and enzymatic (SOD, POD, and CAT) activities in soybean genotypes G4620RX, DM45X61, and NARC-21, showing more physiological and biochemical tolerance under isolated and combined versions of drought and salinity stresses (Figure 9). Furthermore, Jin et al. (2022) and Sun et al. (2021) found that NHX gene improves the salt tolerance tendency of soybean by decreasing the Na+ content in the cytoplasm or by keeping a low Na+/K+ ratio. Besides that, Sun et al. (2019) has further confirmed that, in addition to mediating the efflux of Na+, GmNHX1 regulates the expression of a series of other genes, including SKOR, SOS1, and AKT1, involved in salinity tolerance. Moreover, Wang et al. (2021) reported the essential role of GmAKT1 in the uptake of K+ to balance the Na+/K+ ratio under saline conditions. Complementary to these findings, the current study has recorded a significant increase in the uptake of K due to the increased expression of GmNHX1 and GmAKT1 in the genotypes G4620RX, DM45X61, and NARC-21 as evidenced by their decreased Na+/K+ ratio compared with Rawal-1, Swat-84, and NARC-1 (Figure 9). In fact, the molecular crosstalk of GmAKT1 with plant phytohormones triggers the essential physiological mechanisms providing soybean with tolerance against abiotic stress (Wang et al., 2021). The overexpression of GmDREB1 confers soybean with tolerance against drought stress as reported by Zhou et al. (2022) and Chen et al. (2022). The current study likewise recorded a consistent increase in the expression of GmDREB1 in soybean cultivars G4620RX, DM45X61, and NARC-21, showing high physiological and biochemical tolerance to drought and salt stress (Figure 9). This can be attributed to the tendency of GmDREB1 to regulate the expression of osmotic and oxidative stress-related protein that reduces the cell injury caused by salt and drought stress, thus improving the stress tolerance of soybean (Jiang et al., 2014; Kidokoro et al., 2015). Besides that, Ha et al. (2015) recorded the potential role of GmARFs in inducing drought tolerance in soybean through modulating the interaction of auxins with other hormones. Correspondingly, the current study confirmed their findings and found a dynamically increasing expression of GmARF1 in genotypes G4620RX, DM45X61, and NARC-21 showing physiologically and biochemically high tolerance against drought stress (Figure 9).




5 Conclusion

In the present study, combined drought and salt stress altered soybean’s physiological, biochemical, genetic, and osmotic responses more intensively rather than their individual application. This proves that simultaneous exposure of plants to multiple abiotic stresses causes a severe manipulation in plant traits; however, the extent of plant trait manipulation strictly adheres with the plant’s ability to withstand stress. Furthermore, the present study also revealed that tolerance to abiotic stresses is undoubtedly an intricate phenomenon at the cellular and whole plant levels. In fact, this is due to the complex interaction between stress elements and different physiochemical and molecular mechanisms determining the plant’s growth and developmental processes. Overall, the soybean genotypes G4620RX, DM45X61, and NARC-21 depicted a high tolerance to the combined and individual applications of salt and drought stresses based upon physiological and molecular mechanisms. As the development of stress-tolerant crops requires knowledge on the contributing physiological and biochemical processes and the genetic control of participating traits, the present study will hence provide a considerable insight to elucidate the molecular dynamics of abiotic stress tolerance in soybean. Besides that, it will further contribute in devising soybean breeding strategies against drought and salt stresses by focusing on physio-chemical and genetic dynamics in unison.
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Seed priming can significantly enhance the tolerance of soybean against different environmental stresses by improving seed water uptake and modulating stress-response mechanisms. In particular, seed priming with sodium carboxymethylcellulose (SCMC) and gum Arabic (GA) can support seeds to withstand extreme conditions better, promoting more consistent germination and robust seedling establishment, which is crucial for achieving stable agricultural yields. The present study investigated the effects of seed priming using a combination of SCMC and GA (10% CG) on the germination, growth, and biochemical responses of six soybean varieties under drought and flooding stress conditions. The results revealed significant differences among varieties and applied treatments on germination, vigor, and physiological traits. Under drought stress, seed priming with 10% CG significantly improved germination percentage, germination rate, shoot length, root length, and biomass compared to unprimed seeds. Notable reductions in malondialdehyde (MDA) content and enhanced antioxidant enzyme activities, including superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD), suggest that 10% CG priming mitigates oxidative damage through enhanced antioxidant defense mechanisms. Moreover, 10% CG seed priming improved germination and growth parameters under flooding stress, but the advantages were less significant. In addition, the priming treatment significantly reduced electrolyte conductivity (EC) across all varieties compared to unprimed seeds, indicating improved membrane stability. Overall, 10% CG seed priming was more effective under drought and flooding conditions, demonstrating a potential strategy for enhancing stress tolerance in soybean varieties.




Keywords: biopolymers, drought stress, flooding stress, osmotic adjustment, seed priming, water scarcity




1 Introduction

Soybean (Glycine max) is essential for global nutrition and agriculture, serving as a major source of protein, essential fatty acids, and various nutrients (Toomer et al., 2023). It plays a critical role in human diets and is a fundamental component of animal feed, contributing significantly to food security and agricultural sustainability worldwide (Anderson et al., 2019). Additionally, its ability to fix nitrogen naturally enriches soil fertility, making it beneficial for sustainable agricultural practices (Dinar et al., 2019; Korobko et al., 2024). However, drought stress negatively impacts soybean germination by reducing seed water uptake, leading to delayed or incomplete germination and poor seedling establishment (Kakati et al., 2022). Besides, during early developmental stages, insufficient water availability impedes root and shoot growth, weakening the plants and reducing their ability to absorb essential nutrients (Xiong et al., 2021). In addition, at the reproductive stage, drought stress disrupts flowering and pod formation, resulting in decreased seed set, lower seed quality, and significantly reduced yield (Yerzhebayeva et al., 2024).

The primary mechanisms through which drought stress affects plants include reduced water availability, which disrupts CO2 fixation and impairs photosynthetic efficiency (Qiao et al., 2024). This occurs as a result of cellular water loss, causing the closure of leaf stomata to conserve moisture, which in turn reduces gas exchange and slows plant growth (Desoky et al., 2023; Qiao et al., 2024). Additionally, drought stress leads to the overproduction of reactive oxygen species (ROS) like O2•− and H2O2, which induce oxidative damage to DNA, lipids, and proteins, further inhibiting photosynthesis and slowing development (Alharby et al., 2021; Abd El-Mageed et al., 2022). Disruptions in water relations, coupled with oxidative stress, impact plant metabolism, physiological and biochemical processes, and hormonal balance, necessitating methods to improve drought resilience (Alharby et al., 2021; Rady et al., 2021).

Furthermore, flooding stress poses severe challenges to soybean growth but through different mechanisms (Yijun et al., 2022). Excess water during flooding or submergence results in oxygen deprivation in the root zone, impeding respiration and energy production critical for root and shoot development (Habibullah et al., 2021; Nasrullah et al., 2022). This lack of oxygen disrupts normal cellular metabolism and reduces plant ability to uptake nutrients from the soil, causing nutrient imbalances and stunted growth (Rupngam and Messiga, 2024). Moreover, flooding often leads to the accumulation of ethylene, a stress hormone that accelerates leaf senescence and can cause premature tissue death (Manghwar et al., 2024). Plants under flooding stress must also cope with altered carbohydrate metabolism and impaired signalling pathways, which compromise the energy reserves needed to maintain growth and physiological functions (Yang et al., 2023).

Seed priming is an effective strategy for enhancing seed germination and seedling vigor, especially under stressful environmental conditions such as water stress and flooding (El-Sanatawy et al., 2021a). In this context, natural polymers like sodium carboxymethyl cellulose (SCMC) and gum Arabic (GA) gained attention for their role in mitigating the adverse effects of these stresses (Saberi Riseh et al., 2023). SCMC, a water-soluble cellulose derivative, and GA, a biopolymer obtained from Acacia trees, are known for their biocompatibility and role in modulating stress responses (Badwaik et al., 2022). Priming using these agents has the potential to improve the physiological and biochemical responses of the seeds, thereby enhancing germination rates (GR) and seedling vigor (Chin et al., 2021; Paul and Rakshit, 2023).

Under water stress, these natural polymers create a favorable microenvironment that enhances water uptake, stabilizes cellular membranes, and activates antioxidant defences, leading to improved seedling establishment (Azeem et al., 2023). Conversely, under flooding conditions, SCMC and GA facilitate better oxygen availability and enhance metabolic activities, which are crucial for maintaining seed viability and growth (Dingley et al., 2024). SCMC and GA have promising impacts in fortifying plant defence mechanisms, particularly under adverse conditions. These agents act by enhancing the activity of key antioxidant enzymes, including catalase (CAT), superoxide dismutase (SOD), and peroxidase (POD) (Shakir et al., 2022). Antioxidant enzymes like CAT, SOD, and POD play a crucial role in neutralizing ROS generated during stress, thereby preventing cellular damage and promoting plant resilience (Hasanuzzaman et al., 2020; Desoky et al., 2023; Mansour et al., 2023).

The primary objective of the current study was to investigate the effects of priming soybean seeds with SCMC and GA on germination and early growth under water stress and flooding conditions. The study involved a comprehensive analysis of GR, seedling development, and physiological responses of primed seeds using a combination of SCMC and GA (10% CG) to assess the role of these biopolymers in enhancing seed resilience to drought and flooding stressors. Additionally, the work also explored the underlying mechanisms associated with antioxidant defense and dehydration response during seed germination under adverse conditions. By elucidating these processes, this study aimed to demonstrate the potential of biopolymer priming as a strategy to mitigate the negative effects of water-related stress on soybean cultivation.




2 Materials and methods



2.1 Plant material

Six different soybean varieties were used to optimize nutrient seed priming in soybean underlying seed drought tolerance (Table 1). The evaluated varieties have different growth periods, seed size, and other morphological traits. All the soybean varieties were obtained from Chinese National Center for Soybean Improvement (CNCSI), Nanjing Agricultural University, Jiangsu, China. Seed priming used two biopolymers SCMC (CAS: 9004–32-4, viscosity: 300–800 mPa·s) was purchased from Sino Pharm Chemical Reagent Co., Ltd. (Shanghai, China). GA, molecular weight 250 kDa was obtained from the Shanghai Ryon Biological Technology Co., Ltd. (Shanghai, China). All other reagents used were of analytical grade.


Table 1 | Characteristics of soybean varieties used in the current study.

[image: Table listing soybean varieties with columns for code, name, planting type, seed coat color, and 100-seed weight. Includes six entries, with Tianlong Number 1 having a spring planting type, yellow seed coat, and 19.05 grams weight. Source: Chinese National Center for Soybean Improvement, Nanjing Agricultural University, Jiangsu, China.]



2.2 Characterization of biopolymers



2.2.1 Scanning electron microscopy analysis

The CG samples were mounted on a bronze stub and sputtered with a thin layer of gold. The surface section morphology of the samples was observed by using Philips XL-30 scanning electron microscopy (SEM; FEI Co., Eindhoven, The Netherlands) with an acceleration voltage of 10 kV.




2.2.2 Fourier transform-infrared (FT-IR) spectroscopy analysis

FT-IR spectrometer (Nicolet iS-50, Thermo Fisher Scientific, MA, USA) was used to characterize the presence of functional groups in the powder of SCMC, GA and CG samples. The spectra were collected in a wavelength range of 4000–525 cm−1 by averaging 32 scans at a resolution of 4 cm−1.




2.2.3 X-ray diffraction

An X-ray diffractometer (D8 Advance, Bruker, USA) was used to identify the crystal structure of the CG samples at 30 kV and 10 mA. Angular range (2θ = 5 – 80 degrees) was applied to detect the scattered radiation at 15.6 degrees min−1 scanning speed.




2.2.4 Differential scanning calorimetry analysis

DSC (DSC-60, Shimadzu Corp., Kyoto, Japan) was used to analyze the thermal properties of the CG samples. Briefly, 10 mg of CG was sealed in a standard aluminum pan which was heated under a nitrogen atmosphere from 27 to 450°C at a rate of 10°C min−1.





2.3 Seed priming and preparation

In a preliminary experiment, various concentrations were tested to determine the optimal concentration for enhancing seed performance. Through systematic evaluation, 10% CG was identified as the most effective concentration. Soybean seeds were surface sterilized using 20% Clorox bleach, and 70% ethyl alcohol (Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany). These seeds were then washed ten times with 0.2 µm Millipore membrane (Millipore Corporation, MA, USA) filter-sterilized distilled water.

Soybean seeds were soaked in 10% CG for 6 h. After priming, the seeds were left to dry before germination, four interventions were included in the experiment, each replicated three times in a completely randomized design (CRD).




2.4 Germination under drought stress

Seed germination was applied using the paper roll method employing a solution of polyethylene glycol (PEG, Sigma-Aldrich) to induce drought stress during a seven-day cultivation period. Fifteen seeds of each variety were wrapped in Whatman filter paper (Whatman, Maidstone, England) and immersed in a 20% (w/v) solution of PEG 6000 to simulate drought conditions. For the control treatment, both primed and non-primed seeds were grown under normal conditions without any imposed stress. Each treatment was replicated three times to ensure reliability.

The paper rolls were randomly arranged in a growth chamber set to maintain an average day/night temperature of 22/19°C and 75% relative humidity for seven days (Vassilevska-Ivanova et al., 2014; Salleh et al., 2020). All soybean varieties were phenotypically evaluated for various traits including germination percentage (GP), GR, shoot length (ShL), root length (RL), seedling fresh weight (SFW), and seedling dry weight (SDW). The GP and GR of the samples at three and seven days were calculated as follows:

[image: Formula showing germination percentage: GP or GR (%) equals (Number of seeds germinated divided by Total number of seeds) times one hundred.]	




2.5 Germination under flooding stress

High-quality seeds were surface sterilized as described above. The experiment was organized into four treatment groups in CRD. Twenty seeds from each variety were placed in 350 mL plastic cups containing 50 mL of distilled water, covered with sterilized Petri dishes, and incubated for three days in a germination cabinet maintained at 25°C, following the protocol of Ali et al. (2018).

During this incubation period, electrical conductivity (EC) was measured daily to assess membrane integrity by monitoring ion leakage, such as potassium and sodium, which serves as an indicator of membrane damage and cell permeability. After three days, seeds demonstrating intact membranes, indicative of high quality and viability, were selected and transferred onto germination paper. The paper was then rolled to enclose the seeds, and the rolls were maintained for an additional seven days. Subsequently, various parameters were measured, including GR, ShL, RL, SFW, and SDW under both control and seed flooding conditions.




2.6 Measurements of antioxidant enzyme activities

The activities of POD, SOD, and CAT, along with the malondialdehyde (MDA) content, were measured using a POD assay kit (A084-3), SOD assay kit (T-SOD, A001-1), CAT assay kit (A007-1), and MDA assay kit (A003), respectively.

All assays were conducted according to the manufacturer instructions provided by the Nanjing Jiancheng Bioengineering Institute (Nanjing, China), with each biological replicate performed in triplicate. In brief, 1.0 g of fresh root tissue was ground into a fine paste using a mortar and pestle. The paste was then mixed with 9 mL of ice-cold 20× phosphate-buffered saline (PBS) solution (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) with a pH of 7.2–7.4. The resulting homogenates were centrifuged at 3500 rpm for 10 min at 4°C. The supernatants were collected and used as crude extracts for the assays, with measurements conducted using a UV-1800 (Shimadzu Corporation, Analytical Instruments Division, Kyoto, Japan).




2.7 Statistical analysis

All experiments were replicated thrice and expressed as mean ± SD. Experimental data were statistically analyzed using SPSS 16.0 software (SPSS Inc., IBM SPSS Statistics, Chicago, IL, USA). Analysis of a two-factor completely randomized was used to evaluate the significance. Data were analyzed using Duncan’s multiple range test at 1% level of significance.





3 Results



3.1 Characterization of biopolymer properties

Figure 1A depicts the microstructure of the biopolymer composed of SCMC and GA (CG). The arrows indicate areas that exhibit essential surface attributes, including texture uniformity and particle dispersion, which are vital for evaluating material homogeneity and smoothness. The FT-IR spectra of SCMC and GA biocomposite biopolymer and SCMC biocomposite containing 10% GA are depicted in Figure 1B.

[image: Panel A shows a microscopic image with red arrows indicating specific features on a granular surface. Panel B is a transmittance versus wave number graph, with three lines representing SCMC, GA, and CG. Panel C displays an X-ray diffraction pattern with a peak highlighted by a red circle. Panel D is a graph of heat flow versus temperature with red arrows pointing to specific features on the curve.]
Figure 1 | Surface-sectioned scanning electron microscopy (SEM) showing the surface section and cross-section morphologies of biopolymers (A). Fourier transform-infrared (FTIR) spectra of SCMC, GA, and 10% CG (B), X-ray diffraction (XRD) pattern of CG biopolymers (C), and differential scanning calorimetry (DSC) thermograms of CG biopolymers (D). SCMC, sodium carboxymethyl cellulose; GA, gum Arabic; CG, SCMC incorporated with GA.

Broadband emission near 1590 cm−1 was attributed to the N–H bending resonance in the case of SCMC, which overlapped the amide II vibration. The bands detected at 1419 and 1053 cm−1 were caused by the stretching vibration of the C–O–C bond in the glycosidic linkage of the polymer and the scissoring vibration of the NH2 group, respectively (Figure 1B). The spectra of the GA and the CG biocomposite biopolymer were nearly identical due to the structural similarity of the polysaccharides. In contrast, the introduction of GA into SCMC resulted in a modification of the wavelength values when compared to GA (3287 cm−1), thereby establishing a robust absorption band at 3276 cm−1 that facilitated O–H stretching (Figure 1B).

The expansive bond observed at 3276 cm−1 was determined to result from elongation and unconstrained hydroxyl group vibrations within and between molecules. Furthermore, the presence of an additional peak (2878 cm−1) in the spectrum, which was absent in both the SCMC and GA spectra, suggested the possibility of a cross-linked reaction between the two substances. The peak shifted marginally from 3277 to 3282 cm−1 following the addition of GA, indicating that the surface OH of GA and the OH of CG molecules were in interaction. Collectively, these findings indicated that the incorporation of GA compounds into the SCMC was useful for enhancing the mechanical and barrier properties of the biocomposite.

In addition, XRD analysis shows the successful incorporation of GA into the SCMC biopolymer (Figure 1C). The region in question exhibits no discernible peaks besides the peak at a diffraction angle of 20 degrees resulting in a decrease in crystallinity. In addition, the results of the DSC analysis showed an improvement in the thermal stability of the biopolymer after adding GA, which could decrease the quantity of hydroxyl groups present in polysaccharides (Figure 1D). This causes the biopolymer’s structure to be enhanced.




3.2 Effect of seed priming on soybean germination under drought and flooding stresses

The analysis of variance (ANOVA) results presented in Table 2 revealed significant effects of assessed varieties and treatments on the studied traits of soybean under drought and flooding stress conditions. Under drought stress, highly significant differences (P< 0.01) were observed among varieties and treatments for all parameters, including GR, GP, ShL, RL, SFW, SDW, MDA content, CAT activity, SOD activity, and POD activity (Table 2). The interaction between varieties and treatments was also significant for most traits, such as ShL, RL, SFW, SDW, MDA content, CAT activity, SOD activity, and POD activity, indicating that the response to drought stress varied across the different soybean varieties (Table 2).


Table 2 | Mean squares of studied traits for treated soybean varieties with sodium carboxymethyl cellulose and gum Arabic (10% CG) under drought and flooding conditions.

[image: Table showing the analysis of variance under drought and flooding stress for various traits, including germination percentage, shoot length, and enzyme activities. Significance levels are indicated as not significant, P<0.05, and P<0.01 across varieties, treatment, and their interaction.]
Under flooding stress, highly significant differences differences (P< 0.01) were also observed for GR, GP, ShL, RL, SFW, and SDW among varieties and treatments (Table 2). The interaction between soybean varieties and treatments was significant for ShL, RL, SFW, and SDW, suggesting variability in the response of different soybean varieties to flooding stress (Table 2). Seed priming with 10% CG under drought stress treatment demonstrated a significant improvement in the germination parameters of assessed soybean varieties compared to the untreated control. Under normal conditions without any induced drought stress, seeds pretreated with 10% CG exhibited higher GR and GP than the untreated seeds, highlighting the effectiveness of the seed priming strategy (Table 2). This indicates that 10% CG priming enhanced the seeds water uptake and metabolic activation, leading to more efficient germination.

Under drought stress, seeds pretreated with 10% CG maintained relatively higher GR and GP compared to the control (Figures 2A, B). This suggests that seed priming provides a protective mechanism, possibly through osmotic adjustment or the activation of stress-related pathways, that enables seeds to better withstand drought conditions.

[image: Three bar charts labeled A, B, and C depict germination percentages and rates for various treatments across different experimental groups. Each chart compares several treatment combinations indicated by different colored bars with corresponding legends. Vertical axes are labeled with percentage values, and experimental group names are listed on the horizontal axes. Statistical significance is denoted by different letters above the bars.]
Figure 2 | Effects of seed priming using a combination of sodium carboxymethyl cellulose and gum Arabic (10% CG) on soybean germination under drought and flooding stresses. (A) germination percentage (GP) of assessed six soybean varieties under drought stress. (B) germination rate (GR) of assessed six soybean varieties under drought stress conditions. (C) germination rate (GR) of assessed six soybean varieties under flooding stress. Vertical bars above columns indicate the standard deviation (SD). Mean values followed by different letters are significantly (P< 0.01) different from each other according to Duncan’s multiple range test. CK, control seeds (seeds pretreated with H2O germinated under normal conditions without any imposed stress); CK+CG, seeds pretreated with 10% CG germinated under normal conditions; DS, seeds pretreated with H2O germinated under drought stress; FS, seeds pretreated with H2O germinated under flooding stress; CG+DS, seeds pretreated with 10% CG under drought stress; CG+FS, seeds pretreated with 10% CG under flooding stress.

In contrast, the physiological response to flooding stress revealed a different pattern. Under normal conditions, 10% CG seed priming still enhanced GR as observed in the control (Figure 2C). However, when exposed to flooding stress, the GP of seeds pretreated with 10% CG was slightly lower than the control group. This indicates that while seed priming generally boosts germination under optimal conditions, its efficacy diminishes under flooding stress.

Flooding can reduce seed respiration and oxygen availability, which 10% CG priming cannot fully address. The essential contention is that although seed priming has certain metabolic advantages, its effects are less significant under flooding stress than under drought conditions. This suggests that flooding presents a more complex challenge requiring additional or alternative strategies, such as the development of varieties with enhanced anaerobic germination tolerance or improved field management practices to prevent waterlogging.




3.3 Effects of seed priming on seedlings traits under drought and flooding stresses

Primed soybean seedlings demonstrated minimal phenotypic changes, maintaining fully expanded seedling structures across all priming treatments compared to the control (without seed stress) in six distinct soybean varieties (Figures 3A, B). These results suggest that seed priming effectively mitigates the adverse effects of water stress on the morphological traits of soybean seedlings. The ability to sustain fully expanded seedlings indicates that the priming treatments supported overall growth and development even under challenging drought and flooding conditions (Figures 3A, B).

[image: Panel A and B show images of seedlings with various treatments. Each panel contains multiple rows of seedlings labeled T21R1012-14, T21R1015-17, T21R1001-02, T21R1003-05, T21R1006-08, and T21R1009-11. Seedlings are organized into columns labeled CK, CK+CG, DS, CG+DS in A, and CK, CK+CG, FS, CG+FS in B, displaying differences in growth under different conditions.]
Figure 3 | Effects of seed priming using a combination of sodium carboxymethyl cellulose and gum Arabic (10% CG) on seedling traits of assessed six soybean varities under drought (A) and flooding (B) stresses. CK, control seeds (seeds pretreated with H2O germinated under normal conditions without any imposed stress); CK+CG, seeds pretreated with 10% CG germinated under normal conditions; DS, seeds pretreated with H2O germinated under drought stress; FS, seeds pretreated with H2O germinated under flooding stress; CG+DS, seeds pretreated with 10% CG under drought stress; CG+FS, seeds pretreated with 10% CG under flooding stress.

Measurements of ShL and RL for different soybean varieties without seed priming showed a substantial decline after seven days of drought and flooding stress (Figure 4). Statistical analysis revealed significant differences among the control group (CK) under normal conditions, CK+CG under normal conditions, and treatments under drought and flooding stress, as well as CG and drought stress under primed stress conditions. The results demonstrated that ShL and RL were significantly enhanced by all seed priming treatments under drought and flooding stress (Figure 4).

[image: Bar graphs labeled A, B, C, and D compare shoot and root lengths of various treatments across different plant lines. Graphs A and C illustrate shoot lengths, while B and D depict root lengths. Bars represent different treatments, indicated by varying shades, for each plant line. Results are annotated with letters indicating significant differences.]
Figure 4 | Impacts of seed priming using a combination of sodium carboxymethyl cellulose and gum Arabic (10% CG) on shoot length under drought stress (A), root length under drought stress (B), shoot length under flooding stress (C) and root length under flooding stress (D) of assessed six soybean varieties. Vertical bars above columns indicate the standard deviation (SD). Mean values followed by different letters are significantly (P< 0.01) different from each other according to Duncan’s multiple range test. CK, control seeds (seeds pretreated with H2O germinated under normal conditions without any imposed stress); CK+CG, seeds pretreated with 10% CG germinated under normal conditions; DS, seeds pretreated with H2O germinated under drought stress; FS, seeds pretreated with H2O germinated under flooding stress; CG+DS, seeds pretreated with 10% CG under drought stress; CG+FS, seeds pretreated with 10% CG under flooding stress.

Notably, ShL was considerably higher in all varieties with CK+CG, CG and drought stress, and CG and flooding stress seed priming treatments compared to CK, drought stress and flooding stress treatments without seed priming (Figures 4A, C). For RL, the T21R1001-02 variety displayed a significant increase when treated with CK+CG, CG and drought stress and CG and flooding stress, while untreated seeds (CK and S) exhibited lower RL values (Figures 4B, D). The findings confirmed that priming treatments significantly improved ShL and RL compared to the control (CK) and untreated drought and flooding stress treatments (Figure 4). Specifically, CK+CG, CG and drought stress and CG and flooding stress seed priming treatments produced notably higher ShL values (Figure 4).

Under drought stress, seeds primed with CG exhibited an increase of 16%, 54%, and 26% in both fresh and dry weight compared to unprimed seeds (Figure 5).

Furthermore, SFW and SDW of all soybean varieties were significantly increased by all seed priming treatments under drought and flooding stress (Figure 5). The highest ShL was observed in varieties treated with seed priming using SCMC and GA at a 10% concentration under water stress conditions (Figure 4). Overall, the data indicated that seed priming interventions, particularly those using CG, substantially enhanced ShL, root development, and increased both SFW and SDW in soybean cultivars under drought stress. Seed priming with CG at a 10% concentration was particularly effective, yielding significantly higher SFW and SDW across all varieties in drought and flooding stress conditions (Figure 5).

[image: Bar charts labeled A to D compare fresh weight and seedling dry weight across different samples with various treatments. Each chart has a legend, indicating treatment groups with different shades. Values are marked with letters for statistical significance.]
Figure 5 | Impacts of seed priming using a combination of sodium carboxymethyl cellulose and gum Arabic (10% CG) on seedling fresh weight under drought stress (A), seedling dry weight under drought stress (B), seedling fresh weight under flooding stress (C) and seedling dry weight under flooding stress (D) of assessed six soybean varieties. Vertical bars above columns indicate the standard deviation (SD). Mean values followed by different letters are significantly (P< 0.01) different from each other according to Duncan’s multiple range test. CK, control seeds (seeds pretreated with H2O germinated under normal conditions without any imposed stress); CK+CG, seeds pretreated with 10% CG germinated under normal conditions; DS, seeds pretreated with H2O germinated under drought stress; FS, seeds pretreated with H2O germinated under flooding stress; CG+DS, seeds pretreated with 10% CG under drought stress; CG+FS, seeds pretreated with 10% CG under flooding stress.




3.4 Effects of seed priming on oxidative damage and antioxidant defense under drought stress

After seven days of germination under water-stress conditions, the seedlings exhibited a notable MDA accumulation (Figure 6). However, it was observed that the CK+CG treatment (seed priming with 10% CG under normal conditions without exposure to stress) followed by CG and drought stress treatment (seed priming with 10% CG under drought stress) resulted in lower MDA content compared to the drought stress treatment (seeds exposed to drought stress without CG priming) across all varieties (Figure 6). This finding suggests that seed priming with CG provides a protective effect against oxidative damage induced by drought stress, likely through enhanced stabilization of cellular membranes and mitigation of lipid peroxidation.

[image: Bar chart showing MDA content in different samples named T21R1012-14, T21R1015-17, T21R1001-02, T21R1003-05, T21R1006-08, and T21R1009-11. Each sample has four bars representing different treatments: Ck, CK+CG, DS, and CG+DS, with varying heights. Values are labeled with letters indicating statistical significance.]
Figure 6 | Effects of seed priming using a combination of sodium carboxymethyl cellulose and gum Arabic (10% CG) on malondialdehyde content (MDA) in soybean seedlings under drought stress. Vertical bars above columns indicate the standard deviation (SD). Mean values followed by different letters are significantly (P< 0.01) different from each other according to Duncan’s multiple range test. CK, control seeds (seeds pretreated with H2O germinated under normal conditions without any imposed stress); CK+CG, seeds pretreated with 10% CG germinated under normal conditions; DS, seeds pretreated with H2O germinated under drought stress; CG+DS, seeds pretreated with 10% CG under drought stress.

Furthermore, the activity of SOD, an antioxidant enzyme, significantly changed in response to water stress. Specifically, the drought stress treatment showed a significant increase in SOD activity compared to normal conditions. Additionally, the CG and drought stress treatment exhibited a further increase in SOD activity (Figure 7A). This indicates that seed priming with CG can enhance the antioxidant defense system, as reflected by the increased SOD activity under drought stress (Figure 7).

[image: Bar charts (A, B, C) showing the activity levels of SOD, POD, and CAT across different samples labeled T21R012-14 to T21R009-11. Each chart has groups Ck, CK+CG, DS, CG+DS represented in varying colors, with significant differences indicated by letters a to d.]
Figure 7 | Impacts of seed priming using a combination of sodium carboxymethyl cellulose and gum Arabic (10% CG) on the activity levels of (A) superoxide dismutase, SOD, (B) peroxidase, POD, and (C) catalase CAT. Vertical bars above columns indicate the standard deviation (SD). Mean values followed by different letters are significantly (P< 0.01) different from each other according to Duncan’s multiple range test. CK, control seeds (seeds pretreated with H2O germinated under normal conditions without any imposed stress); CK+CG, seeds pretreated with 10% CG germinated under normal conditions; DS, seeds pretreated with H2O germinated under drought stress; CG+DS, seeds pretreated with 10% CG under drought stress; FW, fresh weight.

Regarding other antioxidant enzymes, water stress was found to inhibit POD activity but improve CAT activity in both the drought stress, and CG and drought stress treatments (Figures 7B, C). However, seedlings germinated from seeds primed with CG showed significantly higher POD and CAT activities compared to seedlings without CG priming (Figures 7B, C). This suggests that CG priming can enhance the activities of these antioxidant enzymes, potentially contributing to better protection against oxidative damage caused by drought stress.




3.5 Effects of seed priming on EC under flooding conditions

To evaluate the effects of the different seed priming treatments, the EC and GR of six different soybean varieties were examined under control and seed flooding stress. The highest EC was observed in soybean T21R1006-08 and T21R1009-11 under seed flooding stress without seed priming treatments (Figure 8).

[image: Bar chart comparing electrical conductivity (microSiemens per gram) of FS and CG+FS across six treatments: T21R1012-14, T21R1015-17, T21R1001-02, T21R1003-05, T21R1006-08, T21R1009-11. FS consistently shows higher values than CG+FS, with significant differences denoted by letters "a" and "b".]
Figure 8 | Electrical conductivity (EC) of primed and non-primed soybeans seeds of assessed varieties at 72 h under flooding stress. Vertical bars above columns indicate the standard deviation (SD). Mean values followed by different letters are significantly (P< 0.01) different from each other according to Duncan’s multiple range test. FS, control seeds under flooding stress; CG+FS, seeds pretreated with 10% CG under flooding stress. CG, sodium carboxymethyl cellulose incorporated with gum Arabic.

In seed priming treatments, the EC was significantly reduced in the case of all soybean varieties compared to unprimed seeds under seed flooding stress (Figure 8). In the case of 10% CG treatment, the T21R1012-14 variety showed significantly lower EC. The other three varieties have higher EC but have no significant variation of EC among them (Figure 8).





4 Discussion

Soybean cultivation is critically challenged by abiotic stresses, primarily drought and flooding, which are increased by climate change (Staniak et al., 2023). These environmental stressors disrupt soybean development processes, leading to considerable yield losses and reduced crop productivity (Chen et al., 2016; Mohsen et al., 2023). Drought and flooding stresses directly impact GR, seedling vigor, and the overall health of soybean plants (Mohsen et al., 2023). Given that traditional cultivation methods are often inadequate in mitigating the adverse effects of these stressors, there is a pressing need for innovative strategies such as seed priming to enhance plant resilience (Saberi Riseh et al., 2023). Seed priming, a pre-sowing treatment, displays great promise in preparing seeds to tolerate harsh environmental conditions (El-Sanatawy et al., 2021b). By pre-activating certain metabolic pathways, seed priming facilitates synchronized germination and uniform crop establishment, which is crucial for optimal growth in stressful environments (El-Sanatawy et al., 2021b; Mohsen et al., 2023).

Seed priming using a combination of SCMC and GA (10% CG) showed significant potential in mitigating the effects of drought stress. SCMC is a cellulose derivative with hydrophilic properties, allowing it to retain large amounts of water and maintain a moist microenvironment around seeds (Dingley et al., 2024). This property is critical in drought-prone areas, as it ensures the availability of water for seed imbibition and metabolic activation. GA, sourced from Acacia tree sap, shares similar hydrophilic and water-retention capabilities. GA biocompatible nature ensures that it does not introduce toxic residues, supporting sustainable agricultural practices (Badwaik et al., 2022). Both SCMC and GA can be modified chemically to specific environmental needs or seed types, offering a customizable approach to seed priming. The distinctive chemical structures of these compounds facilitate incorporation of nutrients, growth boosters, or stress-mitigating agents, rendering them adaptable tools in agricultural stress management (Mohsen et al., 2023; Dingley et al., 2024).

The results of present study confirmed that seed priming using combination of SCMC and GA (10% CG) significantly enhanced drought tolerance in soybean varieties. Primed seeds exhibited higher GR and percentages, improved ShL and RL, and increased fresh and dry weight compared to unprimed seeds. The reduced MDA content in primed seeds under drought stress suggests that 10% CG priming effectively mitigates oxidative damage by stabilizing cellular membranes. The enhancement of antioxidant enzyme activities, including SOD, CAT, and POD, further supports this protective effect. These enzymes play crucial roles in detoxifying ROS, thus preventing cellular damage and ensuring the maintenance of normal metabolic functions under stress conditions (Hasanuzzaman et al., 2020; Desoky et al., 2023; Mansour et al., 2023).

The coordinated action of these antioxidant enzymes helps maintain redox homeostasis and protects plants from oxidative damage (Desoky et al., 2023). Flooding stress is characterized by oxygen deficiency in the root zone, which impairs root respiration and nutrient uptake (Yijun et al., 2022). The present findings indicated that 10% CG seed priming still provided some advantages under flooding conditions, such as improved GR and reduced EC, but the overall efficacy was lower compared to drought stress. This suggests that flooding stress requires more complex adaptations, and seed priming alone may not be sufficient. The limited effectiveness of CG priming under flooding stress highlights the need for additional or alternative strategies, such as developing soybean varieties with enhanced tolerance to anaerobic conditions or employing advanced soil and water management practices.

Several studies highlighted the potential of seed priming to improve soybean resilience to environmental stresses, offering a promising strategy for achieving more stable agricultural yields under current climate fluctuations (El-Sanatawy et al., 2021a). However, research specifically examining the use of SCMC and GA as seed priming agents for enhancing drought and flooding tolerance in soybean remains limited. Nevertheless, Vanitha et al. (2024) explored the effects of seed priming with silicon dioxide nanoparticles (SiO2 NPs) on soybean under drought stress. While this study focused on SiO2 NPs, it highlighted the broader context of using various priming agents to enhance drought tolerance in soybean (Vanitha et al., 2024). The findings revealed that seeds treated with SiO2 NPs exhibited improved GR and seedling vigor under drought conditions, suggesting that seed priming with appropriate agents can be an effective strategy to mitigate the adverse effects of drought stress on soybean (Vanitha et al., 2024).

Additionally, Tamindžić et al. (2024) explored the impact of simultaneous nutrient priming and biopriming on soybean seed quality and health. The current study focused on combining nutrient priming with biopriming; it highlights the potential of seed priming techniques, including those involving substances like SCMC and GA to improve soybean performance under stress conditions. On the other hand, Ali et al. (2021b); Gong et al. (2023); Ali et al. (2024); Gan et al. (2024) documented that SCMC and GA reduced ROS levels, minimize electrolyte leakage (EL), and preserve membrane integrity, all of which are crucial for sustaining plant health under stress. Hence, the treatments of SCMC and GA enhance the AsA-GSH cycle and facilitate ROS detoxification, significantly boosting plant tolerance to oxidative stress (Fatma et al., 2016; Ali et al., 2021a; Naqve et al., 2021; Yu et al., 2022; Zhang et al., 2024).

By activating the antioxidant defence system, seed priming maintains the structural and functional integrity of chloroplasts, ensuring efficient energy production and reducing photodamage under drought and flooding stresses (Khan et al., 2022; Houmani et al., 2024; Yadav et al., 2024).




5 Conclusion

SCMC and GA represent a natural, eco-friendly, and easily prepared strategy that offers multiple efficient anti-stress mechanisms to support plant growth and productivity under stress conditions. Water limitation significantly impairs soybean germination and morphological traits, reducing SFW and SDW while increasing oxidative stress markers and membrane lipid peroxidation. However, these negative effects can be mitigated by using a seed-priming approach with SCMC and gum Arabic (10% GC). This strategy effectively enhanced soybean germination and seedling vigor under drought stress by reducing damage through the activation of both non-enzymatic and enzymatic antioxidant defenses and minimizing membrane lipid peroxidation. Seed priming using 10% CG enhanced drought tolerance by modulating multiple physiological and biochemical pathways, contributing to the development of resilient varieties for sustainable agriculture. Furthermore, the study demonstrated that while 10% CG seed priming offers some benefits under flooding stress, such as improved germination and reduced electrolyte conductivity, its overall efficacy remains limited compared to drought stress. This underscores the necessity for additional strategies, including breeding flood-tolerant soybean varieties and implementing advanced soil and water management practices.
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Introduction

Plant physiology response and adaptation to drought stress has become a hotspot in plant ecology and evolution. Cotoneaster multiflorus possesses high ecological, ornamental and economic benefits. It has large root system and tolerance to cold, drought and poor soil. Therefore, C. multiflorus is considered as one of the most important tree species for ecological restoration in arid and semi-arid areas. However, little is known about the physiological mechanisms, molecular mechanisms and drought strategies of how C. multiflorus responds to drought stress. Therefore, exploring the physiological response mechanisms, molecular mechanisms and adaptive strategies of C. multiflorus in response to drought is important for its growth in arid and semi-arid regions.





Methods

We investigated the response and coupling mechanisms of water status, photosynthetic properties and chloroplast fluorescence parameters in C. multiflorus in response to drought and rehydrated after drought, especially the importance of nocturnal sap flow and nocturnal water refilling to maintain its own water balance in response to drought stress. In addition, we studied the stress response of C. multiflorus transcriptome factors, and we also discussed drought adaptation strategies of C. multiflorus.





Results

C. multiflorus adapted to drought stress by a series of structural and physiological mechanisms, such as promoting closing stomata, increasing nocturnal sap flow. When rehydrated after undergoing severe drought stress, its physiological activities such as photosynthesis, water status, chlorophyll fluorescence parameters and other physiological activities have rapidly resumed. This showed C. multiflorus had strong tolerance to drought. In addition, water status, photosynthetic characteristics, and chloroplast fluorescence parameters of C. multiflorus were highly coupled. Nocturnal sap flow and nocturnal water refilling were very important for C. multiflorus to maintain its own water balance in response to drought stress. Finally, C. multiflorus will strengthen the drought defense mechanism by gene regulation of various metabolisms, such as promoting stomatal closure, reducing transpiration water loss, and vigorously regulating water balance. C. multiflorus responded to drought stress by avoiding or reducing water deficit in plant organs and tissues. Therefore, the shrub C. multiflorus is a drought-tolerant plant.





Discussion

We explored the response mechanisms of water status, photosynthetic characteristics, and chloroplast fluorescence parameters of C. multiflorus in drought and rehydrated after drought stress, especially the response mechanisms of nocturnal sap flow and nocturnal water refilling in response to drought stress, and identified the physiological coupling mechanisms, molecular mechanisms and drought types of C. multiflorus in response to drought.
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1 Introduction

As global temperatures rise and precipitation patterns change, droughts have become increasingly frequent in recent years (Réjou-Méchain et al., 2021; Naumann et al., 2018). The trend of extreme drought frequency is even more pronounced (Gu et al., 2023; Christian et al., 2023; Batibeniz et al., 2023). These frequent droughts have had significant impacts on the local carbon balance and forest ecosystem services (Hartmann et al., 2022; Anderegg et al., 2020), including causing large-scale tree mortality at a regional level (Choat et al., 2018; Goulden and Bales, 2019; Zhang et al., 2023). Therefore, the response and adaptation of plants to drought stress have become a focal point in ecological and plant physiological research (Werner et al., 2021; Anderegg et al., 2018; Yao et al., 2023; Vinod et al., 2023; Wang et al., 2023a).

The causes, climatic thresholds and modelling of drought-induced tree mortality have been well studied (Pereira et al., 2024; Wion et al., 2022; Valerian et al., 2021), however, the underlying physiological mechanisms are still a subject of debate (Martinez-Vilalta et al., 2019; Grossiord et al., 2020; Trugman et al., 2018). During short-term and severe droughts, water availability is often the primary factor influencing plant mortality, while during extended periods of drought, the significance of carbon availability for critical survival functions tends to become more prominent (Arend et al., 2021; Wang et al., 2020). Nevertheless, it is essential to minimize the blockage of xylem conduits in order to enhance the transport of water to the canopy and regenerative tissues (apical and formative meristematic tissues) of plants. Among these mechanisms, stomatal regulation is the most crucial in preventing xylem embolism by regulating water transport and leaf transpiration (Chen et al., 2022). It is worth noting that the nighttime fluid flow has the effect of nighttime transpiration and stem hydration, and also helps to reduce the formation of xylem embolism and gas holes in plants, and avoid hydraulic failure and even death of plants due to drought (Klein et al., 2018; Wu et al., 2023). This is because night transpiration transporting the water replenishment of stems improves the low water potential of stems caused by daytime transpiration, prevents xylem embolism, repairs air holes to a certain extent, and avoids the death of plants caused by frequent hydraulic failure (Klein et al., 2018; Zeppel et al., 2019). In arid zones, these mechanisms are especially crucial for plant survival.

With global changes leading to shifts in climate patterns, the vegetation in arid zones is typically dominated by small trees, shrubs, or semi-shrubs, which act as pioneer species adapted to harsh conditions. These plants rely on efficient water transport mechanisms to withstand the challenges of arid environments and maintain their survival in the face of changing environmental conditions (Shen et al., 2022; Zhou et al., 2022; Davis et al., 2020). Cotoneaster multiflorus is a shrub belonging to the Cotoneaster genus in the apple subfamily (Maloideae) of the rose family (Rosaceae). This species is known for its robust characteristics, including a large root system, and its ability to withstand cold temperatures, drought conditions, and poor soil fertility. These traits make it well-suited for challenging environments and highlight its adaptability and resilience in adverse growing conditions (Chen et al., 2021). C. multiflorus is a pioneering species for vegetation restoration in the ecological transition zones of arid and semi-arid loess hills and gullies and bedrock hills (tufaceous mountainous areas), where it is extremely widespread. The distribution of C. multiflorus populations continue to expand under various scenarios in different future climates (Huang et al., 2024). Meanwhile, C. multiflorus has high ecological benefits, such as wind prevention and sand fixation, water, soil conservation (Zhao et al., 2022) and ornamental role (Yang et al., 2022). It also has great economic benefits, such as medicinal development (Chang and Jeon, 2003; Liu et al., 2018; Jia, 2022) and as a grafting rootstock for Malus pumila Mill (Wang et al., 1983). Therefore, to study leaf water status, photosynthetic characteristics and stem fluid flow of C. multiflorus can help to reveal the response mechanism of the shrub to the environment in arid and semi-arid zones.

However, plant adaptation to drought stress is not attributed to a single trait but is instead a combination of various traits that work together and are correlated with each other (McDowell et al., 2022; López et al., 2021). For example, plants may adjust photosynthetic physiological traits (reducing stomatal conductance, increasing water use efficiency, and reducing transpiration rate) and hydraulic traits (reducing xylem hydraulic conductivity and conduit diameter, etc.) to reduce water loss in response to drought conditions (Sevanto et al., 2014; Vastag et al., 2020). Therefore, further research is needed to explore the relationships among different traits in order to better understand the adaptive mechanisms and coping strategies that plants employ to tolerate drought stress.

At present, the coping strategies and molecular mechanism of C. multiflorus under drought stress are not well known. The research involved analysis of 25 different indicators and high-throughput sequencing to assess patterns of water status, photosynthetic characteristics, trunk runoff, and transcription factor in response to different drought intensities and rehydrated processes. Through the use of integrated analyses such as correlation analysis, principal component analysis, DEGs analysis and GO analysis, the study sought to provide insights into the adaptive strategies employed by C. multiflorus to withstand drought stress. The findings were expected to enhance our understanding of the growth patterns of C. multiflorus in arid and semi-arid regions and elucidate the strategies utilized by the species to cope with drought conditions, and further exploration of its drought resistance mechanism. The results of this study will improve our understanding of coping strategies under drought stress conditions and enhance the management of this important woody species in arid regions.




2 Materials and methods



2.1 Test materials and moisture control

The State Key Laboratory of Seedling Bioengineering (Ningxia Forestry Research Institute Co., Ltd.) provided 2-year-old C. multiflorus with robust growth, free of pests and diseases, and basically the same growth. On May 1, 2023, 350 pots (1 plant per pot) of C. multiflorus seedlings were cultivated in the greenhouse of Fujian Agriculture and Forestry University. The plastic pots used for the experiment were 20.5 cm (calibre) × 14.5 cm (ground diameter) × 18.5 cm (height). The potting soil was yellow soil, soil weight was 4.0 Kg/pot, in which the soil organic carbon (SOC), organic matter (SOM), available nitrogen (AN), available phosphorus (AP) and available potassium (AK) were 7.22 (g/Kg), 12.44 (g/Kg), 70.00 (mg/Kg), 7.90 (mg/Kg) and 7.72 (mg/Kg), respectively. During the experiment, the average daytime temperature and nighttime temperature were 38.8°C and 30.6°C, respectively, and the average daytime humidity and nighttime humidity were 52.5% and 69.1%, respectively.

From July 25 to 31, 2023, 350 test seedlings were subjected to different degrees of water deficit cultivation and partial normal water management. On August 1, 2023, 150 healthy C. multiflorus seedlings without diseases and insect pests, with similar growth potential and different water deficits were selected as experimental materials. The experiment was set up with 4 drought level treatments and 1 rehydrated treatment, a total of 5 treatments, each treatment was repeated 3 times, 10 plants per replicate, that was, 30 plants per treatment. Specific operations are as follows:

According to the soil relative water content (WCH) of 60% ~ 80%, 40% ~ 60%, and 20% ~ 40%, 30 seedlings were selected from 150 test seedlings as comparison (CK)、mild drought stress (LD)、moderate drought stress (MD), respectively. Finally, 60 plants with a WCH of 5% ~ 10% were selected. Among them, 30 plants were used as severe drought stress (SD), and the other 30 plants were replenished with water on August 6, 2023 and used as rehydrated treatment (RD).The assessment of each index began on August 8, 2023 and ended on August 10. Therefore, the drought stress time of CK, LD, MD, and SD was 7∼10 days, and the rehydrated lasts for 2∼5 days.

During the treatments, lost water was replaced daily by potting water control method (Luo et al., 2021; Zou et al., 2022), the pots were weighed and watered every 24h to maintain the corresponding soil moisture. The calculation formula of WCH is as follows (Wu, 2020):

[image: The formula is WCH (%) = (W1 - W2) / W2 × 100, labeled as equation 1.]

WCH % is the relative water content of soil, [image: The image shows the mathematical notation "W subscript 1".]  is the original soil quality, and [image: Subscript text "W" with a subscript number "2".]  is the soil quality after drying.



2.2.1 Determination of leaf water potential and relative water content

The WP4C Dew Point PotentiaMeter was employed to measure the leaf water potential of C. multiflorus between 5:00 and 6:30 local time. Within each treatment group, 9 C. multiflorus plants were randomly chosen for analysis. From each selected plant, 10 mature leaves located in the middle of the plant were picked. In these 10 leaves, 5 were utilized to determine the leaf water potential using the WP4C Dew Point PotentiaMeter (Miao et al., 2017), the other 5 mature leaves were used to determine the relative water content of the leaves by the saturated weighing method (RWC) (Wang et al., 2023b).




2.2.2 Leaf stomatal determination

In the experiment, 3 plants of C. multiflorus from each treatment were randomly chosen. From each selected plant, 3 mature leaves were then randomly selected for stomatal determination. Stomatal characteristics were observed in 10 randomly selected fields of view of each leaf using a bench electron microscope (TM3030 Plus). The measurements of stomatal features including stomatal opening length, stomatal opening width, stomatal aperture, and stomatal density were obtained using ImageJ software. This analysis aimed to provide insights into the stomatal behavior of C. multiflorus under varying drought stress levels.




2.2.3 Trunk sap flow measurement

From August 9 to August 31, 2023, based on preliminary survey of sapwood thickness of C. multiflorus (Leng, 2020), each of the 12 C. multiflorus plants with similar growth was fitted with a probe (probe length 10 mm, probe diameter 1.2 mm). The probe was connected to the i-MIX data collector and the average value was calculated every 5 min and automatically stored in the data collector. Throughout the monitoring period, the soil water content was consistently monitored daily. The C. multiflorus experienced 3 times from the initial watering, to severe drought stress.

Additionally, the temperature variance between thermocouples was tracked using a probe to calculate the heat dissipation associated with sap flow. By establishing a relationship between the temperature difference and sap flow rate, the size of the sap flow rate was determined. This methodology aimed to provide insights into the plant’s response to varying soil moisture levels and their ability to adjust to changing environmental conditions.

Based on the observed data, Granier’s empirical formula (Granier, 1987) was used to derive the instantaneous trunk sap density [image: Italicized letter F with subscript d.] (g/(m²·s)) :

[image: Formula for \( F_d \): \( F_d = 119 \times \left( \frac{\Delta T_{\text{max}} - \Delta T}{\Delta T} \right)^{1.231} \).]

Among them, [image: The Greek letter delta followed by a capital T, representing a change in temperature.]  (°C) is the instantaneous temperature difference between day and night; [image: The image shows the mathematical notation for "delta T sub max," representing the maximum change in temperature.] (°C) is the maximum instantaneous temperature difference between day and night. In general, at the time of maximum temperature difference, the density of nighttime trunk sap flow was zero.




2.2.4 Measurement of photosynthesis parameters

In each treatment group of 30 plants of C. multiflorus, three mature leaves were selected from each plant. The Li-6800 portable photosynthesis meter (LI-COR, USA) was used to measure the photosynthetic rate of plant leaves ([image: Mathematical notation showing "P" with a subscript "n".] ), stomatal conductance ([image: The image shows the mathematical symbol "G" with a subscript "s".] ), transpiration rate([image: The image shows the letter "T" with a subscript "r".] )at the time of the day (9:00-11:00). And 3 replicates were performed for each leaf. Among them, 6800-01A chamber was used to determine the photosynthetic index; the carbon dioxide concentration in the reference chamber was set to 400 μmol·mol-1, RHcham was 67.94%, and flow rate was 500 μmol·s-1. Water use efficiency (WUE) calculation formula is as follow (Yan et al., 2022) :

[image: The formula displayed is "WUE = Pₙ / Tₛ," labeled as equation (3).]




2.2.5 Rapid determination of chlorophyll fluorescence parameters

In each treatment group of 30 C. multiflorus plants, 3 mature leaves were selected from each plant, and then chlorophyll fluorescence parameters were determined using a FluorPen (FP100) hand-held fluorometer, and the leaves were dark-adapted for 15 min before the determination (Ghaffar et al., 2023).





2.3 Transcriptome determination and analysis



2.3.1 Total RNA extraction and cDNA library construction

The young leaves of C. multiflorus of CK, SD and RD test groups were removed, frozen and ground with liquid nitrogen quickly. The total RNA of the samples was extracted by Trizol method. The integrity and purity of RNA was analyzed by agarose gel electrophoresis and ultra-micro spectrophotometer. Finally, the concentration and quality of RNA were measured by fluorescence quantifier.

2 μg RNA samples were taken to construct cDNA Library, using NEBNext® UltraTM RNA Library Prep Kit for Illumina kit (New England Biolabs). AMPure XP beads (Be control group man Coulter) were used to purify the cDNA samples (size between 100 ~ 200 bp), and the quality of the library was evaluated by Agilent 2100 biological analyzer.




2.3.2 Transcriptome sequencing and data quality control

After the quality inspection of the cDNA library was qualified, the different libraries were mixed according to the requirements and RNA-Seq sequencing was performed using the DNBSEQ-T7 sequencing platform. The obtained RNA sequencing data were subjected to quality control filtering through the fastp v0.19.3 platform (Vinod et al., 2023). The specific filtering criteria are as follows: 1) reads with adapters are not retained; 2) a read with N content more than 10% of its own base number is not retained; 3) a read with the number of low-quality bases more than 50% of its own base number is not retained. After quality control, clean reads were obtained for subsequent transcriptome analysis.




2.3.3 Clean reads comparison of reference genomes

Based on the HISAT2 software (v2.2.1) (Valeriano et al., 2021), the obtained clean reads were aligned to the assembled C. multiflorus genome. The software parameters were set by default.




2.3.4 Analysis of gene expression levels and differences

The FPKM (Fragments Per Kilobase of exon model per Million mapped fragments) for each gene was calculated using feature Counts v1.6.2 software (Wion et al., 2022). A single gene with FPKM ≥ 1 was retained as the screening basis for subsequent gene differential expression. The DESeq2 v1.22.1 package of R platform was called to perform gene differential expression analysis (Jung et al., 2023).




2.3.5 Functional annotation and GO enrichment analysis of differentially expressed genes

GO enrichment analysis was mainly composed of molecular function, biological process and cellular component. The obtained non-redundant transcript sequence was subjected to GO enrichment analysis using cluster Profiler (v4.0.5) (Martinez et al., 2019). Benjamini-Hochberg method was used as a multiple test method, and GO term with FDR < 0.05 was defined as significant enrichment.





2.4 Data processing

Data were organized using Microsoft excel 2019 software. Correlation analysis and principal component analysis were performed using DPS 7.5. ANOVA with multiple comparisons (Ducan’s method) were performed using SPSS. Graphs were plotted using Origin. Data used in the graphs were mean ± standard error.





3 Results



3.1 Effect of drought stress and rehydrated on water potential and relative water content (RWC) of C. multiflorus leaves

Both of them showed a downward and then an upward trend, leaf water potential decreased by -0.21 MPa, -1.77 MPa and -4.44 MPa under mild drought (LD), moderate drought (MD) and severe drought stresses (SD), respectively, compared to the control group (CK). After RD treatments, the leaf water potential of C. multiflorus increased by 0.85 MPa and 3.52 MPa compared to MD and SD, respectively (Figure 1A). Relative water content (RWC) decreased by 5.79%, 27.23% and 40.68%, respectively, compared to the CK (Figure 1B). After RD treatments, leaf RWC of C. multiflorus was elevated by 39.91% and 14.05%, respectively, compared to MD and SD.

[image: Two bar charts labeled A and B. Chart A shows leaf water potential (MPa) for treatments CK, LD, MD, SD, and RD, with values decreasing from -1 to -5. Chart B shows leaf relative water content (RWC) in percentages, with values ranging from 50 to 80. Different letters indicate statistical differences among treatments.]
Figure 1 | Effects of drought stress and rehydrated on leaf water potential and RWC of C. multiflorus. There was a significant difference between the different English letters marked in the figure (P < 0.05).




3.2 Effect of drought stress and rehydrated on stomatal characteristic of C. multiflorus leaves

As can be seen in Figure 2, as the degree of drought increased, the stomatal opening length, stomatal opening width, stomatal aperture and stomatal density (except LD) of C. multiflorus leaves were significantly reduced. Under SD, the above-mentioned variables were reduced by 23.27%, 21.22%, 37.86%, 16.83% and 48.71%, respectively, compared to the control group (CK). However, After RD treatments (48 h), those variables were able to return to the state between LD and MD.

[image: Four bar charts labeled A to D compare stomatal characteristics across five treatments: CK, LD, MD, SD, and RD. Chart A shows stomatal length, with CK highest and SD lowest. Chart B shows stomatal width, with CK highest and SD lowest. Chart C shows stomatal aperture, with CK and LD highest, SD lowest. Chart D shows stomatal density, with LD highest, SD lowest. Error bars indicate variability.]
Figure 2 | Effects of drought stress and rehydrated on stomatal characteristic of C. multiflorus. There was a significant difference between the different English letters marked in the figure (P < 0.05).




3.3 Effect of drought stress and rehydrated on stem sap flow of C. multiflorus



3.3.1 Diurnal variation of stem sap flow of C. multiflorus under drought stress and rehydrated

Figure 3A showed that C. multiflorus had a ‘lunch break’ from LD. The diurnal variation of stem sap flow rate appeared double or multiple peaks. As the degree of drought stress increased, the first peak appeared earlier and earlier. Under LD, MD and SD, the first peak of C. multiflorus appeared at about 11:00, 10:00 and 8:00, respectively. Even after RD treatments, C. multiflorus was not able to return to its initial state in a short time, and the phenomenon of ‘double peak’ still existed.

[image: Graph A shows sap flow velocity over time for different treatments: CK (black), LD (blue), MD (orange), SD (green), and RD (yellow), with peaks varying across 24-hour cycles. Graph B displays sap flow (white bars), nocturnal sap flow (black bars), and proportion of nocturnal sap flow (line) by treatment, showing variations in sap dynamics with MD having the highest nocturnal proportion.]
Figure 3 | Diurnal variation of sap flow of C. multiflorus under drought stress and rehydrated.

C. multiflorus showed a gradual decrease in all-day sap flow from LD. The opposite was true for nocturnal sap flow, which gradually increased with increasing drought stress levels, in the case of SD, nocturnal sap flow, on the other hand, was significantly lower than in the case of MD. However, after RD treatments, both all-day and nocturnal sap flow were elevated (Figure 3B). There was little difference in the ratio of nocturnal sap flow to daily between the LD and CK, which were 6.59% and 7.87%, respectively. However, this index at MD and SD was 2.60-fold and 1.56-fold higher than that of the CK. After RD treatments, the nocturnal sap flow of C. multiflorus accounted for 5.69% higher than that under SD.




3.3.2 Distributional characteristics of nocturnal sap flow of C. multiflorus under drought stress and rehydrated

Based on the integral area of each region (Figure 4), it was clear that C. multiflorus has both nocturnal water refilling and nocturnal transpiration at night. C. multiflorus responded rapidly to nocturnal water refilling under different drought stresses, increasing by 14.25%, 25.53% and 29.34%, respectively, compared to CK. The nocturnal water refilling under SD increased by only 3.04% compared to that under MD. But after RD treatments, the nocturnal water refilling of C. multiflorus was 7.50% lower than that under SD. Meanwhile, nocturnal transpiration of C. multiflorus gradually decreased with increasing drought stresses, accounting for 30.22%, 20.27%, 10.37%, 9.74% and 16.50% of nocturnal sap flow, respectively.

[image: Graphs (A) to (E) show sap flow velocity over time for different conditions labeled CK, LD, MD, SD, and RD. Each line graph displays variations in sap flow with distinct peaks and highlighted areas between dotted vertical lines, indicating specific periods of interest.]
Figure 4 | Distributional characteristics of sap flow of C. multiflorus under drought stress and rehydrated. The spacing between the two vertical gray dashed lines represents the lag time (80 minutes,18:50∼20:10) of sap flow activity and solar radiation changes. The black shaded area is nighttime stem rehydrated, and the gray shaded area is nighttime transpiration.





3.4 Effect of drought stress and rehydrated on photosynthetic characteristics of C.multiflorus

As can be seen from Figure 5, the [image: Lowercase letter "p" with subscript "n".] , [image: Italicized letter "G" with a subscript "s".] , and [image: The expression shows the capital letter T with a subscript lowercase letter r.]  tended to decrease with increasing stress levels in all drought stress treatments, with [image: \( P_n \) denotes a variable or function indexed by \( n \) in a mathematical context.]  decreasing by 12.73%, 34.32%, and 55.08% under LD, MD, and SD, respectively, compared with the CK. The [image: Mathematical notation displaying "G" with a subscript "s".]  decreased by 12.67%, 34.81% and 58.71%, while [image: Italic letter "T" with a subscript "r".]  decreased by 12.52%, 29.84% and 47.60%, respectively, compared to the CK. The water use efficiency (WUE) under LD increased by 0.26% against the CK, while WUE under MD and SD decreased by 5.39% and 13.99% against the CK, respectively. After RD treatments, the [image: The image shows the mathematical notation "P" with the subscript "n".] , [image: Stylized text displaying the letter "G" with a subscript "s".] , [image: Subscript notation with "T" as the main character and "r" as the subscript, typically used in mathematical or scientific contexts.] , and WUE showed an increasing trend, which increased by 52.87%, 118.84%, 45.12%, and 6.43% compared to the CK.

[image: Four bar graphs labeled A to D compare different variables for CK, LD, MD, SD, and RD. Graph A shows net photosynthetic rate, highest for CK. Graph B displays transpiration rate, highest for CK. Graph C illustrates water use efficiency, similar for CK and LD. Graph D shows stomatal conductance, again highest for CK. Each bar includes error bars and letters indicating statistical significance.]
Figure 5 | Effects of drought stress and rehydrated on photosynthetic characteristic of C. multiflorus. There was a significant difference between the different English letters marked in the figure (P < 0.05).




3.5 Effect of drought stress and rehydrated on chlorophyll fluorescence parameters of C. multiflorus



3.5.1 Changes in PSII reaction centers

From Figure 6A, the ABS/RC decreased by 11.55%, 26.29% and 41.16% under LD, MD and SD, respectively, compared to the CK. The [image: Text showing the fraction "T subscript O over R C".] decreased by 10.62%, 23.65% and 38.12%, respectively, compared to the CK. The [image: Mathematical formula displaying "E T subscript o over R C".]  decreased by 10.23%, 24.48% and 44.45%, respectively, compared to the CK. After RD treatments, the [image: Text reading "ABS/RC".] , [image: Mathematical expression showing "T subscript O divided by R C".]  and [image: Text showing the formula "ET subscript o divided by RC".]  were elevated by 38.58%, 44.43% and 52.93%, respectively, compared to SD. The energy dissipated by heat ([image: The text "DIₒ/RC" with the "o" subscripted.] ) showed a tendency to increase and then decrease, with [image: Text displaying "DI subscript o slash RC" in italics.]  elevated by 9.92%, 30.51% and 70.58%, respectively, compared to the CK. It reduced by 30.51% after rehydrated, compared to SD.

[image: Four-panel bar chart displaying the effects of drought stress and rehydration. Panel A shows parameters ABS/RC, TR₀/RC, ET₀/RC, and DI₀/RC. Panel B shows Jᵢ, Vᵢ, and Mₒ. Panel C shows φP₀, φE₀, and Ψ₀. Panel D shows PIₐᵦₛ and Fᵥ/Fₘ. Each panel includes error bars and labels CK, LD, MD, SD, and RD, with varying values for each parameter.]
Figure 6 | Effects of drought stress and rehydrated on chlorophyll fluorescence of C. multiflorus. There was a significant difference between the different English letters marked in the figure (P < 0.05).




3.5.2 Changes on the Acceptor Side of PSII

From Figure 6B, the [image: Italicized letter "M" with a subscript letter "O".]  increased by 9.57%, 21.80% and 41.95% under LD, MD and SD, compared to CK. The [image: The image shows the mathematical notation "J" with a subscript "i".]  increased by 9.67%, 24.79% and 47.36%, respectively, compared to CK. The [image: Subscript notation with the letter "V" and subscript "i".]  increased by 10.69%, 26.27% and 53.42%, respectively, compared to CK. After RD treatments, [image: The image shows the letter "M" with a subscript "o" in italics, likely representing a variable or constant in a mathematical or scientific context.] , [image: Italicized letter "J" with a subscript lowercase "i".]  and [image: \( V_i \) is a mathematical notation representing a variable \( V \) with a subscript \( i \).]  decreased by 25.10%, 30.84% and 31.44%, respectively, compared to that of SD. From Figure 6C, the [image: Φ (Phi) subscript P O in small font.]  decreased by 8.62%, 21.33% and 41.54% under LD, MD and SD, respectively, compared to CK. The [image: Mathematical expression featuring the Greek letter phi followed by the capital letters E and O.]  decreased by 11.85%, 25.33% and 44.83% respectively, compared to CK. The [image: Greek letter psi followed by a subscript zero.]  decreased by 8.55%, 21.62% and 45.43% respectively, compared to CK. After RD treatments, [image: The Greek letter phi with a subscript "PO".] , [image: Greek letter phi followed by the letters E and O in subscript.] , [image: Greek letter psi with a subscript zero.]  and [image: Greek letter Psi with a subscript zero next to it.]  increased by 50.19%, 52.76% and 61.25% respectively, compared to that of SD.




3.5.3 Changes in blade performance index and 

From Figure 6D, the [image: Mathematical notation showing "PI" in italics with the subscript "ABS".]  decreased by 10.58%, 28.70% and 48.25% under LD, MD and SD, respectively, compared to CK. The [image: Italicized formula showing "F subscript v over F subscript m."]  decreased by 3.39%, 8.31% and 15.60%, respectively, compared to CK. After RD treatments, [image: The text "P I" in bold italics is displayed in a superscript position above the smaller text "A B S" in regular font.]  and [image: Text showing the formula "F sub v over F sub m," which is often used to represent a measure of the maximum quantum efficiency of photosystem II in plants.]  increased by 68.80% and 11.65% respectively, compared to that of SD. It can be seen that the photosynthetic performance index [image: The image shows the text "PI" with the subscript "ABS".]  of C. multiflorus leaves was more sensitive to drought stress than [image: Text displaying the formula "F sub v divided by F sub m".] .





3.6 Correlation analysis of water status and photosynthetic characteristics of C. multiflorus under drought stress and rehydrated

As can be seen from Figure 7, there was a significant or extremely significant positive correlation between the water status indicators of C. multiflorus such as leaf water potential, RWC, average stomatal length, average stomatal width, average stomatal aperture, all-day sap flow, daytime sap flow and the photosynthetic characteristics indicators including net [image: The image shows the mathematical notation "P subscript n".] , stomatal conductance, [image: Italic letter T with a subscript r, likely representing a variable or notation in a mathematical or scientific context.] , WUE, [image: Text displaying "ABS/RC" in a serif font.] , [image: Text shows "TRo/RC" with the "o" in a subscript position.] , [image: Text showing "ET subscript o slash RC".] , [image: Greek letter phi with subscript letters "P" and "O".] , [image: The image shows the Greek letter phi followed by the capital letters E and O.] , and [image: Psi symbol with a subscript zero.] . There was a significant or highly significant negative correlation with both [image: Text displaying "DI" with a subscript "o" followed by "/RC" in italics.]  and [image: Mathematical notation with the letter "M" and a subscript "O".] . Leaf water potential, RWC, mean stomatal width, mean stomatal aperture and all-day sap flow were significantly or highly significantly negatively correlated with [image: The image shows the notation "V" with a subscript "i".]  and [image: The image shows a stylized letter "J" with a subscript "i".] . Mean stomatal length was negatively and significantly negatively correlated with [image: Subscript notation "V" with subscript "i".]  and [image: Lowercase letter "i" is placed as a subscript to the uppercase letter "J".] , respectively. Mean stomatal density and daytime sap flow were negatively correlated with [image: Subscript notation of "V" with "i" displayed in mathematical or scientific context.]  and [image: Stylized letter "J" with a subscript "i" in italic font.] .

[image: A correlation matrix heatmap displaying relationships between various plant physiological parameters. The matrix uses a color scale from red (positive correlation) to blue (negative correlation). Some cells contain asterisks indicating statistical significance at p ≤ 0.05. Parameters include Leafwaterpotential, RWC, and Stomatal traits, among others. A vertical color bar shows the correlation values ranging from -1 to 1.]
Figure 7 | Correlation analysis of water status and photosynthetic characteristics of C. multiflorus under drought stress and rehydrated.

Significantly, a positive correlation was observed between the ratio of nocturnal water refilling and various plant parameters including leaf water potential, leaf relative water content, mean stomatal length, mean stomatal width, mean stomatal aperture, and mean stomatal density. Additionally, there was a notable positive correlation between the ratio of nocturnal water refilling and all-day as well as daytime sap flow. Interestingly, a significant negative correlation was found between the ratio of nocturnal water refilling and nocturnal sap flow. The ratio of nocturnal water refilling was positively correlated with the photosynthetic characteristics of [image: The image shows the mathematical notation "P" with a subscript "n".] , stomatal conductance, [image: The image shows the letter "T" with a subscript "r" in a mathematical or scientific notation style.] , WUE, [image: Text displaying "ABS/RC" in uppercase letters with a slash between the two parts.] , [image: Mathematical expression showing "T" and "R" in uppercase, with a subscript "O" and a slash, followed by "R" "C" in uppercase.] , [image: Text showing the formula "ET subscript o divided by RC".] , [image: Greek letter phi subscripted with P and O in a small font size.] , [image: Greek letter phi followed by uppercase E and O.] , [image: Greek letter psi with subscript zero.]  and negatively correlated with [image: Text showing "DI" with subscript "o" followed by "/RC".] , [image: Italic capital letter M followed by a subscript lowercase letter o.] , [image: Lowercase letter "i" as a subscript to the uppercase letter "V".]  and [image: Italic letter "J" with a subscript "i".] .




3.7 Principal component analysis of indicators of water status and photosynthetic characteristics of C. multiflorus under drought stress and rehydrated

The 25 drought tolerance indicators of C. multiflorus under different drought levels and rehydrated states were analyzed by principal component analysis. The first 2 principal components had a cumulative contribution of 96.351% and an eigenvalue > 1, which was mainly representative (Table 1). The contribution rate of principal component I was 86.366%, and the loadings of the other 19 indicators in principal component I were 0.2022∼0.2148 (including negatively correlated indicators). The contribution of principal component II was 9.9856%, the loadings of nocturnal sap flow, the ratio of nocturnal water refilling and nocturnal transpiration on principal component II were higher, indicating that principal component II mainly reflected nocturnal water refilling and nocturnal transpiration of C. multiflorus under drought stress (Supplementary Table 1).


Table 1 | Eigenvalue of two principal components and contributions.

[image: Table showing eigenvalues, contributions, and cumulative contributions. Principal 1: Eigenvalue 21.5914, Contribution 86.3658%, Cumulative 86.3658%. Principal 2: Eigenvalue 2.4964, Contribution 9.9856%, Cumulative 96.3513%.]



3.8 DEGs analysis and GO analysis under drought stress and rehydrated of C. multiflorus

The Spearman correlation of the leaves of C. multiflorus was calculated by selecting the genes with mean FPKM expression greater than 1. As shown in Figure 8B, the correlation between different treatments was high, indicating that the biological repetition was reliable. All DEGs (FC > 1, P < 0.01) were further processed by Z-Scrae method, and then cluster analysis was performed by machine learning K-Means method (parameter n = 5). A total of 5 categories were clustered (Figure 8A). Among them, in the second category (Figure 8C), the expression of DEGs was significantly up-regulated in SD, and was significantly down-regulated in RD. In the third category and the five categories (Figure 8D, E), the opposite was true, indicating that these three types of DEGs were related to drought in C. multiflorus.

[image: Heatmap and line graphs displaying gene expression data. Panel A shows a heatmap with gene IDs and samples CK, SD, and RD, colored from blue to red representing expression levels. Panel B is a correlation matrix. Panels C, D, and E are line graphs showing FPKM values across CK, SD, and RD samples with varying trends.]
Figure 8 | Spearman correlation analysis and DEGs cluster analysis of RNA expression in (C) multiflorus leaves under drought stress and rehydrated. (A) DEGs cluster analysis; (B) Spearman correlation analysis; (C) linear fitting of the second category; (D) linear fitting of the third category; (E) linear fitting of the fifth category.

GO analysis showed that the GO terms with significantly up-regulated DEGs expression in SD were mainly enriched in positive regulation of stress-activated MAPK cascade, regulation of JUN kinase activity, positive regulation of JUN kinase activity, positive regulation of JNK cascade, positive regulation of stress-activated protein kinase signaling cascade and innate immune response activating cell surface receptor signaling pathway (Figure 9A).

[image: Three dot plots labeled A, B, and C show varying biological processes, molecular functions, and cellular components against p-values. Colors reflect significance levels, with darker red indicating higher enrichment. Each plot lists specific gene ontology terms on the y-axis.]
Figure 9 | GO analysis of different categories of C. multiflorus leaves under drought stress and rehydrated. (A) GO analysis of the second category; (B) GO analysis of the third category; (C) GO analysis of the fifth category.

GO terms with significantly down-regulated DEGs expression in SD were mainly enriched in phytosphingosine metabolic process and D-erythro-sphingosine kinase activity (Figure 9B), regulation of amine transport, regulation of amino acid transport, regulation of amino acid export, negative regulation of histone H4 acetylation, and regulation of amino acid transmembrane transport (Figure 9C).





4 Discussion



4.1 Effect of drought-rehydrated on water status of C. multiflorus

With the intensification of drought stress, leaf water potential (Figure 1A), RWC (Figure 1B) and Tr (Figure 4) of C. multiflorus decreased significantly under different drought stresses. This is the same as the findings of other scholars (Song et al., 2022a; Ichie et al., 2023; Wang et al., 2021). The reason may be the significant reduction in leaf stomatal morphology (length, width and opening) in C. multiflorus during MD (Figure 3). This pathway reduces transpiration of C. multiflorus. (Figure 4B). However, under SD, the leaves had been severely dehydrated, stomata were forced to close, and the number of stomata was significantly reduced (Figure 3), leaf Tr was also reduced to a minimum, which is consistent with the findings of (Tardieu and Tuberosa, 2010; Xu et al., 2023). It is shown that C. multiflorus controls transpirational water consumption by changing stomatal morphology and density to exchange water with environment.

With the intensification of drought stress, the all-day and daytime stem sap flow of C. multiflorus decreased progressively (Figure 3). This may due to the fact that leaf water deficit occurs earlier when soil moisture is deficient, in the before noon, the stomatal aperture decreases significantly or partially closes, and the transpiration intensity decreases drastically as a result (Kang et al., 2007). C. multiflorus did not show a clear ‘double peak’ under LD and SD, while there was a clear ‘double peak’ under SD (Figure 3). It showed that C. multiflorus had an obvious ‘lunch break’ phenomenon under SD, and its physiology was severely stressed. It is shown that C. multiflorus can survive in soil relative water content above 5 to 10%(SD), but optimal growing conditions are when the soil contains more than 40% (LD) relative water.

During drought stress, the soil water content decreases and the conduits in the xylem of plants are under extreme negative pressure, which results in the failure of xylem function due to embolism of air pockets in the conduits, and water conduction will be limited (Guo et al., 2007). It is noteworthy that with increasing drought stress, C. multiflorus had both nocturnal stem rehydrated and nocturnal transpiration during the night, with a gradual increase in nocturnal sap flow in the stem and a gradual decrease in nocturnal transpiration. It was shown that C. multiflorus was able to alleviate its own water deficit by increasing nocturnal sap flow and reducing plant capacitance and air cavity formation as a way to enhance drought tolerance and avoid plant hydraulic failure or even death due to drought, which was the same as the study of Klein (Klein et al., 2018; Cochard and Delzon, 2013) and Zeppel (Zeppel et al., 2019).

When C. multiflorus was treated with rehydrated after SD, the leaf stomatal morphology and stomatal density indices were able to recover to the level between LD and MD; leaf water potential and RWC were able to recover to levels between MD and SD. In contrast, the variables of stem all-day sap flow, daily sap flow, nightly sap flow and nightly transpiration were not significantly different when compared with the SD. Possibly because when the tree is re-watered, the water potential increases, opening and restoring stomata (Liu et al., 2024), and leaf transpiration resumes again, thereby providing suction for water movement within the tree. However, under SD, xylem tracheal tissue of C. multiflorus may experience severe air pocket embolism, which renders the xylem functionally ineffective and limits water conduction (Dai et al., 2017). It was further shown that the stomata of C. multiflorus have a strong ability to ‘sense’ and regulate re-watering, and to control transpirational water consumption of C. multiflorus by changing the stomatal morphology and density for water exchange with the surrounding environment.




4.2 Effect of drought-rehydrated on photosynthetic characteristics of C. multiflorus

The results of the present study showed that the more severe the drought stress in C. multiflorus, the greater the degree of stomatal closing. This led to a significant decrease in [image: The image shows the mathematical notation "G" with a subscript "S".]  and caused a significant limitation of [image: The image shows the mathematical notation "P" with a subscript "n".] , resulting in a significant inhibition of photosynthesis, which was the same as that of the studies conducted by Han (Han et al., 2021), Liu (Liu et al., 2024). Therefore, the self-protection mechanism adopted by C. multiflorus under drought stress is one of the main reasons for the limitation of photosynthesis (Wang et al., 2019; Zhang et al., 2019).

Plants can adapt to drought stress by rationally coordinating the relationship between photosynthetic carbon assimilation and water consumption, thereby regulating changes in leaf water use efficiency (WUE) (Mohammad et al., 2023). When under LD (RWC of 25 to 30%), stomata partially closed and both [image: The text "P sub n" written in italics, representing a mathematical notation with subscript "n".]  and [image: Uppercase letter "T" with a subscript lowercase "r".]  began to decline, but the decline in [image: Italic uppercase letter "T" with subscript lowercase "r".]  was greater than the rate of decline in [image: Mathematical notation with the letter "P" followed by a subscript "n".] , resulting in an increase in WUE. It indicates that MD can increase the WUE of C. multiflorus leaves, which is the same as the findings of Song (Song et al., 2022a).

Drought stress injured both the PSII reaction center and the receptor side of C. multiflorus leaves and impeded photosynthetic electron transport (both [image: Italicized letters "PI" with subscript "ABS".]  and [image: Text shows the scientific notation "F sub v slash F sub m" representing the ratio of variable to maximum chlorophyll fluorescence, used to assess plant photosynthetic efficiency.]  were decreased). This was mainly due to the fact that drought treatment resulted in the blockage of both electron transfer from the PS II receptor side [image: Text showing the letters "Q" and "A" in stylized font with the letter "A" as a subscript.]  to the secondary quinone receptor [image: The image shows the symbol "Q" with a subscript "B".]  and acceptance of electrons by the plastoquinone [image: Lowercase letter "p" followed by uppercase letter "Q" in italics.]  pool in C. multiflorus ([image: The image shows the mathematical notation "V" with a subscript "j".] , [image: The image shows the letter V with a subscript i.]  increased). The degree of opening of active PSII reaction centers and the capacity of [image: Italicized lowercase "p" and uppercase "Q".]  pools decreased, and the ability of the PSII receptor side of the [image: Text displaying the letters "Q" and "A", with "A" as a subscript to "Q".]  to transfer electrons decreased ([image: Psi symbol with a subscript letter "o".] , [image: Lowercase Greek letter phi followed by the uppercase letter E and a subscript uppercase letter O.]  and [image: The Greek letter phi followed by the subscript RO.]  decreased, and [image: Uppercase letter "M" with a subscript "o."]  increased). As well as degradation or inactivation of reaction centers and reduced capture of light energy by antenna pigments ([image: Text showing "ABS/RC".]  and [image: Text showing "E T subscript o slash R C."]  decrease). This is the same as the findings of Mohammad (Mohammad et al., 2023) and Wu (Wu et al., 2019). However, when the reaction center of C. multiflorus was stressed, it allowed a decrease in trapped light energy ([image: Mathematical notation showing "T" and "R" with a subscript "O" over "R" and "C".] ) and induced an increase in heat dissipation ([image: DI subscript o divided by RC.] ). This suggests that C. multiflorus initiated corresponding defense mechanisms after being subjected to drought stress, defending against excessive accumulation of light energy through reversible inactivation of PSII and reduction of light energy uptake, quantum yield and electron transfer on the one hand, and reducing the accumulation of excess excitation energy by which is the same as the findings of Song (Song et al., 2022b). This is consistent with the research results on the drought resistance mechanism of Vitis vinifera L (Shtai et al., 2024). and Jatropha curcas (Sapeta et al., 2023).

The rehydrated of C. multiflorus after severe drought can photosynthesis and chlorophyll fluorescence to the level of MD. This indicated that the photosynthetic reaction center PSII of C. multiflorus had been repaired to a certain extent after the damage, but it had not been restored to the level before drought stress. The photosynthetic reaction center of C. multiflorus was still photoinhibited. This is the same as the findings of Wei (Wei et al., 2018).




4.3 Coupling of water status and photosynthetic carbon assimilation in C. multiflorus and adaptation strategies

The leaf water potential of C. multiflorus at SD was -4.97 Mpa, which was 4.44 MPa lower than that of CK, while the [image: Lowercase letter "p" with a subscript "n."] , [image: Text "G sub S" in a serif font, indicating a subscripted notation often used in mathematical or scientific contexts.] , [image: Italic letter "T" with a subscript "r".]  and all-day sap flow of C. multiflorus at SD were 44.92%, 41.29%, 52.39% and 57.65% of CK, respectively. It may be because the leaf water potential was delayed by 2 days compared with the photosynthetic index measurement, which led to a further reduction of soil moisture and a more serious water stress on C. multiflorus. When the stem sap flow and leaf water potential were measured on a different day, the environmental factors (temperature, air humidity, etc.) would affect the sap flow. However, the water status parameters of C. multiflorus (except for nocturnal sap flow, the ratio of nocturnal water refilling, and nocturnal transpiration) showed significant or highly significant correlations with photosynthetic characteristics and chlorophyll fluorescence parameters. In particular, stomatal aperture and stomatal conductance of C. multiflorus leaves showed significant or highly significant correlations with water status parameters (except for nocturnal sap flow, the ratio of nocturnal water refilling, and the ratio of nocturnal transpiration), photosynthetic characteristics, and chlorophyll fluorescence parameters. This was because stomatal function was capable of controlling plant water status and photosynthesis at the same time (Peláez-Vico et al., 2024). When C. multiflorus was subjected to drought stress, the decrease in its hydraulic conductivity, which caused a decrease in the stomatal parameters, further reducing the activity of the photosynthetic apparatus and reducing CO2 influx, ultimately leading to a decline in photosynthesis (Han et al., 2022; Bonoso et al., 2020). This suggests a highly coupled relationship between water status parameters and photosynthesis parameters in C. multiflorus (Sebastià et al., 2014; Reddy et al., 2019; Limousin et al., 2013).

From the principal component analysis of 25 drought tolerance variables of C. multiflorus under different drought degrees and rehydrated status (Table 1), it can be seen that the cumulative contribution of principal component I and principal component II reached 96.3513%, and the eigenvalue was >1, which was mainly representative. Although nocturnal sap flow, the ratio of nocturnal water refilling, and nocturnal transpiration of C. multiflorus had lower loadings on principal component I, they had higher loadings on principal component II. And with the intensification of drought stress, the proportion of nocturnal sap flow in all-day sap flow and the ratio of nocturnal water refilling tended to increase, reflecting the strategy and ability of C. multiflorus to cope with drought changes by compensating for tree sap, which was the same as that in the studies of Li et al (Li et al., 2023), Liu et al (Liu et al., 2023a). This is because the residual effects of water stress are mainly caused by hydraulic dysfunction (Gori et al., 2023), whereas nocturnal sap flow compensates for the internal water deficit of the tree and transports nutrients essential for plant growth and development (Zhang et al., 2022). At the same time, it increased the stem and leaf water potential of the plant before dawn (Fang et al., 2018). In addition, nocturnal sap flow helps to reduce plant xylem embolism and aerial cavity formation, avoiding the phenomenon of plant water failure or even death due to drought (Zeppel et al., 2019). Therefore, nocturnal sap flow cannot be ignored in the study of drought stress in plants.

When C. multiflorus is subjected to drought stress, on the one hand, C. multiflorus leaves reduce transpiration rate and water loss by changing stomatal morphology and stomatal density, and also maintain their own water balance by increasing the nocturnal sap flow rate and nocturnal water refilling to maintain their physiological and metabolic activities. On the other hand, with the intensification of drought, the [image: The image shows the notation "G" with a subscript "S" in a serif typeface.]  of C. multiflorus leaves showed an overall decreasing trend, and stomatal restriction led to the reduction of photosynthetic performance. But stomata have a strong ability to ‘sense’ and regulate the rehydrated after SD. They exchange water vapour and gas with the surroundings by changing stomatal morphology and stomatal density, thereby control the water consumption of C. multiflorus. In addition, when subjected to drought stress, C. multiflorus will have activated the appropriate defence mechanisms to defend against excessive accumulation of light energy and promote heat dissipation, protecting the photosynthetic performance of C. multiflorus leaves as much as possible. This is the same as drought-avoidant plants such as Nitraria tangutorum (Liu and Zheng, 2024), Genista versicolor (Albrecht et al., 2024), and deciduous oak (Kaproth et al., 2023). During drought stress, plant morphology and cell metabolism are rearranged (e.g., stomatal closure and leaf rolling, etc.) to avoid or reduce water deficit in plant organs and tissues (Hassan et al., 2023; Perlikowski and Kosmala, 2020). Therefore, to some extent, it can be tentatively assumed that C. multiflorus also belongs to drought-avoiding plants.




4.4 Stress response of transcriptome factors of C. multiflorus under different drought stress and rehydrated conditions

The abundance of transcripts changed significantly in SD, and the number of up-regulated or down-regulated DEGs was relatively large. It was indicated that under SD, the normal physiological function of the leaves of C. multiflorus were seriously disturbed, and the gene expression pattern changed dramatically. But C. multiflorus had strong tolerance and recovery ability, which was the same as that of Carya illinoinensis (Wu et al., 2022), and Cerasus humilis (Vastag et al., 2020).

The gene expression of phytosphingosine metabolic process, D-erythro-sphingosine kinase activity, respiratory chain complex III assembly and mitochondrial respiratory chain complex III assembly were significantly down-regulated in SD. It was indicated that SD might lead to the decrease of antioxidant capacity and the inhibition of respiration in C. multiflorus (Figure 9B), which was the same as the inhibition of antioxidant enzyme system and respiration in Atractylodes lancea (Thunb.) DC. under SD (Zhang et al., 2021). The gene expression of Chloroplast thylakoid lumen, tryptophan synthase activity, plastid thylakoid lumen, and tryptophan synthase activity were significantly down-regulated, indicating that SD might cause photosynthesis to be blocked (Figure 9C), which was the same as Xanthoceras sorbifolium bunge (Liu et al., 2023b).

Although severe drought severely inhibited the respiration, photosynthesis and antioxidant capacity of C. multiflorus, it could activate the regulation of stress-activated MAPK cascade and JUN kinase activity. The expression of the gene regulating osmotic pressure and closing stomatal (glyceraldehyde-3-phosphate dehydrogenase, NAD+) was up-regulated, which indicated that C. multiflorus would strengthen the drought defense mechanism, promote stomatal closure, reduce transpiration water loss, and vigorously regulate water balance in the body, exhibiting a series of “self-saving” behaviors.





5 Conclusion

In conclusion, we systematically investigated the response,coupling mechanisms and molecular mechanisms of water status, photosynthetic characteristics, chloroplast fluorescence parameters and other indicators of C. multiflorus in response to drought and rehydrated after drought stress. Our results showed that water status of C. multiflorus was highly coupled with photosynthetic characteristics and chloroplast fluorescence parameters during drought stress. C. multiflorus could regulate transpiration and photosynthesis by regulating stomatal status and initiating a series of physiological activities through gene regulation. Such as defending against overaccumulation of light energy and promoting heat dissipation, to achieve a balance between hydraulic conductance in response to drought stress. In addition, C. multiflorus maintains its own water balance by increasing nocturnal sap flow and nocturnal water refilling to avoid or reduce water deficit in plant organs and tissues. Therefore, the shrub C. multiflorus is a drought-tolerant plant.
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Class III peroxidases are plant-specific glycoproteins and widely distributed among plant species, that play a crucial role in plant resistance to different stresses, such as salt, heat, cold and metal toxicity. The present study is the first comprehensive and systematic report to characterize the NcPOD gene family in water lily (Nymphaea colorata). In this study, 94 NcPOD genes in water lily were identified, each possessing a conserved POD domain, which are dispersed unevenly across the genome. Through comparative maximum-likelihood phylogenetic analysis, these genes were categorized into 10 groups, along with two other species, Arabidopsis thaliana and Nymphaea thermarum. Notably, the largest group, group-c, comprised 32 distinct types of NcPOD proteins. These genes exhibited uneven distribution on 11 of the 14 chromosomes of water lily. Exon-intron and motif analyses exhibited the structural and functional diversity among the sub-groups. The Examination of duplication patterns suggests that tandem duplication has contributed to the expansion of NcPOD genes. The analysis of promoter cis-acting elements indicated the presence of regulatory elements associated with various responses such as ABA, MeJA, light responsiveness, anaerobic conditions, and drought inducibility. Finally, the RT-qPCR based expression and enzymes activity of ten NcPOD genes depicted the dynamically differential response to NaCl, heat, cold, and heavy metals (CuSO4 and CdCl2) stresses. These findings provide valuable insights for future exploration of NcPOD functions in water lily growth and stress tolerance, laying a foundation for further comparative genomics and functional studies of this important class of antioxidant genes.
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1 Introduction

Peroxidases, often referred to as PODs, represent a diverse group of enzymes responsible for catalyzing the oxidation of numerous substrates by utilizing hydrogen peroxide (H2O2) as an oxidizing mediator. These enzymes are found in all living organisms and can be categorized into different families based on their structural and catalytic characteristics (Pandey et al., 2017). Among them, one particular family, class III peroxidases (EC 1.11.1.7), is unique to the plant kingdom. Enormous varieties of POD isozymes encoded by a multigene family has been reported within higher plants (Passardi et al., 2004b; Kidwai et al., 2020). However, the abbreviation used in the papers differs as POD or PRX. Though, in this study, POD was used to distinguish it from another group of peroxidases.

Over the past few decades, extensive research has been conducted to unravel the functions of POD genes across various plant species. These genes have been confirmed to play a vital role in a wide range of physiological and developmental processes. Their functions include cell elongation, the creation of cross-links within cell wall components, the formation of lignin and suberin, the scavenging of reactive oxygen species (ROS), wound healing, phytoalexin synthesis, and defence responses against both abiotic and biotic stresses (Hiraga et al., 2001; Gabaldón et al., 2005; Passardi et al., 2005; Daudi et al., 2012; Qiang et al., 2023). Additionally, PODs have the capability to catalyze the phytohormone auxin and produce hydroxyl radicals and H2O2, which play intricate roles in defence signalling (Gaspar et al., 1985; Joo et al., 2001). Numerous functional studies have previously highlighted the role of PODs in enhancing crop plants’ tolerance to various environmental stresses (Obaid et al., 2024). For instance, when Arabidopsis peroxidase 64 (AtPrx64) was overexpressed in transgenic tobacco plants, they exhibited enhanced tolerance to aluminium stress (Wu et al., 2017). Similarly, the cold-inducible gene RCI3 (AtPrx3) encoded a POD in A. thaliana, providing increased tolerance to salt and drought stresses (Llorente et al., 2002). The germination rate was improved by overexpressing the peroxidase genes extracted from Catharanthus roseus (CrPrx & CrPrx1) against cold, salt and dehydration stresses (Kumar et al., 2012). In tomatoes, reduced susceptibility to bacterial fleck was achieved through the down-regulation of the Ep5C gene, encoding a POD (Coego et al., 2005). Knock-out lines of pepper lacking the extracellular gene CaPO2 displayed increased vulnerability to bacterial pathogens, while overexpression of CaPO2 conferred enhanced resistance (Choi et al., 2007). Furthermore, transgenic carrot plants overexpressing the rice cationic POD gene OsPrx114 exhibited heightened resistance to fungal diseases (Wally and Punja, 2010). Some maize POD genes are under the regulation of hormones and pathogen elicitors (Mika et al., 2010). Similarly, the overexpression of GsPRX9 in soybean composite seedlings led to improved tolerance to salt stress (Jin et al., 2019). These collective findings accentuate the positive contribution of class III plant peroxidases in responding to both biotic and abiotic stresses.

In various plant species, comprehensive whole-genome analyses have unveiled the members of the class III POD family, highlighting their essential roles in both defence responses and the regulation of plant growth and development. For example, tobacco (Nicotiana tabacum) comprised (210) (Cheng et al., 2022), Arabidopsis found 73 PODs (Tognolli et al., 2002; Duroux and Welinder, 2003; Valério et al., 2004), rice (Oryza sativa) contained 138 PODs (Passardi et al., 2004a), Populus trichocarpa had 93 PODs (Ren et al., 2014), Medicago sativa possessed 102 PODs (Behr et al., 2015), maize encompassed 119 PODs (Wang et al., 2015), and 94 PODs were identified in Pyrus bretschneideri (Cao et al., 2016).

Water lilies are aquatic plants of global horticultural and economic importance and among the earliest diverging angiosperms – Darwin’s abominable mystery –150 million years ago (Mya) (Zhang et al., 2020). The water lily (order Nymphaeales), comprises around 100 species of aquatic herbs, and plays a crucial role in evolutionary biology (Xiong et al., 2023; Khan et al., 2024). These plants are classified within the ornamental-rich genus Nymphaea (Borsch et al., 2007). Numerous Nymphaea species are globally recognized as important aquatic plants, known for their different colors, prolonged blooming periods, high stress tolerance, and adaptability (Chen et al., 2017). Their flowers are mostly used in tea making, as fresh cut flowers, and as well as in textile production (Khan et al., 2023). The water lily specie Nymphaea colorata, commonly known as blue pygmy or colorata, is a highly valued ornamental aquatic plant admired for its vibrant flower colours and attractive shapes. Its small size and nonviviparous nature make it ideal for small- to medium-sized water gardens. The plant feature leaves around 10 cm in diameter, which are green on the upper surface and have a bluish-violet color on the underside of the leaf. The flowers, are cup-shaped, and violet-blue, with a paler tone at the base of the petals and stamens (Zhang et al., 2020; Khan et al., 2024). They are also slightly fragrant, increasing their ornamental demand. These distinctive traits have contributed to the growing popularity of N. colorata in aquatic gardens worldwide. Furthermore, the species has been utilized in breeding programs across the globe. The first water lily (N. colorata) genome sequence was released in nature in 2020 (Zhang et al., 2020), though the POD gene family has not yet been identified in any species of water lily.

In the current study, we conducted a comprehensive bioinformatics analysis of the POD gene family of water lily and elucidated their roles in responding to various abiotic stressors, including NaCl, heat, cold, and heavy metals. We successfully identified a total of 94 genes within the water lily genome for the first time, subjecting them to thorough genome-wide analysis. This analysis encompassed the examination of physicochemical properties, phylogenetic relationships, motif composition, gene structure, promoter sequences, RT-qPCR, and enzymes accumulation in response to abiotic stresses. The conclusions of this study are expected to serve as a valuable resource for future research on water lily species and lay the base for the functional characterization of the POD gene family.




2 Materials and methods


2.1 Sequence data retrieval and identification of NcPOD genes

All NcPODs including genomic and coding sequences were obtained from the Phytozome database. The 73 POD genes of Arabidopsis (http://www.arabidopsis.org/index.jsp accessed on 15 March 2024) had their protein sequences obtained from the corresponding database (Lamesch et al., 2012). To identify POD genes in the water lily genome, the Arabidopsis POD sequences were used as queries. Additionally, an HMMER-based search was conducted to predict POD proteins in the water lily genome (Potter et al., 2018). Then, all the predicted POD sequences underwent further validation through BLAST searches using the Pfam (PF00141) (http://pfam.xfam.org/accessed on 19 March 2024), and conserved domain (CDD) databases (Finn et al., 2007; Marchler-Bauer et al., 2015). In last all, the POD genes obtained from HMMER and BLAST were scrutinized using SMART (http://smart.embl-heidelberg.de/ accessed on 20 March 2024) to confirm the presence of POD conserved domains (Letunic et al., 2012). Finally, any redundant proteins or proteins identified as ascorbate peroxidases were manually reviewed and excluded.




2.2 Examination of protein characteristics and in-silico subcellular localization

The ExPASy proteomics server (http://web.expasy.org/protparam/) was used to assess the physiochemical properties of NcPOD proteins. This analysis included parameters such as the number of amino acids, chromosome length, molecular weight (MW), isoelectric points (pI), and the grand average of hydropathicity (GRAVY) (Gasteiger et al., 2003). To predict the subcellular localization of POD proteins, the WoLF PSORT (https://wolfpsort.hgc.jp/ accessed on 25 March 2024) (Edgar, 2004) and the ProtComp 9.0 server (http://linux1.softberry.com/ accessed on 30 March 2024) was employed (Khan et al., 2023).




2.3 Analysis of conserved motifs and NcPOD domains

The MEME program with default settings (https://meme-suite.org/meme/db/motifs accessed on 5 April 2024) was used to identify conserved motifs within all protein sequences (Bailey et al., 2009). Subsequently, TBtools (V 1.068, https://github.com/CJ-Chen/TBtools/ accessed on 7 April 2024) was employed to visualize the phylogenetic tree, conserved motifs, and conserved domains of the NcPOD family genes (Chen et al., 2020).




2.4 Phylogenetic analysis of POD proteins

To create a phylogenetic tree, the POD protein sequences identified in N. colorata, A. thaliana, and N. thermarum were used. Alignment of the PODs was conducted employing the CLUSTALW method (Thompson et al., 1994). Subsequently, the phylogenetic tree for the POD family proteins was constructed using the maximum-likelihood model in MEGA-X (https://megasoftware.net/home accessed on 15 April 2024) (Kumar et al., 2016) with 1000 bootstrap replicates. Finally, the resulting phylogenetic tree was improved through the online tool iTOL (https://itol.embl.de/; accessed on 17 April 2024) (Letunic and Bork, 2021).




2.5 Mining cis-regulatory elements in NcPODs

The 2000 bp upstream regions was mined from the transcription start sites for all NcPODs, obtaining the data from the Phytozome database. These sequences were then subjected to a search for potential cis-acting regulatory elements through the PlantCARE tool (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/ accessed on 27 April 2024) (Lescot et al., 2002). The results of this analysis were manually processed and visualized using the ‘Basic Biosequence View’ feature in TBtools v1.108 software (Chen et al., 2020).




2.6 Gene structure, chromosomal location and synteny analysis

The CDS sequences of PODs were obtained from the genomic structure information (GFF) of the genome and then visually examined their intron and exon structures utilizing the Gene Structure Display Server (GSDS; http://gsds.cbi.pku.edu.cn/index.php accessed on 29 April 2024) (Guo et al., 2007). To generate a schematic diagram, TBtools were employed. The chromosomal locations of NcPOD family genes in the N. colorata genome were obtained and visualized using the GFF3 annotation file with TBtools v.2.069 software (Chen et al., 2020). Genome assemblies of both N. colorata and A. thaliana were utilized to calculate synteny and collinearity and create a dual synteny plot using the MCScanS program within TBTools (V 1.068, https://github.com/CJ-Chen/TBtools/ accessed on 1 May 2024) (v1.0692).




2.7 Plant materials and abiotic stresses

To investigate the response of N. colorata POD antioxidant genes to various abiotic stresses, including salinity (250 mM), heat (42°C), cold (08°C), and heavy metals (Cu; CuSO4 200 µM and Cd; 2.5 mM CdCl2), experiments were conducted (Khan et al., 2023). The water lily (N. colorata) plants were obtained from National Key Laboratory for Tropical Crop Breeding, College of breeding and multiplication, Sanya Institute of Breeding and Multiplication, Hainan University, Sanya, China. The mature N. colorata plants were grown in a water tub filled with tap water under an open atmosphere. Each treatment consisted of three separate biological replicates, with samples collected from at least five individual plants. Leaves from the plantlets were collected at 0, 2, 4, and 6 h for the heat, salt, cold, and heavy metal stress. After collection, all samples were immediately frozen in liquid nitrogen and stored at −80°C until total RNA extraction.




2.8 RNA extraction and real-time quantitative PCR expression analysis

RNA was extracted utilizing the RNAprep Pure Plant Kit (TIANGEN, Beijing, China), and the concentration of the samples was measured with a NanoDrop 2000 C spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Removal of genomic DNA was accomplished through DNase I treatment, followed by cDNA synthesis using the QuantiTect Reverse Transcription Kit (Qiagen, Shanghai, China). The RT-qPCR expression was performed on the Roche LightCycler 96 PCR system, following the recommended guidelines for the ChamQTM SYBR RT-qPCR Master Mix (Vazyme Biotech Co., Ltd., Sanya, China). Gene-specific primers (S1) for NcPOD and Nc-Actin were designed using the online NCBI Primer-BLASTProgram and their specificity was confirmed utilising the Oligo Calculator online tool (http://mcb.berkeley.edu/labs/krantz/tools/oligocalc.html accessed on 10 June 2024). Three biological replicates for each sample were employed for RT-qPCR. The 2 −ΔΔCT method was used to analyze gene expression (Jozefczuk and Adjaye, 2011).




2.9 Antioxidant POD enzyme activity of N. colorata

To evaluate the POD antioxidant enzyme activity, frozen samples (leaf, 6 h stressed) weighing 0.5 g were finely ground using liquid nitrogen and then homogenized with 4.5 ml of normal saline (0.154 M), following the protocol in the provided kit. The homogenate was subjected to centrifugation at 12,000 rpm and 4°C for 10 minutes. The resulting supernatant was transferred to a separate falcon tube for subsequent enzyme analysis. For the determination of POD activity, the instructions from kits (A084-3, Nanjing Jiancheng Bioengineering Institute in Nanjing, China) were exactly followed. The wavelength of POD activity was noted at 420 nm using a photometer (Lambda 25 UV/VIS Spectrophotometer).




2.10 Statistical analysis

Statistical analysis was accomplished using SPSS software (version 9.1, SPSS Institute Inc. Cary, NC, USA). Different stars and alphabets indicate a significant difference between the concentrations (p ≤ 0.05). For three replications of each treatment, the represented data are the means ± standard errors (SE). Fisher’s least significant difference (LSD) test was employed (p ≤ 0.05), to analyze the differences among the concentration.





3 Results


3.1 Characterization of NcPOD gene family in water lily (N. colorata)

To identify NcPOD family members in water lily, BLASTP and HMMER based methods were utilized to search for NcPODs within the water lily genome database. The 73 Arabidopsis POD sequences were used as queries (Tognolli et al., 2002) and the candidate sequences were confirmed through conserved domain analysis based on CDD (Conserved Domain Database). The 94 POD genes (NcPOD) were identified within the water lily genome and the genes were renamed from NcPOD1 to NcPOD94 (Table 1). The overall number of POD family genes in water lily was lower than that in tobacco (N. tabacum) (210), S. spontaneum (113), sorghum (150), and rice (126), but slightly higher than in A. thaliana (73). Similarly, the analysis of various essential information regarding the NcPODs, including protein identifiers, chromosomal localization, and several physicochemical properties such as protein length (aa), molecular weight (kDa), isoelectric point (pI), grand average of hydropathicity (GRAVY), and in-silico subcellular localization were conducted. The protein length of NcPODs exhibited considerable variability, ranging from 272 (NcPOD 43) to 376 (NcPOD 40) amino acids, with predicted molecular weights spanning from 29.578 to 40.784 kDa. The theoretical pI values ranged from 4.7 to 9.47, respectively. Moreover, there was diversity among most of the genes regarding GRAVY, indicating predominantly hydrophilic properties, with only a few exhibiting hydrophobic characteristics, as evidenced by positive values. Furthermore, the in-silico subcellular locations of these NcPODs were found in cytoplasm, chloroplast and mainly in extracellular.


Table 1 | The 94 POD genes identified in N. colorata and their sequence characteristics.

[image: A detailed table presents gene data, including columns for Transcript ID, Gene Name, Chromosome, Genomic Location, Protein Length (in amino acids), Molecular Weight (in kilodaltons), pI, GRAVY score, and Subcellular Localization. The data covers a range of numerical values and text entries, indicating properties such as protein length and cellular localization like "Extracellular," "Chloroplast," and "Cytoplasm."]



3.2 Analysis of conserved amino acid motifs

Molecular Evolutionary Genetics Analysis Version X (MEGA-X) was employed to make a rectangular phylogenetic tree of the 94 NcPOD proteins. The tree was constructed using the maximum likelihood method, with bootstrap value of 1000 replicates and it was organized into 10 distinct groups (Figure 1A). The structural characteristics of NcPODs were examined by identifying 10 conserved motifs through the MEME database, aligning them with the phylogenetic relationships (Figure 1B). The present analysis revealed that closely related NcPODs shared common motif compositions, suggesting potential functional similarities within the same NcPOD sub-group. Motifs 1–9 were highly prevalent in NcPODs, present in 90–98% of the proteins, while motif 10 exhibited variation across different groups, inferring at their potential significance in NcPOD proteins. The detailed information about their identified motifs, containing their names, sequences and widths is shown in S3. Additionally, an NCBI domain search and interproscan were conducted to perform a domain-based analysis of all POD proteins and used TBtools to create a comprehensive structural representation (Figure 1C).

[image: Phylogenetic tree and motif composition of NcPOD proteins, labeled A to J. The left side is a hierarchical tree, with different motif patterns, shown in color-coded blocks, representing motifs one to ten. The right side shows red bars indicating secretory peroxidase domains. A scale indicates sequence length.]
Figure 1 | (A) Representation of the phylogenetic tree illustrating the relationships among NcPOD proteins (B) Motif composition of POD in the water lily, highlighted in various colors representing motifs 1–10, with non-conserved sequences indicated by grey lines. (C) Visualization of the conserved domains within NcPOD proteins. The presentation of motif composition and conserved domain structure was generated using TBtools software. The relative positioning is proportionally depicted on a kilobase scale at the bottom of the figure.




3.3 Phylogenetic and comparative analyses of PODs in water lily

In order to examine the evolutionary relations, 94 POD genes were used from Nymphaea colorata, 72 from Arabidopsis thaliana, and 85 from Nymphaea thermarum to create a maximum likelihood phylogenetic tree using MEGA-X. The POD family genes were categorized into ten distinct groups (A-J), as represented in Figure 2. Notably, group C was the largest, comprising 65 POD members, with 32 from N. colorata, 25 from N. thermarum, and 8 from A. thaliana. Groups B, H, and J also exhibited substantial number of genes, with 53, 28, and 34 genes, respectively. Conversely, group G was the smallest, encompassing just 5 members, including 3 of N. colorata and 2 of N. thermarum, while A. thaliana members were notably absent from this group. Interestingly, group A contained only members of A. thaliana and had no members of N. colorata and N. thermarum. Furthermore, a total of 56 orthologous pairs between N. colorata and N. thermarum were identified. However, we did not find any orthologous pairs between N. colorata and A. thaliana. This discrepancy in orthologous pairs is most likely due to the closer evolutionary relationship between the two water lily species, N. colorata and N. thermarum, as compared to the more distant relationship with A. thaliana.

[image: Circular phylogenetic tree diagram displaying evolutionary relationships. The tree is color-coded into sections labeled A to J with branches extending from a central point. Each section contains multiple nodes with labels around the perimeter, representing different species or genetic sequences.]
Figure 2 | Phylogenetic relationships among Nymphaea colorata (red rectangle), Arabidopsis thaliana (green stars) and Nymphaea thermarum POD genes (yellow circles) based on the amino acid sequence alignment. The phylogenetic tree was generated using MEGAX with the Maximum Likelihood Method, and bootstrap support was assessed with 1000 replicates. Clusters were categorized into distinct groups (A–J) based on their evolutionary relationships.




3.4 Cis-acting elements in the promoter region of NcPODs

In current analysis, the cis-acting elements present in the upstream promoter region of the NcPOD genes were explored, which play a crucial role in regulating gene expression. The 2 kb region starting from the gene initiation site was focused on, and the PlantCARE database was used for cis-acting element analysis. The identified cis-acting elements were subsequently categorized into three distinct groups based on their putative functions: light-related, stress-related, and hormone-related elements. Notably, the largest group of regulatory elements was associated with abiotic stress, followed by elements involved in light regulation, including key regulatory motifs such as GT1-motif, G-Box, GATA-motif, and AE-Box. Additionally, hormone-related elements, encompassing CGTCA-motif, TGACG-motif, ABRE, and GARE-motif, were also prevalent (S4). This comprehensive analysis unveiled the diverse roles of POD gene members, highlighting their indirect contributions to various biological processes, including responses to biotic and abiotic stresses, as well as participation in hormone signalling pathways (Figure 3).

[image: Phylogenetic tree with gene identifiers on the left, middle displays colored dots representing responsive elements, and right shows bar graphs grouped by categories: light responsive, phytohormone regulation, growth and development, and biotic/abiotic stress. Legend indicates element types and color key from light to dark red representing intensity levels from two to twelve.]
Figure 3 | Examination of cis-regulatory elements within the 2000 bp region upstream of the transcription start site of NcPOD genes, with an illustration of their distribution along the promoter sequence. The cis-regulatory elements were classified based on their functional significance; including elements associated with light, stress, and hormone responsiveness. The motifs were identified using data from the PlantCARE database.




3.5 Gene structure analyses of NcPOD genes

This analysis provided valuable insights into the evolutionary development of structural diversity within the POD gene family. The exon-intron arrangement of the 94 NcPOD genes were examined to gain a better understanding of their structural characteristics, as illustrated in Figure 4. The present observations indicated that NcPOD genes exhibited conserved exon-intron distributions, with introns ranging from 1 to 3 and varying exon numbers between 2 and 6. While genes sharing similar exon/intron structures were grouped together, there were also occurrences of structural variation among these NcPOD genes. Gene structure analysis proposed that the NcPOD gene family generally maintained a conserved exon/intron organization.

[image: Gene structure visualization showing UTRs (green) and CDSs (yellow) for multiple genes labeled NcPOD39 to NcPOD78. The x-axis represents nucleotide positions from 0 to 7000, with 5' to 3' orientation.]
Figure 4 | Exon/intron organization of NcPOD genes. Yellow boxes denote exons and black lines denote introns. The untranslated regions (UTRs) are showed by green boxes. The sizes of exons and introns can be assessed using the scale at the bottom.




3.6 Chromosomal locations and dual synteny analysis of NcPOD genes

To elucidate the genome organization and chromosome distribution of NcPOD genes in the water lily, a chromosomal map was generated using TBtools. In this map, a total of 94 NcPOD genes on the N. colorata chromosomes were identified (Figure 5). Notably, there was not found the distribution of any POD gene on chromosomes 7, 9 and 14. The distribution of NcPOD genes across the 11 chromosomes was uneven. Amongst them, the highest number of NcPOD genes (29) was located on chromosome 10, followed by chromosomes 2 (13), and chromosomes 1 and 3 had same number of genes (11). Conversely, only a few NcPOD genes were found on chromosomes 4 (4), 8 (8), 11 (3), 12 (9) and 13 (5), while the chromosome 5 and 6 contained only single gene. Additionally, some chromosomes showed dense clusters of NcPOD genes, particularly near the telomeric regions of chromosomes 2, 8, and 12. By mapping these patterns of uneven distribution and gene clustering, the chromosomal positioning was due to the evolutionary history of this species. The existence of clustered NcPOD genes suggests regions of the genome that may have experienced tandem duplication events, potentially contributing to the rapid diversification and functional expansion of this gene family.

[image: Diagram of 13 chromosomes labeled Chr 1 to Chr 13, each displaying color bands representing genetic markers. Various genes, labeled as NcPOD followed by numbers, are annotated next to specific locations on the chromosomes.]
Figure 5 | Genomic localization and distribution patterns of NcPOD genes in the N. colorata genome. The scale on the left presents the length of N. colorata chromosomes (Mb). The colors on the chromosomes denote gene density.

A dual synteny plot-based in-depth comparative analysis of PODs between N. colorata and A. thaliana genomes was conducted. In summary, the genes presented on Chr01, Chr02, Chr04, and Chr11, demonstrated syntenic relations with A. thaliana, respectively. In contrast, Chr03, Ch05, Ch06, Ch07, Ch08, Ch09, Ch10, Ch12, Ch13, and Ch14, did not show any syntenic relations with A. thaliana (Figure 6). The results indicated that water lilies and Arabidopsis do not have a close relationship.

[image: Comparison of genetic synteny between "Nymphaea colorata" and "Arabidopsis thaliana." Orange bars represent chromosomes of "Nymphaea colorata" (Chr1 to Chr14), while green bars represent chromosomes of "Arabidopsis thaliana" (Chr1 to Chr5). Red lines indicate syntenic connections between the two species.]
Figure 6 | Genome-scale dual synteny plot between N. colorata and A. thaliana genomes, with syntenic POD orthologous genes shown in red connecting lines. Grey lines highlight the collinear blocks between the N. colorata and A. thaliana genomes.




3.7 Expression analysis of NcPOD genes under various abiotic stresses

Antioxidant enzymes play a vital role in scavenging reactive oxygen species and defending cells against oxidative stress from both biotic and abiotic stressors (Li et al., 2018). Peroxidase (POD) enzymes are a vital group of antioxidant enzymes that play a crucial role in protecting cells from oxidative damage caused by reactive free radicals (González-Gordo et al., 2023). In this context, the expression patterns and responses of POD antioxidant genes in N. colorata under various abiotic stress conditions were investigated using RT-qPCR analysis.

During salinity stress, the NcPODs showed variable expressions. Among them the NcPOD7, NcPOD12, NcPOD25, NcPOD39, NcPOD40 and NcPOD88 exhibited initially decreased expression and then reached their highest peak at 6 h. Similarly, a single NcPOD27 gene was found downregulated (Figure 7A).

[image: Bar graphs labeled a to e show relative expression levels of various genes under different stress conditions: NaCl, heat, cold, CuSO4, and CdCl2. Each graph includes expression levels at 0, 2, 4, and 6 hours, represented with different colors.]
Figure 7 | The expression pattern of POD genes in water lily leaves under various abiotic stresses. POD genes expression in N. colorata under (A) NaCl; (B) heat; (C) cold; (D) CuSO4; and (E) CdCl2 stress at different time intervals (0 (CK), 2, 4, and 6 h). Data presented as means, ± standard error, n = 3; statistically significant differences are exhibited by asterisks (p ≤ 0.05). The (*) symbols indicated statistically significant differences between treatments. Following the values of each star. (p < 0.05 => *, p < 0.01 => **, p < 0.001 =>***, p < 0.0001 =>****).

In response to heat stress, approximately 55% of the total genes exhibited elevated expression levels, while the remaining genes displayed either moderate or low expression. The NcPOD7, NcPOD25, and NcPOD88 showed a significant upregulation over time, with peak expression at 6 h. NcPOD39 exhibited higher expression at 2 h, which then decreased at 4 and 6 h. A single NcPOD66 gene was upregulated at 4 h (Figure 7B).

When the NcPOD genes were exposed to low temperature, fluctuations in expression were observed among the genes, with significant expression recorded at 6 h. Like the NcPOD17, NcPOD25, and NcPOD66 exhibited temporal upregulation expression. Additionally, NcPOD21, NcPOD40, and NcPOD88 were upregulated and exhibited a higher expression at 4 h (Figure 7C).

During heavy metals treatment, the POD genes exhibited dynamic expression. In response to CuSO4 treatment, the NcPOD genes showed differential expression level. Among the 10 genes studied, NcPOD7, NcPOD12, NcPOD17, NcPOD21, NcPOD66, and NcPOD88 exhibited high expression levels at 2 h, followed by a decrease in expression by 6 h. However, a single gene NcPOD25 revealed the highest expression at 6 h (Figure 7D).

Under CdCl2 treatment the NcPOD7, NcPOD12, NcPOD17, NcPOD25, NcPOD66, and NcPOD88 showed an upregulated temporal expression. However, the NcPOD21 and NcPOD40 exhibited a higher expression at 4 h (Figure 7E).




3.8 Enzymatic activity of NcPOD genes of N. colorata

In addition to the gene expression measurements, analyses of the 6 h stressed enzyme activity of NcPOD genes of N. colorata plant subjected to various abiotic stresses were conducted. The total enzyme content of POD was assessed. In particular, the comprehensive POD activity of N. colorata displayed a pattern of enhancement, demonstrating an accumulation of 200.8%, 242.16%, 278.4%, 74.4%, and 139.6% in the aforementioned stresses as compared to control (Figure 8). These results were found almost consistent with the RT-qPCR based expression analysis of POD genes suggesting that stress response was under genetic control in water lily specie.

[image: Bar chart showing peroxidase (POD) activity under different treatments: CK (500 U/g FW), NaCl (750 U/g FW), Heat (1,000 U/g FW), Cold (1,250 U/g FW), CuSO₄ and CdCl₂ (both around 1,100 U/g FW). Error bars and significance levels (a, b, c, ab) are indicated.]
Figure 8 | Concentration of POD enzymes under multiple abiotic stresses, such as salinity, heat, cold, CuSO4, and CdCl2 in Nymphaea colorata. The standard error of the means (n = 6) represented by the bars. Different lower-case letters represent significant differences among treatments at P ≤ 0.05, according to LSD test.





4 Discussion

Plants grown in natural environments constantly face various survival stress. Abiotic stress usually refers to adversity growth conditions like drought, salinity, extreme heat, cold, and ultraviolet (UV) which can affect plant growth (Han et al., 2023). Class III Peroxidases are known to be involved in various physiological processes within plants (Tognolli et al., 2002; Ren et al., 2014) and perform a crucial role in both biological and abiotic stress responses during plant development (Wang et al., 2015). Therefore, it is essential to systematically and comprehensively characterize the POD gene family at the genome scale in plant species to understand their contributions to plant growth and defense responses. Although POD gene families have been studied in A. thaliana (Tognolli et al., 2002), Populus trichocarpa (Ren et al., 2014), Zea mays (Wang et al., 2015), and Oryza sativa (Passardi et al., 2004a), there is a lack of information regarding the identification and function of the POD gene family in water lilies. Fortunately, with the completion of the full genome sequence of N. colorata, it has become possible to conduct bioinformatics analyses of the POD gene family at the genome level (Zhang et al., 2020). This study aimed to systematically characterize the POD family on a genome-wide scale in N. colorata and verify its role in abiotic stress responses. The analysis revealed the identification of 94 PODs in the N. colorata genome through a comprehensive genome-wide approach. This number surpasses those reported in Arabidopsis thaliana (73), cassava (91), and P. trichocarpa (93) (Lüthje et al., 2011), but is lower compared to tobacco N. tabacum (210) and O. sativa (138) (Passardi et al., 2004a). This suggests a significant expansion of the POD gene family in N. colorata, N. tabacum and O. sativa compared to other species. The study encompassed a thorough analysis of physicochemical properties, phylogenetic relationships, gene synteny, motif composition, gene structure organization, and cis-regulatory elements. Additionally, RT-qPCR analysis and enzyme concentrations in response to abiotic stresses (NaCl, heat, cold, and heavy metals) provided extensive information on gene functions and expression dynamics related to applied stress responses in water lily.

Comparative phylogenetic examination of N. colorata, N. thermarum, and A. thaliana POD family genes were divided into ten distinct groups (A-J). The analysis revealed a robust clustering relationship with closely related species, indicating a conserved evolution of this gene family. This suggests that this gene family has experienced relatively conserved evolution, almost consistent with findings on cassava (Wu et al., 2019).

In current analysis, ten highly conserved motifs present in the 94 NcPOD proteins were identified. Notably, there were slight variations in both the number and type of these conserved motifs among the proteins. Interestingly, the majority of NcPOD proteins contained all these conserved motifs, suggesting their potential involvement in the fundamental functions of POD proteins. The diversity in gene structure is known to play a significant role in the evolution of gene families (Muthamilarasan et al., 2014; Han et al., 2016). This study examined into the structure of NcPOD genes, revealing variations in the number of exons and introns. It is noteworthy that stress-related genes typically exhibit fewer introns (Jeffares et al., 2008). Consistent with this observation, NcPOD genes were found to have a maximum of three or fewer than three introns, confirming this conceptual framework. This is consistent with previous reports on POD genes in various plant species, such as maize (Wang et al., 2015), cassava (Wu et al., 2019), wheat (Yan et al., 2019), and Chinese pear (Cao et al., 2016), which also showed a lower number of introns. The similarities in gene structure and motif composition within each NcPOD subgroup support the phylogenetic classification proposed in this study.

As part of the characterization of the NcPOD genes, the presence of cis-regulatory elements in 2000 bp upstream regions from the transcription starting point of the 94 NcPOD genes was evaluated. The identified cis-acting elements were then classified into three different groups based on their potential functions i.e related to light, stress, and hormones. Particularly, the predominant group of regulatory elements was linked to abiotic stress, followed by elements associated with light regulation, which included significant regulatory motifs such as GT1-motif, G-Box, GATA-motif, and AE-Box. These cis-elements are likely contributors to the regulation of gene expression under various stress conditions. Similar findings have been reported in diverse plant species, such as Pepper (Capsicum annuum L.) (González-Gordo et al., 2023), sugarcane (Shang et al., 2023), cassava (Wu et al., 2019) and tobacco (Cheng et al., 2022).

Gene family expansion usually occurs through three main mechanisms: segmental, tandem and whole-genome duplication (Freeling, 2009; Cao and Shi, 2012). To explore the duplication modes of POD genes in the water lily, the chromosomal locations of the NcPOD genes were determined. Chromosomal mapping displayed that these genes are spread across 11 of the 14 chromosomes in N. colorata (Figure 5). Accumulated evidence has shown that duplication events play a crucial role in the expansion of genes within the POD family. This wide distribution is consistent with the chromosomal distribution of POD genes observed in other plants such as Arabidopsis, rice, Populus trichocarpa, maize and Pyrus bretschneideri (Tognolli et al., 2002; Passardi et al., 2004a; Ren et al., 2014; Wang et al., 2015; Cao et al., 2016).

Numerous researchers have underscored the involvement of plant peroxidases in a various of cellular processes throughout plant growth and development, and its consequences to abiotic and biotic stress have been reported over the years (Xue et al., 2008; Wang et al., 2015). Notably, NcPOD genes demonstrated significant variations in their expression profiles, highlighting their roles in various stress and defense responses in N. colorata. Meanwhile, individual POD genes typically exhibited sensitivity to specific external stresses, with few genes responding broadly to a variety of biotic and abiotic stresses. For instance, all selected NcPOD genes revealed responsiveness to numerous applied stresses, including heat, cold, salt, and heavy metals. Under salinity stress, among the genes of N. colorata a single gene (NcPOD88) exhibited the highest expression. These findings are consonant with earlier studies that highlighted differential expression patterns in grapevine (Vitis vinifera L.) under conditions of salinity stress (Xiao et al., 2020). The results unveiled diverse responses across all genes under heat stress, exhibiting varying levels of high, moderate or low expression in comparison with control. The genes i.e (NcPOD7, NcPOD12, NcPOD17, NcPOD25, NcPOD27, and NcPOD88) also exhibited significant expression. Comparable outcomes were observed in the context of heat stress treatment in potato (Solanum tuberosum L.), further affirming the consistency of these findings (Yang et al., 2020). Upon exposure to cold treatment, the NcPOD genes revealed upregulation expression pattern. Similar findings were observed in Cassava, under cold treatment (Wu et al., 2019). During heavy metal stress, the N. colorata exhibited variable expressions. Specifically, during CuSO4 treatment, a single gene (NcPOD25) exhibited a highest expression at 6 h. Under CdCl2 treatment as shown in the figure (Figure 7E), the PODs were significantly expressed and reached their expression at 6 h respectively. In this study, the expression of genes were in agreement with those detected in white clover (Trifolium repens) under Cd treatment (Zhang et al., 2015). The enzymatic activity of PODs in N. colorata was found to be almost consistent with the RT-qPCR-based expression analysis of antioxidant genes, indicating that the stress response in this water lily specie is under genetic control.




5 Conclusion

In this study, a genome-wide examination and comprehensive analysis of the POD gene family in water lily was conducted. In conclusion, a total of 94 POD genes were systematically identified in water lily (N. colorata) and categorized into 10 sub-groups, as supported by phylogenetic analysis. The structural diversity of NcPODs may reflect their functional diversity. The analysis of expression patterns of NcPOD genes and enzyme accumulation showed that these genes were expressed distinctly, and some might be linked to stress responses. Consequently, the present findings contribute significantly to the understanding of POD genes in water lilies, serving as a robust foundation for genetic enhancement in other aquatic plants. Future investigations will focus on gene engineering and comprehensive analysis, incorporating genomics, transcriptomics, proteomics, and metabolomics to further elucidate the functions of NcPODs.
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Abiotic stresses are considered as a significant factor restricting horticultural crop productivity and quality. Drought stress is a major environmental constraint among the emerging concerns. Plants have significant susceptibility to drought stress, resulting in a marked decline in production during the last several decades. The development of effective strategies to mitigate drought stress is essential for sustainable agriculture and food security, especially considering the continuous growth of the world population. Several studies suggested that exogenous application of phytohormone to plants can improve drought stress tolerance by activating molecular and physiological defense systems. Phytohormone pretreatment is considered a potential approach for alleviating drought stress in horticultural plants. In addition, melatonin, salicylic acid, jasmonates, strigolactones, brassinosteroids, and gamma-aminobutyric acid are essential phytohormones that function as growth regulators and mitigate the effects of drought stress. These hormones frequently interact with one another to improve the survival of plants in drought-stressed environments. To sum up, this review will predominantly elucidate the role of phytohormones and related mechanisms in drought tolerance across various horticulture crop species.
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Introduction

Plants are affected by abiotic stresses, prompting various internal changes inside them. These abiotic variables affect plant growth and productivity. Abiotic variables refer to the interactions between living organisms and plants that have both beneficial and detrimental consequences. Positive influences may have a favorable impact on plant development. Adverse effects considerably decreased the horticultural plant yield and productivity (Iqbal et al., 2022; Nazir et al., 2024). Plant defense mechanisms using diverse chemical components mitigate adverse effects (Zulfiqar et al., 2022). These climatic changes have intensified drought stress, hence garnering considerable attention lately. Drought is a critical factor that limits worldwide agricultural productivity (Yang et al., 2021). The intensity of the drought is escalating, leading to elevated prices for food. In addition, by 2050, the world population is projected to rise to 9.8 billion (Farooqi et al., 2020). Agricultural output must increase by 70% to satisfy the food needs of an increasing population (Cao et al., 2024). To save future generations from impending crises, it is imperative to advance technology and policies addressing climate change and drought stress, including reforestation, effective water utilization, population management, and the cultivation of drought-resistant crops (Şimşek et al., 2024). Recent years have seen substantial advancements in clarifying the molecular pathways related to drought stress responses in plants (Table 1; Figure 1).


Table 1 | Drought stress decrease growth of horticultural plants.

[image: Table showing the effects of various treatments on crops. Tomato: reduced water content, increased oxidative damage (Altaf et al., 2022). Watermelon: increased hydrogen peroxide, malonaldehyde, root damage (Li et al., 2019). Potato: reduced yield, enhanced chlorophyll (Zheng et al., 2022). Watermelon: elevated oxidative damage (Yan et al., 2023). Strawberry: enhanced antioxidant activity (Safa Eynaladin et al., 2025). Apple: altered balance, increased enzyme activity (Kumari et al., 2020). Pepper: decreased chlorophyll, increased oxidative uptake (Ardıç et al., 2023).]
[image: Diagram illustrating plant responses to drought stress. It shows effects categorized into biochemical, molecular, anatomical, morphological, and physiological responses. Each category lists specific changes, such as reduced photochemical efficiency, regulated stress genes, thickening of cell walls, decreased plant height, and declined leaf water content. An illustration of a plant with transpiration and soil water evaporation is included.]
Figure 1 | Horticultural plants responses to drought stress.

Drought stress induces several morpho-physiological and metabolic alterations that negatively influence plant growth and yield (Sako et al., 2020). Drought stress presents a significant problem to global agriculture, requiring a deep understanding of plants’ adaptation systems. In addition to rapid physiological reactions, new research has shown the intriguing phenomena of epigenetic memory in drought-adapted plants (Kaya et al., 2024). The epidermal wax of plants inhibits non-stomatal water loss and enhances water usage efficiency, facilitating adaptation to arid conditions (Gao et al., 2024). Stomatal regulation and stress signaling are the mechanisms by which plants respond to drought stress. Plants regulate their response mechanisms through the utilization of phytohormones (Haider et al., 2024). Drought stress effectively hindered different physiological function such as leaf area, root length, stem mass, lateral root development, node number, reduced canopy size, and even cause cell death (Feng et al., 2024). Drought stress damage leaf growth, restricted leaf photosynthetic activity, reduced chlorophyll content, stomatal conductance, water potential, and reduced pigments level in leaf (Sári et al., 2024). In another study, Xie et al. (2024) reported that drought stress significantly reduced the seedling growth, pigments concentration, chlorophyll content, and antioxidant enzymes activity and caused oxidative damage in tomatoes. The leaf water potential, antioxidant enzymes activity, secondary metabolites production, proline uptake, and growth were reduced in cucumber under drought stress (Ahmad et al., 2024). Plant growth is significantly affected by water scarcity, mostly owing to the suppression of cell elongation. Water-stressed plants exhibit reduced height and diminished leaf area, resulting in less absorption of photo synthetically active radiation, a lowered rate of photosynthesis, and, ultimately, a reduced yield (Abbas et al., 2023). Water shortage induces stomatal closure, leading to limited CO2 uptake by the leaves and reducing the operational efficiency of Calvin cycle enzymes, particularly Rubisco, due to substrate scarcity (Nguyen et al., 2018). Due to increased photorespiration and decreased stomatal conductance, net photosynthesis is the main physiological measurement that is restricted by drought stress (Chieb and Gachomo, 2023). Excessive reactive oxygen species (ROS) production can also cause damage to the photosynthetic system when the stomata are closed, resulting in a decrease in growth and photosynthesis (Figure 2) (Bouremani et al., 2023).

[image: Illustration of a plant showing effects of water deficit. The sun affects redox homeostasis, balancing SOD, CAT, Pro, and Phenol. The process involves metabolic adjustment, ROS scavenging, and impacts stomata and chloroplasts. Arrows indicate leaf senescence, reduced photosynthesis, and stomatal closure. Below ground, the plant's root system faces damage and increased ROS production due to water deficit.]
Figure 2 | Drought stress altered redox homeostasis and leaf photosynthesis performance. SOD, superoxide dismutase; CAT, catalase; Pro, proline; ROS, reactive oxygen species.

Phytohormone is an important plant growth regulator having low molecular weight (Pandey et al., 2017). The synthesis of several plant hormones occurs in response to drought stress, regulating activities associated with drought tolerance mechanisms (Figure 3). Phytohormones such as melatonin, salicylic acid, jasmonates, strigolactones, brassinosteroids, GABA, auxin, gibberellin, cytokinins, ethylene, abscisic acid, glycine betaine, polyamines proline, and trehalose have a role in osmotic adjustment and enhanced drought stress tolerance mechanism (Ciura and Kruk, 2018). Drought stress also triggers the antioxidant defense system that participates in the elimination of ROS uptake in plants (Fahad et al., 2015). Phytohormones regulate wide range of functions in horticultural plants such as protected photosynthesis, lateral root development, secondary metabolites production, redox balanced, mineral nutrient accumulation, osmotic adjustment, upregulated antioxidant defense, and enhanced drought stress tolerance in horticultural plants (Ullah et al., 2018; Jogawat et al., 2021; Salvi et al., 2021).

[image: Illustration of a plant with red peppers, surrounded by circles describing effects of drought stress. Effects include loss of turgor, decline in biomass, reduced growth, hindered photosynthesis, altered antioxidants, inhibited seed germination, and increased oxidative damage.]
Figure 3 | Drought stress altered wide range of physiological and morphological functions in horticultural crops.

We briefly examined the significance of phytohormones in plant growth regulation. We want to address these research questions: (i) how does phytohormone govern plant growth and development physiologically? How does phytohormone influence plant growth? (iii) Are there any ignored physiological features important for understanding phytohormone stress regulation? We addressed new scientific advances to differentiate our review from others. This work helps researchers and policymakers create efficient abiotic stress mitigation measures for horticulture crops, improving global food security.





Potential functions of phytohormone

Endogenous plant hormones are essential for both developmental processes and the plant’s reaction to abiotic variables. The primary mediators of plant responses to drought stress are phytohormones (Asghar et al., 2022). Phytohormones are further classified according to the chemical structures of some groups (Mubarik et al., 2021). The primary stress-responsive hormone generated upon drought signal detection is abscisic acid (ABA). It is primarily synthesized in the root and then transported to the leaves to regulate stomatal opening, channel activity, and the expression pattern of ABA-responsive genes (Wani et al., 2016). Furthermore, phytohormones exist at very low amounts inside plants, complicating their measurement analysis (Checker et al., 2018). Phytohormones enhanced abiotic stress tolerance in many plant species such as tomato, radish, strawberry, eggplant, and carrot (Ciura and Kruk, 2018). Phytohormones application regulated mineral nutrient accumulation, maintained osmotic adjustment, balanced leaf water potential, reduced oxidative damage, and upregulated antioxidant enzymes activity in horticultural plants (Han et al., 2018). Several studies suggested that phytohormone application showed considerable improvement in the field of horticulture (Parmar et al., 2017).





Phytohormones protected horticultural crops under drought stress




Salicylic acid

Salicylic acid is a versatile plant growth regulator known to participate in plant responses to stressors (Khan et al., 2015). Foliar treatments of salicylic acid may mitigate the deleterious effects of oxidative stress induced by drought via several mechanisms (Kang et al., 2014). Salicylic acid application promotes lateral root development, increases secondary metabolites production, and boosts osmolytes accumulation, thus sustaining the water potential of horticultural plants during drought stress conditions (Table 2) (Ullah et al., 2018). In addition, salicylic acid may function by sustaining the overall chlorophyll concentration in plants, therefore safeguarding their photosynthetic machinery (Horváth et al., 2007). Salicylic acid alleviates the adverse effects of drought stress and functions as a signaling molecule to stimulate the gene expression pattern of stress-related genes and protein (Song et al., 2023). It was extensively documented and studied that salicylic acid directly engages in the activation of plant defense systems (Chen et al., 2023). In addition, salicylic acid has the ability to increase the production and activity of antioxidant enzymes while also activating plant defense mechanisms (Rasheed et al., 2022). Salicylic acid enhances chlorophyll content and improves photosynthetic efficiency, consequently considerably increasing crop production and other yield-related physiological indices under drought stress environment (Iqbal et al., 2022).


Table 2 | Salicylic acid enhanced drought stress tolerance in horticultural crops.

[image: Table comparing findings on various crops, including cantaloupe, cucumber, strawberry, sweet potato, lettuce, and sugar beet. Findings highlight improvements in yield, antioxidant activity, photosynthetic activity, and stress tolerance. References include Alam et al. (2022), Baninasab (2010), Dakheel et al. (2022), Huang et al. (2022a), Kiremit et al. (2024), Li X. et al. (2022), and Mardani et al. (2012).]
Foliar treatments of salicylic acid have been shown to enhance growth in major horticultural (tomato, potato, strawberry, and cucumber) crops under drought stress (Damalas and Koutroubas, 2021). Salicylic acid application regulates normal plant growth, such as increasing flowering, promoting bud differentiation, regulating seed dormancy, and enhancing the number of flowering (Joseph et al., 2010). Several studies suggested that salicylic acid is a multifaceted biomolecule in the response to drought stress. It can regulate the cell wall expansion, regulate hormonal production, and reduce oxidative damage in horticultural plants (Saleem et al., 2021). Salicylic acid application enhanced ion homeostasis, balanced cellular membrane integrity, and regulated antioxidant defense system in response to drought stress. In addition, salicylic acid promoting lateral root growth development, osmotic adjustment, and antioxidant enzymes activity protected photosynthesis in plants (Sharma et al., 2020). Drought stress treatment showed a considerable reduction in chlorophyll content, photosynthesis, relative water content, membrane damage, antioxidant enzymes activity, and pigments concentration in tomato seedlings. A subsequent treatment with salicylic acid mitigated water-induced stress and markedly enhanced the aforementioned metrics. Secondary metabolites production, proline content, and antioxidant enzyme concentration increased in tomato seedlings in response to both salicylic acid and drought treatments (Aires et al., 2022). Salicylic acid treatment significantly affected the growth status, net photosynthetic rate, leaf water potential, and antioxidant enzyme concentration of strawberry plants exposed to drought stresses (Dakheel et al., 2022). The antioxidant enzymes activity, osmolytes production, and growth of sugar beet increased in sugar beet plant by the application of salicylic acid under drought stress environment (Khodadadi et al., 2020). The supplementation of salicylic acid to drought-stressed seedling decreased cellular membrane damage by stimulating the antioxidant enzyme activity and maintained osmotic adjustments in two sweet potato genotypes (Huang et al., 2022a). When watermelon seedlings exposed to drought stress environment because of water deficit grow faster, as salicylic acid promotes the secondary metabolites production, increased osmolytes accumulation, and reduced electrolyte leakage level in watermelon seedling (Silva et al., 2023). Furthermore, recent molecular research has shown that salicylic acid may modulate many gene-level processes in plants, hence enhancing their tolerance to abiotic stress (Zulfiqar et al., 2022). The foliar application of salicylic acid increased growth attributes while reducing stomatal conductance under severe water shortage stress. However, significant water deficiency stress markedly increased the value of SPAD (relative chlorophyll content) index. Exogenous supplementation of salicylic acid may enhance the characteristics of cucumber seedlings and increase their resistance to water stress (Mardani et al., 2012). Salicylic acid treatment promoted yield traits, leaf water content, proline uptake flavonoids, soluble solid concentration, and balanced membrane stability in cantaloupe during drought stress environment (Alam et al., 2022). Spray treatment of salicylic acid enhanced relative chlorophyll content, prolonged fruit ripening period, and elevated secondary metabolites production and antioxidant enzymes activity in melon under drought environment (Nasrabadi et al., 2015).

Foliar application of salicylic acid significantly enhanced growth of grape tomato seedling (Chakma et al., 2021), increased chlorophyll content in strawberry (Mozafari et al., 2018), enhanced the non-photochemical efficiency in sugar beet (Li et al., 2022), increased tuber yield and quality of sugar beet (Youssef and Abdelaal, 2023), protected photosynthetic apparatus in cucumber (Baninasab, 2010), and promoted yield and quality of watermelon (Nastari Nasrabadi et al., 2023). Continuing study into the molecular processes of salicylic acid will enhance our comprehension of plant stress tolerances. This review emphasizes the importance of salicylic acid in improving plant resistance to drought stress environment, therefore facilitating their survival and production under adverse environmental circumstances. Subsequent research in this domain may enhance the formulation of efficacious techniques for crop enhancement and stress mitigation (Figure 4).

[image: Flowchart illustrating the impact of drought stress and phytohormone application on plants. Drought stress leads to excessive H₂O₂ and MDA production, causing oxidative damage and impaired osmotic balance, reducing growth. Phytohormone application enhances antioxidant defense, chlorophyll protection, proline formation, and maintains ROS homeostasis, improving photosynthesis, carbohydrate metabolism, and pigment concentration, leading to enhanced drought stress tolerance.]
Figure 4 | Phytohormone application enhanced drought stress tolerance in horticultural plants.





Melatonin

Melatonin is a universal biomolecule (Zhang et al., 2015). With its function in horticultural plant growth, melatonin significantly contributes to plant stress defense (Dzinyela et al., 2024) (Table 3). Plants often face challenges under abiotic stress conditions (Zhao et al., 2022). Numerous plant species that are abundant in melatonin have demonstrated a greater ability for maintaining stress tolerance (Debnath et al., 2019). Melatonin may assume markedly distinct functions in the regulation of plant growth and development at low and high concentrations within the same species (Huang et al., 2022b). In cherry plants, melatonin facilitates roots at low doses but suppresses growth at elevated levels in cherry tissue culture. Excessive concentrations may induce hazardous consequences (Zhang et al., 2022). This indicates that melatonin may function differently at low and high doses. Elevated levels of melatonin may significantly diminish ROS in cells, thereby influencing ROS-dependent signaling pathways and impeding cellular proliferation (Ayyaz et al., 2022). Melatonin regulates the concentrations of ROS and enhances molecular defenses that increase plant resilience to drought stress (Moustafa-Farag et al., 2020). Melatonin is a potent antioxidant compound and master growth regulator that protected plants from oxidative damage and modulate numerous responses to environmental disruptions, particularly water stress (Colombage et al., 2023). Melatonin serves as a signaling molecule at the cellular level and enhances the expression of many antioxidant enzymes, hence increasing its efficiency as an antioxidant (Raza et al., 2022).


Table 3 | Melatonin enhanced drought stress tolerance in horticultural crops.

[image: Table listing crops and their findings with references.   - Potato: Increased leaf water potential and antioxidant activity (El-Yazied et al., 2022). - Sugar beet: Increased proline content and decreased hydrogen peroxide levels (He et al., 2023). - Tomato: Enhanced drought tolerance and nutrient uptake (Huang et al., 2023). - Cucumber: Enhanced drought tolerance and altered antioxidant enzymes (Lee and Back, 2019). - Kiwifruit: Increased photosynthetic efficiency and decreased oxidative damage (Liang et al., 2019). - Carrot: Enhanced leaf water potential and drought tolerance (Rosińska et al., 2023). - Pepper: Increased nitrogen accumulation and reduced oxidative damage (Kaya and Shabala, 2023).]
Melatonin is a stress relief molecule (Tiwari et al., 2021; Ahmad et al., 2023). Melatonin application efficiently enhanced drought stress tolerance in carrot, radish, pepper, sweet potato, and cucumber (Shi et al., 2015; Raza et al., 2022). The supplementation of melatonin to tomato seedlings improves root vigor, alleviates stress-induced damage to PSII response centers, diminishes the adverse effects of dehydration by modulating the antioxidant system, and decreases the cellular concentration of harmful chemicals in the plants (Liu et al., 2015). In another study, Altaf et al. (2022) reported that drought stress considerably decreased growth, hindered photosynthetic activity, restricted pigments concentration, and caused oxidative damage in tomato seedling. In contrast, melatonin application potently increased the tomato seedling growth by recovering the above traits under drought environment. Melatonin treatment promoted lateral root development, increased seed germination, regulated antioxidant enzymes activity, and reduced oxidative damage in cucumber seedling under water stress environment (Zhang et al., 2013). Furthermore, Khan et al. (2023) reported that drought restricted strawberry seedling growth by decreasing the pigments concentration level, hindering enzymes level, and damaging oxidative stress biomarkers. In contrast, melatonin application resorted the strawberry seedling growth by decreasing oxidative damage and increasing antioxidant enzymes activity under drought environment. Foliar application of melatonin enhances the growth capacity of sugar beet plants under drought stress mostly by diminishing cellular membrane integrity level, elevating antioxidant enzyme activities, protecting photosynthetic capacity, and facilitating chlorophyll production (He et al., 2023). Ardıç et al. (2023) revealed that melatonin considerable improved chlorophyll content, antioxidant enzymes activity, and mineral nutrient content, and reduced oxidative damage by reducing the MDA accumulation in pepper under drought condition. In another study, the authors described the essential function of melatonin generation in response to osmotic stress via plant hormone signal transduction. It is shown that ABA signaling is pivotal in melatonin production under osmotic stress (Yan et al., 2023). Seed pretreatment with melatonin showed considerable improvement in the growth of carrot, seed germination, and osmotic adjustment under drought stress environment (Rosińska et al., 2023). Furthermore, Xia et al. (2020) reported that drought treatment dramatically reduced the kiwifruit growth by reducing the enzymatic activity, chlorophyll content, and pigments concentration, and increasing the oxidative damage by enhancing the MDA concentration, EL level, and H2O2 content in kiwifruit leaves. In contrast, melatonin treatment significantly recovered these traits such as protecting photosynthetic apparatus, upregulating antioxidant enzymes activity, and reducing oxidative damage in kiwifruit under drought conditions. Under drought stress environment, melatonin significantly regulated the tuber yield of potato plants by impeding ABA transfer from the root to the shoot system while simultaneously enhancing the levels of non-reducing sugars (El-Yazied et al., 2022). Melatonin remarkably promoted drought stress tolerance via regulating the leaf photosynthesis and maintained membrane stability and lateral root development in tomato (Mushtaq et al., 2022).

Melatonin application potential improved secondary metabolites production in tomato (Huang et al., 2023), regulated antioxidant defense system in cucumber (Lee and Back, 2019), maintained glyoxalase enzymes system in pepper (Kaya and Shabala, 2023), maintained osmotic adjustment in pepper (Li et al., 2019), upregulated mineral metabolism and nutritional status in strawberry (Safa Eynaladin et al., 2025), and decreased MDA and H2O2 accumulation in kiwifruit (Liang et al., 2019). Melatonin is a multifaceted biomolecule that promotes growth and yield improvement during drought conditions, making it an appropriate choice for sustainable agricultural practices aimed at ensuring food security (Zeng et al., 2022).





Jasmonates

Jasmonates, including jasmonic acid and methyl jasmonates, are recognized for their involvement in several physiological processes (Ahmad et al., 2016). The exogenous supplementation of jasmonates evaluated on several plants under stress circumstances has shown efficiency in enhancing plant stress resistance (Table 4) (Ali and Baek, 2020). Jasmonates are universally present throughout the plant kingdom (Iqbal et al., 2022). Jasmonate and methyl jasmonates actively contribute to leaf senescence (Siddiqi and Husen, 2019). Jasmonates prominently increased drought stress tolerance by upregulating the antioxidant defense system and maintaining redox homeostasis, flowering, fruit ripening, and hormonal production (Per et al., 2018). In addition, physiological functions associated with jasmonic acid included seed germination, protein accumulation, leaf chlorosis, flowering development, and secondary metabolites production in horticultural plants (Santino et al., 2013; Wasternack, 2014).


Table 4 | Jasmonates enhanced drought stress tolerance in horticultural plants.

[image: Table showing findings on various crops. Radish showed increased osmolytes production and photosynthetic activity. Sugar beet had decreased oxidative damage and increased chlorophyll content. Peppermint increased flavonoids and photosynthetic activity. Melon had enhanced drought stress tolerance. Cowpea protected photosynthesis and increased chlorophyll content. Cauliflower increased mineral nutrient content and maintained redox homeostasis. References from studies conducted between 2011 and 2019 are provided for each crop.]
The supplementation of methyl jasmonates enhances growth, promotes the accumulation of secondary metabolites, and influences endogenous hormone levels, along with other metabolic processes in stressed horticultural plants (Yu et al., 2018; Delgado et al., 2021; Rehman et al., 2023). Jasmonic acid application increased drought stress tolerance by regulating growth traits and promoting polyamines accumulation and antioxidant enzymes activity in tomato seedling under drought environment (Zhang and Huang, 2013). Methyl jasmonates application increased biomass and secondary metabolites production and stimulated antioxidant defense system in cucumber under water stress environment (Wang et al., 2022). Water stress treatment considerably decreased the pigments concentration, leaf water potential, and protein concentration, while it enhanced antioxidant enzymes activity, MDA, H2O2, and proline accumulation in strawberry. In contrast, jasmonic acid application along with drought treatment showed significant improvement in the growth of strawberry seedling (Yosefi et al., 2020). Jasmonic acid application to Brassica rapa significantly mitigated drought-induced damage by altering secondary metabolites production, promoting antioxidant defense system, and protecting photosynthetic machinery (Ahmad Lone et al., 2022). Methyl jasmonates stimulated the production of anthocyanin, flavonoids, and osmolytes production, regulating antioxidant enzymes activity and maintaining photosystem functions while also reducing EL level and maintaining leaf water potential, protecting leaf photosynthesis, and seedling growth. Methyl jasmonates significantly alleviated drought stress in purple basil by increasing its secondary metabolism, photosynthetic apparatus, secondary metabolism, and quality- and yield-related attributes (Lopes et al., 2024). Methyl jasmonates application positively influences the growth of radish by increasing the osmolytes production and reducing the oxidative damage under drought environment (Chen et al., 2019). Methyl jasmonates application along with water stress treatments substantially enhanced flavonoid content, total phenolic levels, and antioxidant capability in peppermint (Gholamreza et al., 2019). In another study, jasmonic acid application regulated antioxidant defense system and reduced H2O2 accumulation in Cucumis melon under drought environment (Nafie et al., 2011). Supplementation with jasmonic acid significantly enhanced growth status and boosted antioxidant defense system and the resilience of sugar beet under drought stress environment (Ghaffari et al., 2019). Methyl jasmonates application potentially improved leaf photosynthetic apparatus, increased antioxidant enzymes activity, and reduced MDA accumulation in cauliflower leaves (Wu et al., 2012).

Jasmonates application promoted seedling growth of tomato (Muñoz-Espinoza et al., 2015), enhanced pigments concentration and altered leaf ultrastructure in cucumber (Wen et al., 2023), and decreased oxidative damage in strawberry leaves (Wang, 1999). Furthermore, methyl jasmonates may enhance drought stress tolerance by elevating photosynthetic assimilation rate, maintaining stomatal conductance, improving proline uptake and osmotic adjustment compounds and antioxidant activity, and reducing H2O2 and MDA accumulation in Citrus (Xiong et al., 2020). Fugate et al. (2018) reported that drought stress treatment dramatically decreased fresh weights and leaf gas exchange traits, damaged PSII system, declined leaf water potential, and increased oxidative damage. In contrast, methyl jasmonates supplementation significantly recovered growth status and restored the above parameters by enhancing the drought stress tolerance in sugar beet. The author described the efficiency of MeJA in boosting Impatiens walleriana capacity to endure water stress in vitro. Impatiens walleriana enhanced water stress resistance by stimulating defense-related metabolic processes, mostly triggered by pretreatment with the minimal methyl jasmonates concentration used (Đurić et al., 2023). Foliar application of methyl jasmonates considerably increased growth, chlorophyll content, and antioxidant enzymes activity, and decreased membrane damage in cowpea under drought environment (Sadeghipour, 2018). Seed or foliar supplementation of methyl jasmonates reinstates normal growth and morphological functions via activating the antioxidant enzymes activity under drought stress environment (Mohi-Ud-Din et al., 2021). Therefore, it may be said that jasmonates has a beneficial regulatory role in horticultural plants during adaptation to drought stress (Figure 5).

[image: Diagram of a potted plant labeled "Drought stress + Phytohormone" with a spray bottle. Arrows lead to "Glyoxalase enzymes," "Antioxidant enzymes," "Metabolites production," and "AsA-GSH pole," connecting to "MG detoxification" and "ROS detoxification." Caption reads "Enhanced drought stress tolerance."]
Figure 5 | Phytohormone regulates antioxidant enzymes activity under drought stress environment. AsA-GSH, glutathione-ascorbate; ROS, reactive oxygen species; MG, methyl glycolase.





Brassinosteroids

Brassinosteroids are a group of plant hormones that regulate diverse range of functions, including photosynthesis, cell elongation, flowering, root system architecture, and responses to stresses (Ahammed et al., 2015; Ali et al., 2019). BRs have demonstrated the ability to alleviate the adverse impacts of drought by regulating various metabolic functions, such as seed germination, stomatal control, leaf senescence, lateral root development, antioxidant enzymes system, redox homeostasis, osmotic adjustment, maintained leaf water potential, and nutrient absorption in horticultural plants (Table 5) (Bhandari and Nailwal, 2020; Zhang et al., 2023). The function of brassinosteroids in protecting plants from environmental challenges is crucial for sustained production. Furthermore, the application of brassinosteroids has dramatically decreased fruit cracking in litchi (Sharma, 2021). Brassinosteroids increased both the quantity and quality of fruit produce in several horticultural fruit crops (Ali, 2017). They also influence cotyledon development, root extension, leaf creation and growth, and plant biomass accumulation. Another key physiological reaction in plants associated with brassinosteroids activity is ethylene synthesis (Ali, 2019).


Table 5 | Brassinosteroids enhanced drought stress tolerance in horticultural crops.

[image: Table listing crops, findings, and references. Radish shows decreased oxidative damage and increased metabolite production. Potato maintains osmotic adjustment. Tomato increases pigment and metabolite levels. Apple enhances drought stress tolerance. Cucumber improves chlorophyll content. Pepper decreases ROS accumulation. Each finding has a corresponding reference.]
Drought treatment considerably decreased pepper plant growth status and caused oxidative damage. In contrast, 24-epibrassinolide application significantly mitigated the oxidative damage caused by drought stress. In addition, the 24-epibrassinolide treatment elevated endogenous nitric oxide levels and regulated antioxidant defense mechanisms in pepper plants (Kaya et al., 2019). The total soluble solid content, proline uptake, pigments concentration, and leaf gas exchange elements were considerably improved, while the excessive production of H2O2, EL, and MDA content were decreased after brassinosteroids treatment (Khamsuk et al., 2018; Siddiqi and Husen, 2021). Foliar application of brassinosteroids effectively increased pigments concentration, chlorophyll content, growth attributes, seedling growth, chlorophyll fluorescence elements, and proline concentration, whereas there was decreased MDA and H2O2 concentration in Leymus chinensis under drought treatment (Lv et al., 2020). The exogenous use of brassinosteroids alleviated the adverse impacts of drought and enhanced drought tolerance by stimulating the antioxidant enzymes activity, fruit production, and pigments concentration in tomato leaf under drought stress (Jangid and Dwivedi, 2017). Kumari et al. (2020) described that brassinosteroids application significantly sustained essential growth and physiological–biochemical activities under drought stress environment. In addition, foliar application of brassinosteroid prior to the onset of stress may mitigate the adverse effects of drought stress on apple plants. Brassinolide enhances the physiological and biochemical characteristics by boosting the antioxidant system and photosynthetic efficiency in Brassica juncea. The increased synthesis of proline, enhancement of the antioxidant system, and decreased stress markers provide resilience to plants in coping with stress environment (Naveen et al., 2021). Under drought stress environment, foliar application of brassinosteroids on pepper seedlings effectively preserves vegetative characteristics, mitigates the adverse effects of stress, and diminishes stress indicators (Khosravi and Haghighi, 2021). In a recent study, Zhou et al. (2024) suggested that exogenous brassinosteroids regulates drought tolerance and elucidates the unique roles of CqBIN2 in the regulation of drought resistance in plants. The author described that ethylene was implicated in brassinosteroid-induced alternative oxidase enzymes activity, which is crucial for tolerance to abiotic stressors in cucumber seedlings (Wei et al., 2015).

Brassinosteroids application potential enhanced the secondary metabolites accumulation in pepper leaf (Samancıoğlu et al., 2014), protected photosynthetic capacity in apple leaf (Kumari and Thakur, 2019), regulated nitrogen and antioxidant defense mechanism in potato (Guo et al., 2024), enhanced carbohydrates and total soluble sugar concentration in radish (Balaraju et al., 2015), and decreased excessive ROS accumulation in cucumber (Xia et al., 2009). The author clearly indicates that local brassinosteroids application may stimulate the sustained generation of H2O2, and the self-propagating characteristic of the ROS signal subsequently facilitates EBR-induced systemic tolerance in cucumber (Xia et al., 2011). Zheng et al. (2022) described that leaf water content, chlorophyll content, pigments concentration declined, while brassinosteroids application signifcantly increased the leaf water status and photosynthetic assimilation rate and reduced oxidative damage in potato plants under drought stress. Exogenous 24-EBL application significantly increased the growth and petioles elongation in carrot (Que et al., 2017). The radish seedling growth and seed germination were increased with Brassinosteroids supplementation under water stress environment. In addition, the antioxidant enzymes activity, chlorophyll content, and proline uptake were increased, while MDA accumulation, H2O2 production, and EL level were considerably decreased in radish seedling under water stress conditions (Mahesh et al., 2013). Brassinosteroids are essential phytohormones that modulate signals to improve resilience to stress in plants. The results suggest that brassinosteroids are potentially beneficial, eco-friendly, naturally occurring compounds that may be extensively used to mitigate the impacts of abiotic stress (Figure 6).

[image: Illustration showing a potted plant experiencing drought stress. A close-up of a leaf highlights the effects of phytohormones, which enhance drought tolerance by regulating photosynthesis. It shows increases in chlorophyll, carotenoids, photosynthesis genes (PSAD, CB12, CAB21), starch, sucrose, and parameters like Pn, Gs, Ci, and Tr, while NPQ and Fv/Fm decrease. Arrows indicate the direction of change.]
Figure 6 | Phytohormone application protected photosynthetic apparatus in horticultural plants. NPQ, non-photochemical quenching; Pn, Net.





Strigolactones

Strigolactones are derivatives of carotenoid that respond to different environmental stimuli by acting as both endogenous and external signaling molecules (Pandey et al., 2016). The strigolactones have a positive influence on horticultural plants (Siddiqi and Husen, 2017). Strigolactones regulate different functions in horticultural plants such as seed germination, flowering, seedling growth, cell elongation, photosynthesis, hormonal production, fruit ripening, redox balanced, antioxidant enzymes activity, secondary metabolites production, and leaf water potential in horticultural plants (Table 6) (Kaniganti et al., 2022; Sharma et al., 2024). Additionally, strigolactones cause the vascular cambium to become more active meristematically, which promotes secondary growth (Naseer et al., 2024). Strigolactones are associated with chlorophyll synthesis (Jiang et al., 2024). Under low light, plants produce more auxin, which enhances the synthesis of strigolactones. Strigolactones enhance root hair elongation but prevent the formation of interfascicular cambium in buds. Numerous functions of strigolactones has been described such as root system architecture, root morphology, plant defense mechanisms, and nutrient absorption (Soliman et al., 2022). Strigolactones serve as multifaceted signaling molecules, regulating numerous plant metabolic functions, including tolerance to drought stress (Makhzoum et al., 2017). Strigolactones were first recognized for their function in stimulating germination in root-parasitic plants (Khalid et al., 2024). Strigolactones provide the potential to improve our capacity to safeguard plants against the effects of drought stress.


Table 6 | Strigolactones enhanced drought stress tolerance in horticultural crops.

[image: A table lists crops with findings and references. For tomatoes: increased pigments, drought tolerance, antioxidant enzyme activity, referenced by Baltacier et al., 2023. Grapevines: improved drought tolerance, osmotic adjustment, reduced leaf damage, Min et al., 2019. Lettuce: drought tolerance, mineral homeostasis, protected chlorophyll, Ruiz-Lozano et al., 2016. Peppers: redox homeostasis, increased photosynthesis, lower hydrogen peroxide and MDA, Shu et al., 2023. Apples: enhanced antioxidant enzymes, lower damage, increased chlorophyll, Xu et al., 2023. Cucumbers: drought tolerance, osmotic adjustment, redox homeostasis, Zhou et al., 2022.]
Foliar application of strigolactones signifcantly protected the photosynthetic apparatus, regulated antioxidant defense mechanism, maintained redox homeostasis, and enhanced drought stress tolerance in pepper (Shu et al., 2023). Strigolactones (GR24) pretreatment mitigates the detrimental effects of drought stress on grapevine seedlings. Under drought stress, strigolactones (GR24) might more effectively promote stomatal closure. Strigolactones (GR24) may regulate chlorophyll constituents and mitigate the reduction of photosynthesis caused by dryness. The interaction of strigolactones with other hormones, particularly abscisic acid, may represent a significant factor in drought response (Min et al., 2019). The foliar application of strigolactones may positively influence the responses of Brassica rapa plants under drought environment (Ali et al., 2023). Furthermore, strigolactones treatment enhances the photosynthetic efficiency of Pennisetum purpureum leaves under drought conditions and elevates the antioxidant capacity of the leaves, thereby mitigating the detrimental effects of drought, fostering the growth of Pennisetum purpureum, and significantly enhancing its drought resistance (Li Y. et al., 2022). Strigolactones (GR24) substantially alleviates the drought-induced damage caused in apple. In addition, strigolactones (GR24) mitigate the drought-induced reduction in photosynthesis via modulating pigment molecules concentration and stomatal aperture. Strigolactones (GR24) mitigate oxidative damage by increasing antioxidant defense system. Strigolactones (GR24) improve drought resistance in apple via activating the expression of Ca2+ signaling-associated genes (Xu et al., 2023).

Strigolactones application positively regulates the growth of cucumber (Zhou et al., 2022), modulates the photosystem II efficiency in tomato and lettuce (Ruiz-Lozano et al., 2016), upregulates antioxidant enzymes activity in tomato (Baltacıer et al., 2023), and maintains redox homeostasis and reduces oxidative damage in pepper (Shu et al., 2024). Omoarelojie et al. (2020) reported that strigolactone-pretreated lupine seeds exhibited enhanced germination and seedling development, along with elevated proline levels and reduced MDA concentration. Foliar application of strigolactones markedly enhanced stomatal sensitivity in tomato plants under drought stress environment (Visentin et al., 2016). Furthermore, the supplementation of strigolactones enhanced the activity of the glyoxalase system and antioxidant enzymes in lupine seedlings. Furthermore, strigolactones modulate many hormone-responsive pathways, enabling plants to overcome environmental stressors and mitigate adverse effects on horticultural crop productivity (Bhoi et al., 2021). In response to various environmental stresses, strigolactones appear to be slightly important in the stress physiology of horticultural plants.





Gamma-aminobutyric acid

Gamma-aminobutyric acid (GABA) is a newly discovered plant growth regulator (Hasan et al., 2021). GABA regulated secondary metabolites accumulation, maintained redox homeostasis, upregulated antioxidant enzymes activity, balanced mineral accumulation, protected photosynthetic apparatus, and enhanced seedling growth in horticultural plants (Sita and Kumar, 2020). GABA protects plants from drought stress by boosting secondary metabolites production and leaf turgor while lowering oxidative damage via regulation of antioxidant defense system (Kinnersley and Turano, 2000). The application of GABA may enhance the growth and production of pepper under drought stress condition. Furthermore, foliar application of GABA enhanced secondary metabolites accumulation and the activity of antioxidant enzymes associated with pepper plant defense mechanisms (Iqbal et al., 2023). The supplementation of GABA under water stress in snap bean plants enhanced field performance, shown by upregulation of antioxidant enzymes activity, and maintained cellular membrane integrity level, higher pod production, and quality traits. In conclusion, exogenous GABA serves as an efficient priming agent to mitigate drought-induced oxidative damage in snap bean plants under drought stress condition (Abd El-Gawad et al., 2021). GABA application enhanced seed germination, osmolytes production, and antioxidant enzymes activity in white clover under drought stress (Zhou et al., 2021). The foliar treatment of GABA significantly enhanced the drought stress tolerance of cucumber seedlings by elevating antioxidant enzymes activity, free proline concentrations, protected photosynthetic capacity, and leaf relative water content. In addition, GABA treatment may serve as an effective approach to mitigate the detrimental impacts of drought stress on cucumber cultivation (Ghahremani et al., 2023). GABA application enhanced pigments concentration, soluble sugar content, protein concentration, and secondary metabolites production in pea leaves under drought stress environment (Al-Quraan et al., 2021). Cheng et al. (2023) reported that foliar application of GABA improved photosynthetic assimilation rate, increased leaf water content, and reduced EL level in apple leaves (Table 7).


Table 7 | GABA enhanced drought stress tolerance in horticultural crops.

[image: Table listing the effects of certain treatments on various crops along with references. For tomatoes, regulated metabolites and drought tolerance are noted (Tilahun et al., 2021). Black pepper showed enhanced antioxidants (Vijayakumari and Puthur, 2016). Apples had decreased leakage and increased photosynthesis (Cheng et al., 2023). Cucumbers improved germination and antioxidant systems (Zahra et al., 2021). Pear fruits showed enhanced enzyme activity (Liu et al., 2022). Muskmelons increased nitrogen metabolism and stress tolerance (Zhen et al., 2018).]




Crosstalk among phytohormones

The phytohormones participate in the interaction with other growth regulators, resulting in notable alterations in the phenology of horticultural plants (Figure 7). Abscisic acid has a crucial function in regulating situations of drought stress (Kleman and Matusova, 2023). Stomatal closure is a significant morphological characteristic that is rigorously maintained and mostly influenced by drought stress (Ciura and Kruk, 2018). Under drought stress, abscisic acid application along with jasmonic acid and nitric oxide promote stomatal closure (Altaf et al., 2023). The interaction between the salicylic acid pathway and the abscisic acid, jasmonic acid, and ethylene pathways is essential for the regulation of plant growth and stress responses (Jogawat et al., 2021). Furthermore, the combination of salicylic acid and melatonin significantly enhances the drought tolerance of tomato plants. The combination hormone treatment considerably increased antioxidant enzymes activity, promoted hormone production, and maintained methylglyoxal enzymes pool, which increased the tolerance of tomato plants to drought stress (Kaya et al., 2023). Drought stress has the greatest detrimental impact on lettuce productivity. The combined salicylic acid and melatonin improved lettuce resilience to drought stress. The molecular mechanisms and biochemical interactions of melatonin and melatonin-mediated phytohormonal crosstalk in horticultural plants play a multifaceted role in enhancing drought stress tolerance (Dzinyela et al., 2024). Phytohormones are essential molecules that facilitate drought tolerance, thus offering new opportunities for the preservation of sustainable crop yields for addressing global food demand in the face of changing the environment (Tiwari et al., 2017). Phytohormones coordinate essential developmental signals and transmit environmental information via synergistic or antagonistic interactions known as signaling crosstalk (Seif El-Yazal et al., 2015). Gibberellic acid signaling and its interaction with other hormonal pathways elucidate the multifaceted function of DELLA proteins in conjunction with components of many hormonals signaling pathways (Niharika et al., 2021). Auxin, gibberellins, and cytokinins are pivotal in controlling development under stress situations, whereas abscisic acid and ethylene inhibit growth by modifying the actions of GA, auxin, and CK under adverse conditions (Ullah et al., 2018). The interplay between brassinosteroids (BRs) and gibberellins (GAs) is well established. Mutant BR signaling in Arabidopsis thaliana showed many changes in the expression of GA biosynthetic genes, which might be because bioactive GA synthesis was disrupted (Bano et al., 2023). Auxin, an additional hormone, stimulates hypocotyl development. The auxin signaling pathway entails the modulation of transcription factor auxin response factors via the degradation of AUX/IAA family members (Emenecker and Strader, 2020). The connectivity between GA and ABA facilitates the balance between seed germination and dormancy, which is crucial for stress tolerance. These hormones have an antagonistic connection, resulting in elevated GA and diminished ABA levels under favorable circumstances and reduced GA and increased ABA levels under adverse environmental conditions in seeds (Altaf et al., 2023). The combined application of salicylic acid and melatonin more efficiently mitigates stress in lettuce. In addition, salicylic acid application along with melatonin enhanced the nutritional status vitamin C and antioxidant potential and reduced nitrate concentration in lettuce (Kiremit et al., 2024). Melatonin application crosstalk with other phytohormone significantly enhanced stomatal regulation and photosynthetic capacity in horticultural plants (Sun et al., 2023). The advancement of mechanistic methodologies is essential to mitigate the detrimental impacts of drought on horticultural crops.

[image: Diagram of phytohormones and their functions. Central node: "Phytohormones." Branches: "Strigolections" (Metabolites production, Seed germination), "Brassinosteroids" (Reduced membrane damage, Balanced ROS homeostasis), "Jasmonic acid" (Growth and maturity, Fruit development, Cell elongation; Seed germination, Photosynthesis, Flowering), "GABA" (Seed dormancy, Abscission; Growth and maturity, Fruit development, Flowering), "Salicylic acid" (Protected photosynthesis, Growth and development, Plant protector), and "Melatonin" (Regulated antioxidant enzymes, Modulated metabolites production).]
Figure 7 | Phytohormone crosstalk application enhanced drought stress tolerance in horticultural plants.






Conclusion and future prospects

Plants require sophisticated signaling pathways to regulate and develop in a variety of environmental conditions. Horticultural crops have increased vulnerability to variable environmental conditions. Phytohormones are compounds that affect the vegetative and reproductive development of plants while alleviating different abiotic stressors. These dynamic molecules substantially modify the metabolic fluxes inside the plant cell under stress circumstances to promote a more resistant phenotype. Phytohormones are essential stress mitigator throughout all phases of crop growth. Information accumulates about the advantageous impacts of phytohormones like salicylic acid, melatonin, brassinosteroids, jasmonate, and strigolactones in horticultural crops. Substantial data indicate that phytohormone responses vary across different phases of organ development, perhaps owing to distinct cellular and tissue contexts. A complex network of phytohormones affects root shape, emphasizing the need of understanding transcriptional and post-transcriptional processes and their genes. These investigations will enhance understanding of how roots detect internal and external signals and convert them into cellular responses while also allowing breeders to develop predictive models to identify crucial regulators and integrators of root system architecture under different environmental circumstances. Future investigations into phytohormone interactions with other signaling molecules for drought resilience in horticulture crops should concentrate on many critical domains as follows:

	Exploring the precise molecular processes by which phytohormones interact with other signaling molecules to help various horticulture crops tolerate drought.

	Finding and analyzing novel phytohormones and signaling molecules linked to drought tolerance and comprehending how they interact with another pathway.

	Establishing new instruments and technologies, as genome editing and sophisticated imaging methods, to investigate complicated signaling pathways connected to drought tolerance.

	Investigating how temperature and light affect the way that phytohormones interact with other signaling molecules to help plants withstand drought.



Future study in these domains might substantially enhance our comprehension of the molecular processes underlying drought tolerance in horticulture crops and facilitate the identification of novel ways for boosting agricultural yields and securing global food security amid climate change.
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Background

Drought stress severely affects global crop yields, reduces water availability, and hinders growth. Strigolactones can alleviate damage caused by various abiotic stresses in plants; however, limited research has been conducted on their ability to enhance drought tolerance in tobacco.





Methods

This study evaluated the drought tolerance of ‘Qin Tobacco 96’ (drought-tolerant) and ‘Yun Tobacco 116’ (moisture-sensitive) before and after the application of gibberellic acid lactone at a concentration of 0.2 mg·L⁻¹ under three drought conditions: mild, moderate, and severe. The primary drought tolerance traits were identified from 29 related indicators, including agronomic traits, photosynthetic efficiency, reactive oxygen metabolism, antioxidant enzyme activities, osmotic regulators, and hormone regulation, using affiliation function, principal component analysis, and cluster analysis to categorize the traits. The degree of drought tolerance enhancement in the two tobacco varieties was evaluated under various treatments.





Results

Spraying exogenous strigolactones reduced the adverse effects of drought stress, particularly in the moisture-sensitive Y116 variety. Under drought stress, chlorophyll content and photosynthetic parameters significantly decreased, whereas strigolactone treatment increased both chlorophyll content and photosynthetic efficiency. Strigolactones reduced the accumulation of reactive oxygen species and malondialdehyde content, enhancing the antioxidant capacity of both varieties. Additionally, strigolactones increased the levels of osmoregulatory substances and activated the production of antioxidant enzymes, thereby enhancing drought tolerance. Furthermore, drought stress disrupted the balance of endogenous hormones, decreasing levels of auxin, gibberellic acid, and ribosylzeatin, while increasing abscisic acid levels. Exogenous strigolactones restored this hormonal balance.





Conclusion

Sixteen traits associated with drought tolerance in tobacco were analyzed using principal component analysis, the traits were classified using cluster analysis, and the magnitude of the D-value was determined by calculating the values of the affiliation function and their respective weights. The results indicated that a concentration of 0.2 mg·L⁻¹ of strigolactones enhanced the drought tolerance of tobacco across different levels of drought stress and promoted the growth and development of flue-cured tobacco. However, the interactions between strigolactones and various hormones under drought stress require further investigation to elucidate the underlying molecular mechanisms. The application methods of strigolactones should be optimized.





Keywords: drought stress, tobacco seedling, SLs, physiological response, antioxidant




1 Introduction

Drought stress, a significant abiotic factor, has a significant impact on global crop productivity (Anderegg et al., 2013). Approximately one-third of the global arable land is affected by drought stress to varying degrees over extended periods, with even non-arid regions being susceptible to unpredictable climate and environmental changes that lead to such stress (LeNoble et al., 2004; Ort et al., 2015; Huang et al., 2023). The annual increase in water scarcity is expanding arid regions worldwide, thereby is exacerbating drought conditions (Zhou et al., 2015; Gelaw et al., 2023). Therefore, it is imperative to urgently address drought. Drought stress poses a significant threat to crop growth, resulting in persistent delays and stagnation in agricultural production and hindering the sustainable advancement of modern agriculture. Drought stress reduces water availability in crop environments, leads to underdeveloped roots, curled leaves, yellowing, wilting, and delayed plant growth (Zhou et al., 2015; Li et al., 2018; Sun et al., 2022). In severe cases, premature wilting and plant death may occur. Dry matter accumulation in crops serves as a critical indicator of organic matter accumulation and nutrient content (Anderegg et al., 2013). Photosynthesis, which is essential for normal plant growth, development, and biomass accumulation, is significantly inhibited by drought stress (Malliarakis et al., 2015; Ye et al., 2016). This inhibition occurs as the water potential that safeguards stomatal cells decreases, resulting in stomatal closure and impaired carbon dioxide absorption and utilization by the plant (Iqbal et al., 2015). Subsequent stomatal closure increases intercellular carbon dioxide concentration, which damages chloroplast structure, leading to the disintegration of thylakoids and disruption of PSII, ultimately decreasing the photosynthetic performance of mesophyll cells (Fernández-San Millán et al., 2018). When plants lose their self-regulatory capacity due to severe drought stress, the reactive oxygen species (ROS) system exhibits metabolic dysregulation and even sustains damage, producing substantial ROS (del Rio et al., 2006). This leads to membrane lipid peroxidation, impairs normal cell membrane function and results in the generation of the peroxidation product malondialdehyde (MDA) (Guo et al., 2006; Leitao and Enguita, 2016). Antioxidant enzymes, essential for plant self-protection during stress, function to mitigate stress levels. The activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) fluctuate under stress. However, under severe stress, the function of antioxidant enzymes is compromised, hindering the clearance of intracellular peroxidation products and ultimately leading to cell damage that impacts normal physiological and metabolic functions (Xia et al., 2023). Furthermore, the accumulation of substances within plant cells stabilizes the chemical compounds that regulate cell permeability. In response to drought stress, numerous regulatory compounds are produced, increasing the concentration of cell fluids and enhancing protoplast hydrophilicity, which improves plant drought resistance (Mohammadi et al., 2017; Yang et al., 2023). Concurrently, Drought stress activates key enzymes involved in plant carbon and nitrogen metabolism, thereby maintain normal cellular metabolism and alters the composition of cellular osmolytes. Under these conditions, the levels of plant endogenous hormones decrease, negatively impacts normal physiological metabolism (Gupta and Rashotte, 2014). The complex regulatory system results from the interactions of various endogenous hormones regulate diverse metabolic processes related to plant growth and development.

In recent years, numerous studies have investigated the mechanisms through which formulations, including plant hormones, amino acids, antioxidants, micronutrients, organic acids, plant extracts, and nanomaterials, alleviate abiotic stress. Strigolactones (SLs), recognized as a classic plant hormone, play a crucial role in numerous physiological and metabolic processes in plants. These include functioning as a rhizosphere signaling molecule, inducing hyphal branching of arbuscular mycorrhizal fungi, and regulating leaf age, thereby influencing plant growth and developmen (Kisugi et al., 2013; Sang et al., 2014; Zwanenburg et al., 2016). SLs emerge as a central focus in numerous studies regarding their role in helping plants adapt to environmental stress, SLs can modulate osmotic pressure, thereby assisting plants in maintaining water balance (Li et al., 2022). Under nutrient stress, SLs can also assist plants in managing water loss by regulating root growth (Yoneyama and Brewer, 2021). In both biotic and abiotic stress conditions, SLs can function as significant regulatory substances (Guercio et al., 2023). Under both biotic and abiotic stress, SLs can act as significant regulatory substances (Wen et al., 2024). Raja et al. propose that SLs improve chromium tolerance in tomatoes by reducing the excess ROS produced in response to chromium toxicity (Raja et al., 2023). Scaffidi et al. propose that SLs play a critical role in modulating plant responses to abiotic stresses, including drought (Scaffidi et al., 2014). SLs can enhance nutrient absorption through multiple mechanisms, including the regulation of root architecture and interactions with other hormones (Al-Babili and Bouwmeester, 2015).

Tobacco growth and development depend on adequate water content, as sufficient moisture is essential for producing high-quality tobacco leaves and maximizing yield (Hansch et al., 2001; Fernández-San Millán et al., 2018) Although studies on SLs enhance plant stress tolerance are relatively common, research on the application of exogenous SLs—especially their role in improving drought resistance in flue-cured tobacco—remains limited. Given the diverse mechanisms through which SLs enhance stress resistance, this study aims to systematically investigate various indicators by applying exogenous SLs to flue-cured tobacco. The indicators examined include agronomic traits, photosynthetic fluorescence systems, reactive oxygen metabolism, antioxidant enzyme activities, osmotic regulatory substances, and hormone interactions. We employ principal component analysis and affiliation function analysis to evaluate drought tolerance in tobacco. This approach not only aids in speculating on the enhancement of physiological responses related to internal drought resistance in flue-cured tobacco but also further elucidates its underlying molecular mechanisms. Furthermore, it will evaluate whether SLs can enhance the productivity of flue-cured tobacco, thereby providing a theoretical foundation for drought prevention in field production practices.




2 Materials and methods



2.1 Test materials

In this study, two tobacco varieties, namely ‘Qinyan 96’ (a drought-tolerant type) and ‘Yunyan 116’ (a water-sensitive type), were tested. The strigolactone (SLs) used in the study was provided by the Beijing Solarbio Science &Technology Co., Ltd.




2.2 Experimental design and management

The experiment utilized two tobacco varieties, ‘Q96’ and ‘Y116’, to facilitate a comparative analysis of their responses to drought stress. Based on extensive preliminary research and trials, it was determined that applying 0.2 mg•L⁻¹ of SLs yielded favorable results (The manuscript containing this concentration screening data is currently being submitted for publication); therefore, this concentration was selected for the experiment.

There were seven treatments:

	CK: Adequate water supply (75–80% soil water holding capacity)

	D1: Light drought (55–60% soil water holding capacity)

	D2: Moderate drought (45–50% soil water holding capacity)

	D3: Severe drought (35–40% soil water holding capacity)

	T1: Light drought (55–60% soil water holding capacity) + 0.2 mg•L⁻¹ SLs

	T2: Moderate drought (45–50% soil water holding capacity) + 0.2 mg•L⁻¹ SLs

	T3: Severe drought (35–40% soil water holding capacity) + 0.2 mg•L⁻¹ SLs



Each treatment was replicated ten times, with each tobacco seedling transplanted into plastic pots of approximately 30 L in volume, resulting in a total of 70 pots. Each pot contained 20 kg of soil, with an application of 3.5 g of pure nitrogen, maintaining a nitrogen:phosphorus(N:P:K) ratio of 1:1.5:1. All pots were placed in a drought shelter at the experimental farm of Henan University of Science and Technology, with the roof covered by sealed sunlight panels that have a light transmittance exceeding 90%. A tensiometer was installed in each pot to measure the relative soil moisture content, which demonstrated a highly significant negative correlation with the tensiometer readings (correlation coefficient r = -0.921**). The drought stress treatment continued for 15 days, commencing from the end of the transplanting period (5 days post-transplant). At the conclusion of the drought stress period, all treatments, with the exception of the control group, were sprayed with SLs. All parameters were recorded on the 15th day of drought stress and again on the 15th day following SLs application, with samples collected for measurement. The specific experimental treatment settings are outlined in Table 1.


Table 1 | Test processing settings.

[image: Table showing treatments for variety Q96 Y116, including soil water holding capacity and SLs concentration. Treatments CK, D1, D2, and D3 have capacities of 75-80%, 55-60%, 45-50%, and 35-40% with 0 concentration. T1, T2, and T3 have the same capacities as D1, D2, and D3, but with 0.2 mg.L<sup>-1</sup> SLs. CK denotes adequate water supply; D1, D2, D3 signify increasing drought conditions; T1, T2, T3 represent drought with added SLs.]



2.3 Measurement index and methods

On the 15th day of drought stress, as well as 15 days post-application of SLs, three tobacco plants exhibiting similar growth vigor were selected from each treatment for the assessment of their physiological traits. Concurrently, fresh leaves from the same position at the top of the plants were collected and stored at -80°C for subsequent measurements.



2.3.1 Measuring agronomic traits

The plant height, maximum leaf length, maximum leaf width, and maximum leaf area of tobacco seedlings in each treatment group were measured using a ruler. Subsequently, the tobacco samples were placed in an oven, initially blanched at 105°C for 30 minutes, followed by drying at 70°C until a constant weight was achieved. Finally, the dry weight per plant was measured using an electronic balance.

[image: Maximum leaf area formula: Maximum leaf length multiplied by maximum leaf width, then multiplied by 0.6345.] 




2.3.2 Determination of chlorophyll content

The third leaf beneath the core leaf of the tobacco plant was selected, and the tobacco leaves were purified with acetone. The absorbance of chlorophyll a and chlorophyll b was measured at wavelengths of 663 nm and 645 nm, respectively, using a spectrophotometer for chlorophyll content analysis (Giokas et al., 2011).




2.3.3 Measurement of photosynthetic parameters

Between 9:00 and 11:00 on a clear morning, the same functional leaves of tobacco plants were measured using the Li-6400 XT portable photosynthesis system to assess photosynthetic parameters. These parameters included photosynthetic rates (Pn), stomatal conduction (Gs), transpiration rate (Tr), and substomatal cavity CO2 concentration (Ci) (Iqbal et al., 2015).




2.3.4 Determination of chlorophyll fluorescence parameters

Chlorophyll fluorescence parameters were measured between 9:00 am and 11:00 am on a sunny day using PAM-2100 portable modulated fluorometer (Walz Company, Germany) (van der Tol et al., 2009). The following formulae were used for calculation:

[image: Equation depicting the formula Fv/Fm equals (Fm minus F0) divided by Fm, labeled as equation two.] 

[image: Equation showing PSI equals open parenthesis F sub m prime minus F sub s close parenthesis divided by F sub m prime, with the equation number three in parentheses.] 

[image: The formula for quantum efficiency (qP) is shown as qP = (F'm - Fs) / (F'm - F0’), labeled as equation four.] 

[image: Equation displaying NPQ equals (Fm minus Fm prime) divided by Fm. There is a reference number five next to it.] 

Where: F0 is the minimum fluorescence measured in the dark-adapted state, Fm is the maximum fluorescence measured under fully saturating light conditions; Fm′ is the maximum fluorescence achieved under light conditions, Fs is the steady-state fluorescence under light; F0′ is the minimum fluorescence under light conditions.




2.3.5 Measurement of O2- generation rate

Fluorescent probes were employed to monitor changes in O2- concentration during redox reactions, allowing for the detection of the generation rate (Begum et al., 2020).




2.3.6 Determination of malondialdehyde (MDA) content

The sample was reacted with thiobarbituric acid to generate a red complex, and the absorbance was measured at 532 nm to quantify the malondialdehyde (MDA) content using a standard curve (Hafez et al., 2020).




2.3.7 Measurement of antioxidant enzyme activity

Superoxide dismutase (SOD) activity was assessed using the nitroblue tetrazolium photochemical reduction method, with 560 nm selected as the measurement wavelength (Mohamed et al., 2015). The guaiacol method for determining peroxidase (POD) uses guaiacol as a substrate, with the enzyme catalyzing its oxidation reaction to produce a color change. Absorbance is then measured spectrophotometrically at approximately 470 nm to calculate enzyme activity (Surowsky et al., 2013; Batool et al., 2020). Catalase (CAT) activity was assessed by measuring the change in concentration of hydrogen peroxide in the reaction mixture at 240 nm (Batool et al., 2020).




2.3.8 Determination of osmotic regulation substances content

For the determination of proline (Pro) by the acid ninhydrin method, the absorbance of the sample reacting with hydrochloric acid and ninhydrin to form a purple compound was measured at 570 nm using a colorimeter to calculate the Pro concentration. In the ninhydrin colorimetric method, 420 nm was chosen as the determination wavelength to measure the absorbance of the ninhydrin-sugar complex to accurately measure the soluble sugar content (Yu et al., 2022).




2.3.9 Measurement of carbon and nitrogen metabolism enzyme activity

Nitrate reductase (NR) (Hansch et al., 2001) and 1, 5-diphosphate ribulose-carboxylase (Rubisco) (Suganami et al., 2020) were detected using their respective kits (Solebao Biotechnology Co., LTD.), with the concentration calculated from the absorption value at 450 nm wavelength using an enzyme marker.




2.3.10 Determination of hormone content

The ELISA method (Solebao Biotechnology Co., LTD.) was employed to test the auxin (IAA), gibberellic acid (GA), ribosylzeatin (ZR), and abscisic acid (ABA) contents in tobacco leaves (Xing et al., 2023).





2.4 Data processing



2.4.1 Indicator analysis

Data processing and analysis utilized statistical software Excel and SPSS. One-way ANOVA and LSD tested the differences between various water treatments in the same variety.Correlation, principal component, and cluster analyses were conducted for 29 traits. Origin 2021 software was used for mapping.




2.4.2 Comprehensive evaluation of drought effectiveness

To assess the effect of spraying SLs on improving drought tolerance in tobacco, the initial step involved calculating the affiliation function values for each composite indicator to facilitate effective comparison. Subsequently, principal components were extracted, and the variance contribution ratio was derived through principal component analysis (PCA). This contribution ratio was then employed to calculate the principal component weights for each indicator. Finally, the composite evaluation value (D-value) is calculated by multiplying and summing the affiliation function values with the principal component weights. The specific formula is as follows:

[image: Mathematical formula representing normalization: \( U(X_i) = (X_i - X_{min}) / (X_{max} - X_{min}) \).] 

[image: Mathematical equation for calculating \( W_j \) as the ratio of \( P_j \) to the sum of all \( P_j \), where \( j \) ranges from \( 1 \) to \( n \).] 

[image: Mathematical formula expressing D as the sum of U(Xj) multiplied by Wj, for j equals one to n, labeled equation eight.] 

In this context, Xj denotes the affiliation function value of each treatment for the jth index, while Xmax and Xmin represent the highest and lowest values of this index under different SL treatments, respectively. The weight of the jth principal component is denoted as Wj, and Pj represents its variance contribution ratio. The composite evaluation value D reflects each treatment’s drought tolerance under drought conditions, ranging from 0.00 to 1.00, where higher scores indicate greater improvement in drought tolerance.






3 Results



3.1 Effects of exogenous SLs on growth of flue-cured tobacco seedlings under different degrees of drought stress



3.1.1 Plant height parameters

As drought stress intensified, the plant height of the Q96 and Y116 varieties gradually decreased. In comparison to the control group (CK) under drought stress, the plant height of tobacco (Figure 1A) significantly decreased under the D1, D2, and D3 treatments, with Q96 decreasing by 9.2%, 20.0%, and 28.4%, respectively, and Y116 decreasing by 15.0%, 30.1%, and 39.9%, respectively. There was no significant change in the plant height of T1 compared to CK following the application of SLs. Compared to D1, D2, and D3, the plant height significantly increased following the application of SLs under the same drought conditions, with Q96 increasing by 8.93%, 19.3%, and 20.4%, respectively, and Y116 increasing by 13.8%, 24.6%, and 17.5%, respectively.

[image: Bar charts show the impact of different treatments (CK, D1, D2, T1, T2, T3) on two plant varieties (Q96, Y116) across five metrics: (A) plant height, (B) maximum leaf length, (C) maximum leaf width, (D) maximum leaf area, and (E) dry weight per plant. Measurements are in centimeters for height, length, width, and area, and grams for dry weight. Each chart includes error bars and statistical markers (a, b, c, etc.) indicating significance levels.]
Figure 1 | Effect of exogenous SLs on growth of flue-cured tobacco seedlings under different drought stress. (A) Effects of different drought stress on plant height of flue-cured tobacco seedlings, (B) Effects of different drought stress on maximum leaf length of flue-cured tobacco seedlings, (C) Effects of different drought stress on maximum leaf width of flue-cured tobacco seedling. (D) Effects of different drought stress on maximum leaf area of flue-cured tobacco seedlings, (E) Effects of different drought stress on dry weight per plant of flue-cured tobacco seedlings. The error bars represent the standard error for each group, and different letters (a, b, c, d, e) indicate significant differences (p< 0.05). “Q96” and “Y116” mean flue-cured tobacco varieties Qinyan 96 and Yunyan 116, respectively. CK, D1, D2, D3, T1, T2,and T3 represent adequate water supply (75–80% soil water holding capacity), light drought (55–60% soil water holding capacity), moderate stress (45–50% soil water holding capacity) and severe drought (35–40% soil water holding capacity), light drought (55–60% soil water holding capacity) + 0.2 mg.L-1SLs, moderate stress (45–50% soil water holding capacity) + 0.2 mg.L-1SLs and severe drought (35–40% soil water holding capacity) + 0.2 mg.L-1SLs.




3.1.2 Maximum leaf length parameters

Figure 1B shows that the maximum leaf length of tobacco increased with the intensification of drought in the Q96 and Y116 varieties. Compared to the control group (CK), the maximum leaf length of Q96 decreased by 6.5%, 15.1%, and 22.3% under D1, D2, and D3 treatments, respectively, while Y116 exhibited significant decreases of 17.5%, 25.6%, and 37.4%. Compared to D1, D2, and D3, the maximum leaf length of T1, T2, and T3 increased by 5.8%, 13.2%, and 6.9% in Q96, and by 19.00%, 18.3%, and 27.2% in Y116, respectively.




3.1.3 Maximum leaf width parameters

Both tobacco varieties exhibited a reduction in maximum leaf width as a result of drought (Figure 1C). In comparison to the control group (CK), Q96 decreased significantly by 5.5%, 17.00%, and 22.5% under D1, D2, and D3 treatments, respectively, while Y116 decreased by 17.8%, 25.3%, and 36.1%. The application of SLs resulted in an increase in maximum leaf width for T1, T2, and T3 compared to D1, D2, and D3, with Q96 increasing by 4.4%, 14.4%, and 9.5%, respectively, and Y116 increasing by 17.7%, 17.2%, and 22.7%.




3.1.4 Maximum leaf area parameters

Drought stress significantly reduced the maximum leaf area of both tobacco varieties (Figure 1D). In comparison to the control group (CK), Q96 decreased by 11.6%, 29.6%, and 39.8% under D1, D2, and D3 treatments, respectively, while Y116 decreased by 32.2%, 44.4%, and 60.0%. Following the application of SLs, the maximum leaf area of T1, T2, and T3 increased compared to D1, D2, and D3, with Q96 increasing by 10.2%, 29.4%, and 17.0%, respectively, and Y116 increasing by 40.1%,38.6%, and 56.3%.




3.1.5 Dry weight per plant parameters

The dry weight per plant of tobacco significantly decreased following drought treatment for both varieties (Figure 1E). In comparison to the control group (CK), Q96 exhibited reductions of 14.9%, 26.5%, and 38.9% during the D1, D2, and D3 stages, respectively, while Y116 exhibited decreases of 25.9%, 33.7%, and 52.0%. Following the application of SLs, the dry weight per plant in the T1, T2, and T3 stages increased compared to D1, D2, and D3, with Q96 increasing by 14.8%, 27.9%, and 29.9%, respectively, and Y116 increasing by 32.5%, 23.3%, and 59.0%.





3.2 Effects of exogenous SLs on chlorophyll content in leaves of flue-cured tobacco seedlings under different degrees of drought stress



3.2.1 Chlorophyll a content

As drought stress increased, the chlorophyll a content of Q96 and Y116 gradually decreased. Figure 2A shows that the chlorophyll a content under D1, D2, and D3 treatments significantly decreased compared to the control group (CK), with Q96 decreasing by 7.7%, 18.9%, and 31.5%, respectively, and Y116 decreasing by 23.3%, 34.3%, and 42.6%. Following the application of SLs treatment, no significant change in chlorophyll a content was observed for T1 compared to CK. When comparing T1, T2, and T3 with D1, D2, and D3, chlorophyll a content significantly increased under SLs application at the same drought levels, with Q96 increasing by 7.3%, 19.9%, and 28.6%, and Y116 increasing by 29.1%, 34.8%, and 26.6%.

[image: Three bar charts comparing chlorophyll content in treatments CK, D1, T1, D2, T2, D3, and T3 across Q96 and Y116 groups. Chart A shows chlorophyll a content, B shows chlorophyll b content, and C shows chlorophyll a+b content. Error bars and statistical significance letters are included. Each chart is labeled with different treatment colors.]
Figure 2 | Effect of exogenous SLs on chlorophyll content of flue-cured tobacco seedlings under different drought stress. (A) Effects of different drought stress on chlorophyll a content of flue-cured tobacco seedlings, (B) Effects of different drought stress on chlorophyll b content of flue-cured tobacco seedlings, (C) Effects of different drought stress on chlorophyll a and b content of flue-cured tobacco seedling. The error bars represent the standard error for each group, and different letters (a, b, c, d, e) indicate significant differences (p< 0.05). “Q96” and “Y116” mean flue-cured tobacco varieties Qinyan 96 and Yunyan 116, respectively. CK, D1, D2, D3, T1, T2,and T3 represent adequate water supply (75–80% soil water holding capacity), light drought (55–60% soil water holding capacity), moderate stress (45–50% soil water holding capacity) and severe drought (35–40% soil water holding capacity), light drought (55–60% soil water holding capacity) + 0.2 mg.L-1SLs, moderate stress (45–50% soil water holding capacity) + 0.2 mg.L-1SLs and severe drought (35–40% soil water holding capacity) + 0.2 mg.L-1SLs.




3.2.2 Chlorophyll b content

Following drought treatment, the chlorophyll b content of both tobacco varieties significantly decreased (Figure 2B). In comparison to the control group (CK), the chlorophyll b content of Q96 under D1, D2, and D3 treatments decreased by 11.2%, 22.4%, and 34.3%, respectively, while Y116 decreased by 23.2%, 40.7%, and 54.9%. Following the application of SLs treatment, the chlorophyll b content at T1, T2, and T3 stages significantly increased compared to D1, D2, and D3, with Q96 increasing by 13.3%, 24.7%, and 30.0%, and Y116 increasing by 20.6%, 32.2%, and 58.2%.





3.3 Effects of exogenous SLs on leaf photosynthetic parameters of flue-cured tobacco seedlings under different degrees of drought stress



3.3.1 Photosynthetic rates

After drought treatment, the Pn of both tobacco varieties significantly decreased (Figure 3A). The Pn of Q96 under D1, D2, and D3 treatments decreased by 7.4%, 18.6%, and 28.7% compared to the control group (CK), while Y116 exhibited decreases of 17.1%, 34.4%, and 46.8%, respectively. Following the application of SLs treatment, the Pn in T1, T2, and T3 treatments showed recovery compared to D1, D2, and D3, with Q96 increasing by 6.2%, 18.4%, and 17.7%, and Y116 increasing by 16.7%, 23.9%, and 24.5%.

[image: Four bar graphs labeled A, B, C, and D showing different plant physiological measurements for two plant types, Q96 and Y116, under various treatments (CK, D1, T1, D2, T2, D3, T3). Each graph displays mean values with error bars and letters indicating statistical significance. Graph A shows \( P_{\text{n}} \) values, B shows \( T_{\text{r}} \) values, C shows \( G_{\text{s}} \) values, and D shows \( C_{\text{i}} \) values, with varying height of bars across treatments. Dashed lines indicate reference levels.]
Figure 3 | Effects of exogenous SLs on photosynthetic parameters of flue-cured tobacco seedlings under different degrees of drought stress. (A) Effects of different drought stress on Pn of flue-cured tobacco seedlings, (B) Effects of different drought stress on Tr of flue-cured tobacco seedlings, (C) Effects of different drought stress on Gs of flue-cured tobacco seedling. (D) Effects of different drought stress on Ci of flue-cured tobacco seedlings. The error bars represent the standard error for each group, and different letters (a, b, c, d, e) indicate significant differences (p< 0.05). “Q96” and “Y116” mean flue-cured tobacco varieties Qinyan 96 and Yunyan 116, respectively. CK, D1, D2, D3, T1, T2,and T3 represent adequate water supply (75–80% soil water holding capacity), light drought (55–60% soil water holding capacity), moderate stress (45–50% soil water holding capacity) and severe drought (35–40% soil water holding capacity), light drought (55–60% soil water holding capacity) + 0.2 mg.L-1SLs, moderate stress (45–50% soil water holding capacity) + 0.2 mg.L-1SLs and severe drought (35–40% soil water holding capacity) + 0.2 mg.L-1SLs.




3.3.2 Transpiration rate

As shown in Figure 3B, the Tr of both Q96 and Y116 decreased due to drought. Compared to CK, Q96 exhibited a decline of 8.0%, 22.3%, and 36.9% under D1, D2, and D3 treatments, while Y116 experienced by 22.7%, 37.3%, and 56.7%, respectively. Following SLs treatment, the Tr in T1, T2, and T3 increased compared to D1, D2, and D3, with Q96 exhibiting increases of 7.1%, 25.5%, and 27.3%, and Y116 showing increases of 20.7%, 34.7%, and 57.0%.




3.3.3 Stomatal conductance

Drought treatment led to a significant reduction in Gs for both tobacco varieties (Figure 3C). Compared to the control group (CK), the Gs of Q96 decreased by 11.9%, 18.5%, and 33.7% under D1, D2, and D3 treatments, while Y116 saw declines of 20.3%, 35.9%, and 49.8%. Following the application of SLs treatment, the Gs in T1, T2, and T3 showed improvements compared to D1, D2, and D3, with Q96 increasing by 9.8%, 16.1%, and 21.5%, and Y116 increasing by 20.9%, 27.9%, and 37.8%.




3.3.4 Substomatal cavity CO2 concentration

Figure 3D shows that after drought treatment, the Ci of Q96 and Y116 significantly increased. Compared to CK, Ci in Q96 under D1, D2, and D3 rose by 4.2%, 25.9%, and 39.3%, while Y116 experienced increases of 24.7%, 45.2%, and 60.9%. Under the influence of SLs treatment, the Ci in T1, T2, and T3 decreased compared to D1, D2, and D3, with Q96 decreasing by 2.0%, 15.4%, and 13.4%, and Y116 decreasing by 17.1%, 17.3%, and 18.8%.





3.4 Effects of exogenous SLs on chlorophyll fluorescence characteristics of flue-cured tobacco seedlings under different degrees of drought stress



3.4.1 Maximal photochemical efficiency (Fv/Fm)

With the worsening drought, the Fv/Fm of Q96 and Y116 showed a gradual decline. Figure 4A illustrates that under D1, D2, and D3 treatments, Fv/Fm significantly decreased compared to the control group (CK), with Q96 decreasing by 2.8%, 14.3%, and 23.7%, while Y116 decreased by 14.2%, 27.0%, and 38.2%, respectively. Following the application of SLs treatment, there was no significant change in Fv/Fm between T1 and CK. Comparing T1, T2, and T3 with D1, D2, and D3 reveals that after spraying SLs, Fv/Fm significantly improved under the same drought conditions, with Q96 increasing by 3.0%, 14.7%, and 17.1%, and Y116 increasing by 12.3%, 22.3%, and 25.8%.

[image: Four-panel bar graph displaying plant physiological parameters: (A) Fv/Fm, (B) PSII, (C) qP, and (D) NPQ, across treatments CK, D1, T1, D2, T2, D3, and T3 for genotypes Q96 and Y116. Each bar is color-coded, with letters indicating statistical differences. Error bars show variability.]
Figure 4 | Effects of exogenous SLs on chlorophyll fluorescence parameters of flue-cured tobacco seedlings under different drought stress. (A) Effects of different drought stress on Fv/Fm of flue-cured tobacco seedlings, (B) Effects of different drought stress on PSII of flue-cured tobacco seedlings, (C) Effects of different drought stress on qP of flue-cured tobacco seedling.(D) Effects of different drought stress on NPQ of flue-cured tobacco seedlings. The error bars represent the standard error for each group, and different letters (a, b, c, d, e) indicate significant differences (p< 0.05). “Q96” and “Y116” mean flue-cured tobacco varieties Qinyan 96 and Yunyan 116, respectively. CK, D1, D2, D3, T1, T2,and T3 represent adequate water supply (75–80% soil water holding capacity), light drought (55–60% soil water holding capacity), moderate stress (45–50% soil water holding capacity) and severe drought (35–40% soil water holding capacity), light drought (55–60% soil water holding capacity) + 0.2 mg.L-1SLs, moderate stress (45–50% soil water holding capacity) + 0.2 mg.L-1SLs and severe drought (35–40% soil water holding capacity) + 0.2 mg.L-1SLs.




3.4.2 Photosystem II

After drought treatment, the PSII of both tobacco varieties significantly decreased (Figure 4B). Compared to the control group (CK), the PSII of Q96 declined by 4.4%, 17.0%, and 28.0% under D1, D2, and D3 treatments, while Y116 declined by 17.7%, 30.2%, and 41.2%, respectively. Following the application of SLs treatment, the PSII of T1, T2, and T3 increased compared to D1, D2, and D3, with Q96 increasing by 4.4%, 14.9%, and 19.6%, and Y116 increasing by 16.9%, 20.9%, and 18.7%.




3.4.3 Photochemical quenching coefficient

In Figure 4C, we can see that qP of Q96 and Y116 decreased under drought stress. Under D1, D2, and D3 treatments, Q96 decreased by 4.0%, 13.9%, and 33.6% compared to CK, while Y116 decreased by 15.6%, 33.5%, and 46.6%. Following SLs treatment, the qP of T1, T2, and T3 increased compared to D1, D2, and D3, with Q96 increasing by 4.0%, 12.8%, and 22.5%, and Y116 increasing by 16.3%, 30.8%, and 40.9%.




3.4.4 Non-photochemical quenching

The results in Figure 4D show that NPQ of Q96 and Y116 increased under drought conditions. Under D1, D2, and D3 treatments, NPQ of Q96 increased by 4.5%, 25.0%, and 42.1% compared to CK, while Y116’s increase was 25.0%, 46.3%, and 65.0%. Following SLs treatment, NPQ of T1, T2, and T3 decreased compared to D1, D2, and D3, with Q96 decreasing by 2.6%, 16.1%, and 17.5%, and Y116 decreasing by 16.0%, 11.6%, and 11.0%.





3.5 Effects of exogenous SLs on superoxide anion production rate of flue-cured tobacco seedlings under different degrees of drought stress

Under drought stress, the generation rate of superoxide anion (O2-) in Q96 and Y116 exhibited an upward trend, with Y116 being more pronounced than Q96. According to the data in Figure 5, treatments D1, D2, and D3 significantly increased the O2- generation rate compared to CK, with Q96 increasing by 2.3%, 44.4%, and 85.5%, respectively; while Y116 increased by 44.1%, 119.7%, and 174.9%. At the same drought level of drought, the application of SLs in T1, T2, and T3 compared to D1, D2, and D3 resulted in a significant increase in Q96’s O2- generation rate of 0.2%, 29.0%, and 33.6%, whereas Y116 increased by 28.0%, 45.2%, and 46.7%.

[image: Bar chart comparing O₂ generation rates for eight different treatments under two groups, Q96 and Y116. The treatments, labeled CK, D1, T1, D2, T2, D3, T3, in varying colors, show differences in rates with error bars. Group Q96 shows highest rate for D3, while Y116 shows highest for D3 with similar patterns. Dotted line marks base level.]
Figure 5 | Effects of exogenous SLs on O2.- in flue-cured tobacco seedlings under different drought stress. The error bars represent the standard error for each group, and different letters (a, b, c, d, e) indicate significant differences (p< 0.05). “Q96” and “Y116” mean flue-cured tobacco varieties Qinyan 96 and Yunyan 116, respectively. CK, D1, D2, D3, T1, T2,and T3 represent adequate water supply (75–80% soil water holding capacity), light drought (55–60% soil water holding capacity), moderate stress (45–50% soil water holding capacity) and severe drought (35–40% soil water holding capacity), light drought (55–60% soil water holding capacity) + 0.2 mg.L-1SLs, moderate stress (45–50% soil water holding capacity) + 0.2 mg.L-1SLs and severe drought (35–40% soil water holding capacity) + 0.2 mg.L-1SLs.




3.6 Effects of exogenous SLs on MDA content of flue-cured tobacco seedlings under different degrees of drought stress

Under drought conditions, the generation rate of malondialdehyde (MDA) content in Q96 and Y116 increased, with Y116 exhibiting a more significant rise (Figure 6). The drought treatment groups D1, D2, and D3 resulted in a marked increase in MDA content compared to CK, with Q96 increasing by 3.1%, 41.1%, and 81.9%, respectively, while Y116 exhibited increases of 29.3%, 112.9%, and 222.8%. In comparison to D1, D2, and D3, the application of SLs treatment in T1, T2, and T3 resulted in an increase in Q96’s MDA content of 0.4%, 24.8%, and 26.2%, whereas Y116 exhibited a larger increase of 18.9%, 37.3%, and 49.4%.

[image: Bar graph comparing MDA content in micromoles per gram for two categories, Q96 and Y116. Each category has seven bars labeled CK, D1, T1, D2, T2, D3, and T3. Heights vary, with highest values in bars D3 for both categories. Error bars and letters indicate statistical significance.]
Figure 6 | Effect of exogenous SLs on MDA content of flue-cured tobacco seedlings under different drought stress. The error bars represent the standard error for each group, and different letters (a, b, c, d, e) indicate significant differences (p< 0.05). “Q96” and “Y116” mean flue-cured tobacco varieties Qinyan 96 and Yunyan 116, respectively. CK, D1, D2, D3, T1, T2,and T3 represent adequate water supply (75–80% soil water holding capacity), light drought (55–60% soil water holding capacity), moderate stress (45–50% soil water holding capacity) and severe drought (35–40% soil water holding capacity), light drought (55–60% soil water holding capacity) + 0.2 mg.L-1SLs, moderate stress (45–50% soil water holding capacity) + 0.2 mg.L-1SLs and severe drought (35–40% soil water holding capacity) + 0.2 mg.L-1SLs.




3.7 Effects of exogenous SLs on antioxidant oxidase activity of flue-cured tobacco seedlings under different degrees of drought stress



3.7.1 Superoxide dismutase

Figure 7A illustrates that compared to CK, the SOD activity of Q96 tobacco increased by 24.2% and 39.2% under D1 and D2 treatments, respectively, but decreased by 11.4% under D3 treatment compared to CK. In contrast, the SOD activity of Y116 decreased by 12.3%, 22.1%, and 36.2% under D1, D2, and D3 treatments, respectively. Following the application of SLs treatment in T1, T2, and T3, the SOD activity significantly increased compared to D1, D2, and D3, with Q96 exhibiting increases of 62.6%, 57.3%, and 94.5%, while Y116 increased by 59.5%, 62.0%, and 79.9%.

[image: Three bar charts labeled A, B, and C display enzyme activities for SOD, POD, and CAT, respectively. The charts compare different treatments (CK, D1, T1, etc.) in two groups, Q96 and Y116. Each bar represents a treatment with varying heights, showing differences in enzyme activity. Error bars indicate variability, and different letters above bars denote statistically significant differences.]
Figure 7 | Effects of exogenous SLs on antioxidant enzyme activities of flue-cured tobacco seedlings under different drought stress. (A) Effects of different drought stress on SOD activity of flue-cured tobacco seedlings, (B) Effects of different drought stress on POD activity of flue-cured tobacco seedlings, (C) Effects of different drought stress on CAT activity of flue-cured tobacco seedling. The error bars represent the standard error for each group, and different letters (a, b, c, d, e) indicate significant differences (p< 0.05). “Q96” and “Y116” mean flue-cured tobacco varieties Qinyan 96 and Yunyan 116, respectively. CK, D1, D2, D3, T1, T2,and T3 represent adequate water supply (75–80% soil water holding capacity), light drought (55–60% soil water holding capacity), moderate stress (45–50% soil water holding capacity) and severe drought (35–40% soil water holding capacity), light drought (55–60% soil water holding capacity) + 0.2 mg.L-1SLs, moderate stress (45–50% soil water holding capacity) + 0.2 mg.L-1SLs and severe drought (35–40% soil water holding capacity) + 0.2 mg.L-1SLs.




3.7.2 Peroxidase

According to Figure 7B, the POD activity of Q96 tobacco increased by 24.9% and 41.0% compared to CK under D1 and D2 treatments, respectively, but decreased by 18.8% under D3 treatment. The POD activity of Y116 decreased by 12.8%, 31.8%, and 53.8% under the same drought treatments. Following the application of SLs treatment in T1, T2, and T3, the POD activity of Q96 significantly increased compared to D1, D2, and D3, with increases of 72.5%, 72.8%, and 101.9%, while Y116 exhibited increases of 96.7%, 122.5%, and 187.1%.




3.7.3 Catalase

Figure 7C indicates that the CAT activity of Q96 tobacco increased by 10.9% and 22.5% compared to CK under D1 and D2 treatments, respectively, but decreased by 14.7% under D3 treatment. In comparison, the CAT activity of Y116 decreased by 8.4%, 29.9%, and 48.1% under D1, D2, and D3 treatments, respectively. Following the application of SLs treatment, the CAT activity of Q96 showed significant increases compared to D1, D2, and D3, with growth rates of 44.1%, 42.0%, and 60.4%, while Y116 increased by 62.3%, 102.3%, and 142.4%.





3.8 Effects of exogenous SLs on the content of osmoregulatory substances in flue-cured tobacco seedlings under different degrees of drought stress



3.8.1 Proline

As shown in Figure 8A, compared to CK, the Pro content in Q96 increased by 15.1% and 28.7% under D1 and D2 treatments, respectively, while Y116 increased by 10.2% and 22.0%. However, under D3 treatment, Q96 decreased by 24.6%, and Y116 decreased by 25.8%. Following the application of SLs treatment in T1, T2, and T3, the Pro content in Q96 exhibited significant increases compared to D1, D2, and D3, with growth rates of 95.7%, 57.4%, and 76.4%, respectively; Y116 increased by 90.1%, 46.5%, and 112.3%.

[image: Bar charts labeled A and B display proline content and soluble sugar content in micrograms and nanograms per gram, respectively, for two groups: Q96 and Y116. Each group contains categories: CK, D1, T1, D2, T2, D3, and T3, marked with different colors. Chart A shows proline content ranging from 100 to 400 micrograms per gram, with T1 for Q96 peaking the highest. Chart B shows soluble sugar content ranging from 2 to 8 nanograms per gram, with T2 for Y116 peaking the highest. Error bars indicate variability, with letters signifying statistical differences.]
Figure 8 | Effect of exogenous SLs on osmotic adjustment substance content of flue-cured tobacco seedlings under different drought stress. (A) Effects of different drought stress on Pro content of flue-cured tobacco seedlings, (B) Effects of different drought stress on soluble sugar content of flue-cured tobacco seedlings. The error bars represent the standard error for each group, and different letters (a, b, c, d, e) indicate significant differences (p< 0.05). “Q96” and “Y116” mean flue-cured tobacco varieties Qinyan 96 and Yunyan 116, respectively. CK, D1, D2, D3, T1, T2,and T3 represent adequate water supply (75–80% soil water holding capacity), light drought (55–60% soil water holding capacity), moderate stress (45–50% soil water holding capacity) and severe drought (35–40% soil water holding capacity), light drought (55–60% soil water holding capacity) + 0.2 mg.L-1SLs, moderate stress (45–50% soil water holding capacity) + 0.2 mg.L-1SLs and severe drought (35–40% soil water holding capacity) + 0.2 mg.L-1SLs.




3.8.2 Soluble sugar content

In Figure 8B, illustrates that under D1 and D2 treatments, compared to CK, the soluble sugar content in Q96 increased by 15.6% and 35.5%, respectively, while Y116 increased by 11.1% and 20.6%. However, under D3 treatment, Q96 decreased by 25.6%, and Y116 decreased by 17.9%. Following the application of SLs treatment, the soluble sugar content in Q96 significantly improved when comparing T1, T2, and T3 with D1, D2, and D3, with increases of 92.1%, 56.4%, and 94.3%, respectively; Y116 increased by 85.0%, 52.5%, and 17.2%.





3.9 Effects of exogenous SLs on carbon and nitrogen metabolic enzyme activities of flue-cured tobacco seedlings under different degrees of drought stress



3.9.1 Nitrate reductase

With the increasing drought stress, the NR activity of Q96 and Y116 gradually decreased. As shown in Figure 9A, the NR activity under D1, D2, and D3 treatments significantly decreased compared to CK, with Q96 declining by 9.9%, 16.5%, and 28.5%, respectively, while Y116 decreased by 15.3%, 28.9%, and 50.5%. Following the application of SLs, there was no significant change in NR activity for T1 compared to CK. When comparing T1, T2, and T3 with D1, D2, and D3, the NR activity significantly increased following SLs application application under the same drought conditions, with Q96 exhibiting increases of 7.8%, 12.6%, and 21.1%, respectively, and Y116 increasing by 15.4%, 28.1%, and 67.1%.

[image: Chart A shows NR activity levels for Q96 and Y116 across treatments CK, D1, T1, D2, T2, D3, and T3, with variability indicated by different letters (a to f). Chart B displays Rubisco activity under the same conditions, using a similar system for variability. Both charts illustrate the impact of treatments on the respective activities.]
Figure 9 | Effects of exogenous SLs on activities of carbon and nitrogen metabolism enzymes in flue-cured tobacco seedlings under different degrees of drought stress. (A) Effects of different drought stress on NR activity of flue-cured tobacco seedlings, (B) Effects of different drought stress on Rubisco activity of flue-cured tobacco seedlings. The error bars represent the standard error for each group, and different letters (a, b, c, d, e) indicate significant differences (p< 0.05). “Q96” and “Y116” mean flue-cured tobacco varieties Qinyan 96 and Yunyan 116, respectively. CK, D1, D2, D3, T1, T2,and T3 represent adequate water supply (75–80% soil water holding capacity), light drought (55–60% soil water holding capacity), moderate stress (45–50% soil water holding capacity) and severe drought (35–40% soil water holding capacity), light drought (55–60% soil water holding capacity) + 0.2 mg.L-1SLs, moderate stress (45–50% soil water holding capacity) + 0.2 mg.L-1SLs and severe drought (35–40% soil water holding capacity) + 0.2 mg.L-1SLs.




3.9.2 Ribulose 1,5-diphosphate carboxylase (Rubisco)

Following drought treatment, the Rubisco activity in both tobacco varieties significantly decreased (Figure 9B). For Q96, the Rubisco activity under D1, D2, and D3 treatments was significantly reduced compared to the control group (CK) by 9.3%, 19.9%, and 25.6%, respectively. Y116 similarly exhibited decreases of 15.6%, 28.6%, and 32.5%. Following the application of SLs, the Rubisco activity in T1, T2, and T3 exhibited recovery compared to D1, D2, and D3, with Q96 increasing by 9.0%, 21.7%, and 15.3%, respectively, and Y116 increasing by 13.9%, 25.7%, and 21.0%.





3.10 Effects of exogenous SLs on endogenous hormone content of tobacco seedlings under different degrees of drought stress



3.10.1 Auxin (IAA)

With the worsening drought, the IAA levels of Q96 and Y116 showed a gradual decline. Figure 10A illustrates that under D1, D2, and D3 treatments, the IAA significantly decreased compared to CK, with Q96 showing reductions of 18.3%, 29.4%, and 43.7%, while Y116 decreased by 19.0%, 34.6%, and 52.0%, respectively. Following the application of SLs, there was no significant change in IAA between T1 and CK. A comparison of T1, T2, T3 with D1, D2, D3 revealed that following the application of SLs, IAA significantly increased under the same drought conditions, with Q96 increasing by 17.6%, 10.2%, and 4.5%, and Y116 increasing by 10.8%, 10.2%, and 12.1%, respectively.

[image: Bar charts display content levels of various substances in different samples. (A) IAA content; (B) GA content; (C) ZR content; (D) ABA content. Two groups, Q96 and Y116, are compared across different treatments labeled CK, D1-3, and T1-3, with their respective measurements and statistical significance indicated by letters above the bars.]
Figure 10 | Effect of exogenous SLs on endogenous hormone content of flue-cured tobacco seedlings under. (A) Effects of different drought stress on IAA content of flue-cured tobacco seedlings, (B) Effects of different drought stress on GA content length of flue-cured tobacco seedlings, (C) Effects of different drought stress on ZR content width of flue-cured tobacco seedling.(D) Effects of different drought stress on ABA content area of flue-cured tobacco seedlings. The error bars represent the standard error for each group, and different letters (a, b, c, d, e) indicate significant differences (p< 0.05). “Q96” and “Y116” mean flue-cured tobacco varieties Qinyan 96 and Yunyan 116, respectively. CK, D1, D2, D3, T1, T2,and T3 represent adequate water supply (75–80% soil water holding capacity), light drought (55–60% soil water holding capacity), moderate stress (45–50% soil water holding capacity) and severe drought (35–40% soil water holding capacity), light drought (55–60% soil water holding capacity) + 0.2 mg.L-1SLs, moderate stress (45–50% soil water holding capacity) + 0.2 mg.L-1SLs and severe drought (35–40% soil water holding capacity) + 0.2 mg.L-1SLs.




3.10.2 Gibberellic acid

In Figure 10B, both Q96 and Y116 exhibited a decline in GA due to drought. Compared to CK, Q96 experienced decreases of 10.0%, 20.3%, and 29.9% under D1, D2, and D3 treatments, while Y116 experienced declines of 15.1%, 27.6%, and 38.2%. Following the application of SLs, GA levels in T1, T2, and T3 were higher than those in D1, D2, and D3, with Q96 increasing by 9.7%, 14.5%, and 8.0%, and Y116 increasing by 6.8%, 9.0%, and 9.4%.




3.10.3 Ribosylzeatin

Following drought treatment, ZR levels in both tobacco varieties significantly declined (Figure 10C). Under D1, D2, and D3 treatments, the ZR levels in Q96 significantly decreased by 8.6%, 15.1%, and 27.6% compared to the control group (CK), while Y116 experienced declines of 8.8%, 19.0%, and 38.7%. After the application of SLs, ZR levels in T1, T2, and T3 exhibited recovery compared to D1, D2, and D3, with Q96 increasing by 7.1%, 6.0%, and 14.8%, and Y116 increasing by 5.8%, 9.4%, and 19.2%.




3.10.4 Abscisic acid

The results in Figure 10D show that ABA levels in Q96 and Y116 increased under drought conditions. Under D1, D2, and D3 treatments, the ABA levels in Q96 rose by 5.3%, 21.4%, and 34.0% compared to the control group (CK), while Y116 experienced increases of 12.2%, 33.6%, and 49.1%, respectively. Following the application of SLs, ABA levels in T1, T2, and T3 decreased compared to D1, D2, and D3, with Q96 declining by 4.3%, 13.3%, and 16.6%, and Y116 declining by 6.0%, 12.2%, and 12.8%.





3.11 Cluster analysis and correlation analysis of 29 traits

The potential drought tolerance traits of the two tobacco varieties (29 traits in total) were analyzed through clustering. The traits of the Q96 variety (Figure 11A) were grouped into three clusters: Cluster 1 containing 19 traits, Cluster 2 containing 5 traits, and Cluster 3 containing 5 traits. The clustering analysis for the Y116 variety (Figure 11B) yielded the same result as for the Q96 variety, with traits grouped into three clusters, and the composition of traits in each cluster being identical. The traits were similarly divided into three clusters, with each cluster containing the same set of traits. Cluster analysis effectively grouped highly correlated traits into the same clusters, suggesting that traits within the same cluster share similar drought resistance. Pearson’s correlation analysis revealed that the drought tolerance traits of the Q96 and Y116 tobacco varieties were highly correlated (Figure 12). Highly significant positive correlations were observed among 19 traits, including plant height, maximum leaf length, and maximum leaf width. Positive correlations were also found between Ci, NPQ, O2− generation rate, MDA content, and ABA content. These traits showed significant negative correlations with the aforementioned 19 traits. Combining the clustering (Figure 11) and correlation analysis plots (Figure 12) showed that traits within the same cluster exhibited significant correlations, it was further demonstrated that these traits are closely interrelated and may collectively contribute to the drought response mechanisms in tobacco.

[image: Dendrograms (A) and (B) visualize the hierarchical clustering of various plant-related variables. Both charts depict distance on the vertical axis and variables on the horizontal axis, grouped by similarity. Dendrogram (A) clusters variables like plant height and dry weight, while (B) shows a different grouping, with some overlap in variables like chlorophyll content and enzyme activity. The different colors represent distinct clusters in each chart.]
Figure 11 | Cluster analysis of drought tolerance traits in two tobacco varieties. (A) Cluster analysis of drought tolerance traits in Q96, and (B) Cluster analysis of drought tolerance traits in Y116. The three colors from left to right represent Cluster 1, Cluster 2 and Cluster 3, respectively.

[image: Two heatmaps labeled A and B display correlation matrices of various plant traits such as height, leaf dimensions, chlorophyll content, and more. Circles vary in color from red to green, representing correlation values from -1 to 1, with a gradient bar on the right indicating these values. Positive correlations are shown in shades of red, negatives in green, and neutral in lighter tones.]
Figure 12 | Correlation analysis of drought tolerance traits in two tobacco varieties (A) Correlation analysis of drought tolerance traits in Q96, and (B) Correlation analysis of drought tolerance traits in Y116. *, **, and *** are significantly different at p ≤ 0.05, 0.01, and 0.001 significant levels, respectively.




3.12 Principal component analysis of different varieties of tobacco

Table 2 presents the identification of two principal components through principal component analysis (PCA) of 29 physiological indices from two tobacco varieties, based on eigenvalues ≥ 1.00. The variance contributions of the two principal components for Q96 were 84.82% and 12.28%, respectively, yielding a cumulative variance contribution of 97.10%. Consequently, the original 29 indices were transformed into two new composite indices. The first principal component exhibited high loadings for factors including plant height, chlorophyll a content, chlorophyll b content, Tr, Fv/Fm, and PSII, which are primarily associated with tobacco agronomic traits, chlorophyll content, and photosynthesis. Conversely, the second principal component encompassed SOD activity, POD activity, CAT activity, proline, and soluble sugar content, which are mainly associated with antioxidant enzyme systems and osmotic adjustment. The variance contributions of the two principal components for Y116 were 86.79% and 9.78%, respectively, resulting in a cumulative variance contribution of 96.57%. Additionally, the 29 indicators were transformed into two composite indices.


Table 2 | Principal component matrix and cumulative contribution of different tobacco varieties.

[image: Comparison table showing principal component analysis results for two plant varieties, Q96 and Y116. Data includes eigenvalues, contribution rates (CR and CCR), and various physiological traits like plant height, chlorophyll, photosynthetic rates, and enzyme activity under two principal components for each variety. Descriptive footnotes define abbreviations related to soil water capacity and levels of drought stress.]
The first principal component for Y116 exhibited high loadings for factors such as maximum leaf length, maximum leaf width, Tr, Gs, Ci, Fv/Fm, and qP, which are primarily related to tobacco agronomic traits and photosynthesis. The second principal component encompassed SOD activity, POD activity, CAT activity, proline, and soluble sugar content, which are primarily associated with the antioxidant enzyme system and osmotic regulation. PCA results for the Q96 and Y116 tobacco varieties indicated that agronomic traits, photosynthesis, and osmotic regulation significantly influence drought resistance. Furthermore, Q96 exhibited more pronounced differences in response to drought stress under T1 and CK treatments compared to D3 (Figure 13A). Y116 also displayed significant differences from D3 under T1, T2, and CK treatments (Figure 13B).

[image: Two scatter plots labeled A and B show principal component analysis (PCA) biplots. Plot A shows PC1 explaining 84.82% and PC2 explaining 12.28% of variance. Plot B shows PC1 at 86.79% and PC2 at 9.78%. Each plot includes data points grouped into ellipses, representing clusters labeled CK, D1, D2, D3, T1, T2, and T3. The axes are marked with percentages to indicate explained variance.]
Figure 13 | PCA analysis of two tobacco varieties under different treatments. (A) PCA analysis of Q96 under different treatments, and (B) PCA analysis of Y116 under different treatments. “Q96” and “Y116” mean flue-cured tobacco varieties Qinyan 96 and Yunyan 116, respectively. CK, D1, D2, D3, T1, T2,and T3 represent adequate water supply (75–80% soil water holding capacity), light drought (55–60% soil water holding capacity), moderate stress (45–50% soil water holding capacity) and severe drought (35–40% soil water holding capacity), light drought (55–60% soil water holding capacity) + 0.2 mg.L-1SLs, moderate stress (45–50% soil water holding capacity) + 0.2 mg.L-1SLs and severe drought (35–40% soil water holding capacity) + 0.2 mg.L-1SLs.




3.13 Screening and classification of drought tolerance traits in tobacco

Using principal component analysis PCA we identified key traits associated with drought tolerance such as plant height、Tr、Ci和SOD activity as the final indicators for drought tolerance assessment However, the data presented in Table 2 show that the eigenvector values for these key traits are similar to each other. Furthermore, the analyses in Figures 11 and 12 reveal that these traits exhibit high similarity and strong correlations within Cluster 1, Cluster 2, and Cluster 3. When traits within the same cluster are strongly correlated, changes in one trait can reliably predict changes in the others. Therefore, simplifying some of the redundant indicators in future studies of drought tolerance in tobacco could enhance research efficiency and reduce complexity. The results demonstrated that traits in Cluster 1 were positively correlated with drought tolerance in tobacco, suggesting that these traits are key indicators of enhanced drought resistance. In contrast, traits in Cluster 3 exhibited a negative correlation with drought tolerance, indicating that the increase in these traits may reflect reduced drought resistance in tobacco.




3.14 Comprehensive evaluation of different SLs treatments for improving drought tolerance in tobacco

Based on Formula 6, we calculated the affiliation function values for each composite index of the two tobacco varieties across different treatments (Table 3) and determined the weights for each composite index (Table 2) using Formula 7. The weights for the two composite indices of Q96 were 0.87 and 0.13, while those for Y116 were 0.90 and 0.10. The affiliation function values for each index did not fully represent the level of drought tolerance in tobacco under the various SL treatments. The drought tolerance of the two tobacco varieties under various treatments was ultimately calculated using Formula 8. A higher comprehensive evaluation value was positively correlated with stronger drought tolerance, as illustrated in Table 3. Comparison of drought tolerance among different treatments, based on the D value, revealed that Q96 exhibited higher drought tolerance in T1, T2, and CK treatments, whereas Y116 demonstrated higher drought tolerance in T1 and CK treatments.


Table 3 | Principal component matrix and cumulative contribution of different tobacco varieties.

[image: Table showing membership function values for two varieties, Q96 and Y116, across different treatments: CK, D1, D2, D3, T1, T2, and T3. Each variety lists U(X1), U(X2), D-value, and Rank values for each treatment. CK represents adequate water supply, while D1 to D3 and T1 to T3 represent varying drought conditions and supplement treatments. Specific values are provided for each parameter under each treatment.]




4 Discussion

Drought stress can hinder plant growth and diminish productivity. Under drought conditions, the height, maximum leaf length, maximum leaf width, maximum leaf area, and dry weight per plant of the Q96 and Y116 cultivars were significantly reduced. Our findings indicate that the application of SLs can alleviate this stress, particularly in the water-sensitive Y116 cultivar. Conversely, the drought-tolerant Q96 variety exhibited greater drought tolerance, and the application of SLs further enhanced this tolerance. Xie et al. suggested that SLs enhance crop yield, which aligns with the findings of this study (Xie et al., 2020).

Chloroplasts serve as the primary sites of photosynthesis in plant leaves. Damage to chloroplasts is reflected by changes in chlorophyll content, which indicates the plant’s sensitivity to stress and subsequently affects photosynthetic productivity (Chikkala et al., 2012). We observed that, under drought stress, the chlorophyll content of both tobacco varieties significantly decreased. The reduction in chlorophyll a for Q96 ranged from 7.7% to 31.5%, whereas Y116 experienced an even greater decline. Following the application of 0.2 mg·L⁻¹ SLs, the chlorophyll content of both varieties significantly increased under various drought treatments compared to drought stress alone, indicating that SLs effectively protect chloroplasts in tobacco under drought conditions and enhance chlorophyll production. This finding is consistent with prior research. SLs may upregulate genes associated with chlorophyll synthesis in the light signaling pathway by influencing FHY3 and FAR1, thereby enhancing chlorophyll synthesis in cucumber under stress conditions (Zhang et al., 2022).

Following drought stress, photosynthesis involving CO2 in tobacco is inhibited, resulting in the accumulation of CO2 in intercellular spaces (Fernández-San Millán et al., 2018). The photosynthetic parameters Pn, Tr, and Gs of the two tobacco varieties, Q96 and Y116, significantly decreased as drought stress intensified, whereas Ci exhibited a significant increase. However, the application of exogenous SLs positively impacted the photosynthetic efficiency of tobacco, with significant enhancements observed in the photosynthetic parameters of both Q96 and Y116. Studies have demonstrated that SL levels can regulate the opening and closing of stomata, thereby reducing water evaporation and enhancing the photosynthetic rate of plants (Kodama et al., 2022; Raja et al., 2023). Therefore, we speculate that SLs may enhance photosynthetic capacity by improving leaf water potential and stomatal conductance.

Monitoring chlorophyll fluorescence parameters provides an accurate reflection of plant photosynthesis and heat dissipation (Murchie and Lawson, 2013). This study monitored the chlorophyll fluorescence parameters of two tobacco varieties subjected to varying degrees of drought stress. Both Q96 and Y116 exhibited significant reductions in Fv/Fm, PSII, and qP, whereas NPQ significantly increased. However, the application of SLs generally enhanced these parameters.Given that chlorophyll fluorescence parameters are closely related to chlorophyll content and the photosynthetic light system, this suggests that SLs may repair damaged PSII under drought stress and reduce thermal damage in tobacco, thereby restoring photochemical activity.

Under drought stress, excessive reactive oxygen species (ROS) accumulate in plants, disrupting their ROS metabolism (del Rio et al., 2006). In conjunction with the production of NADPH and ATP, the reaction between NADPH oxidase and O2 in the endoplasmic reticulum generates a substantial amount of O2-, leading to lipid peroxidation of cell membraness (Begum et al., 2020). This leads to cell wall damage, ion leakage, reduced enzyme activity, and cellular dehydration, resulting in metabolic disorders (Suganami et al., 2020; Xing et al., 2023). As excessive drought disrupts the dynamic balance of ROS formation and elimination, it reduces the drought tolerance of plants (Begum et al., 2020; Hafez et al., 2020). The generation rate of O2− and the content of MDA in the two flue-cured tobacco varieties increased with the severity of drought stress; however, the response was more pronounced in the water-sensitive variety Y116. Following the application of SLs, significant improvements were observed. Under severe drought stress, the generation rate of O2− and the content of MDA in Q96 decreased by 33.6% and 26.2%, respectively, whereas Y116 exhibited reductions of 45.7% and 49.4%. Mansoor et al (Mansoor et al., 2024). demonstrated that SLs stimulate the synthesis and accumulation of antioxidant compounds in plants, effectively scavenging reactive oxygen species (ROS) and alleviating toxicity associated with their excess. SLs were also shown to reduce MDA levels during stress and mitigate damage from lipid peroxidation (Raja et al., 2023). This indicates that SLs enhanced the antioxidant capacity of tobacco under drought stress, reduced ROS and intracellular MDA levels, and alleviated damage to flue-cured tobacco.

Plant cells possess a specialized antioxidant enzyme system, including SOD, POD, and CAT, which eliminates reactive oxygen species and regulates drought resistance while protecting cell membranes (Yue et al., 2022; Gelaw et al., 2023). Upon initial stress exposure, plants typically significantly increased SOD, POD, and CAT activities to counteract excessive reactive oxygen species production. However, excessive drought stress impairs the antioxidant enzyme system, diminishing its activity (Li et al., 2018; Gelaw et al., 2023). The enzyme activity of Q96 was significantly higher than that of the control under drought treatments D1 and D2, but significantly lower under treatment D3. In contrast, the enzyme activity of Y116 was significantly lower than that of the control under all treatments. Spraying exogenous SLs significantly improved the antioxidant enzyme activity of the two tobacco seedling varieties, although this enhancement diminished with increasing drought severity. In SLs-treated tomatoes, AsA and GSH levels were elevated, and antioxidant enzyme activities were increased to mitigate Cd toxicity (Raja et al., 2023). Exogenous SLs significantly increased antioxidant enzyme levels in tobacco under drought stress, thereby enhancing its environmental tolerance and drought resistance.

Osmoregulatory substances, which are fundamental metabolic products of plant cells, play a crucial role in regulating osmotic pressure and are correlated with plant life strategies (Suganami et al., 2020). They serve dual roles: regulating plant stress while safeguarding essential survival activities, and providing crucial energy reserves and metabolic information molecules that modulate the transcription levels of drought-resistant plant genomes (Varshney and Gutjahr, 2023). The proline and soluble sugar contents in Q96 and Y116 exhibited an initial increase followed by a decrease in response to increasing drought conditions. Our findings indicate that the application of exogenous SLs significantly elevated the levels of these two substances, enhancing stress resistance through improved osmotic adjustment. Previous studies have demonstrated that SLs play a crucial role in maintaining the osmotic balance of plant cells by promoting the expression of osmoregulation-related genes (Mostofa et al., 2018). Additionally, SLs regulate the sugar levels in plants, enabling them to optimize their production potential even under adverse conditions (Wang et al., 2020a).

The activity and gene expression of carbon and nitrogen metabolism enzymes serve as determinants for photosynthetic efficiency and carbohydrate accumulation in plants (del Rio et al., 2006; Iqbal et al., 2015). Our findings revealed a significant reduction in NR and Rubisco activities in the leaves of two tobacco varieties under drought stress. However, the application of SLs under drought conditions led to a significant increase in NR and Rubisco activities in the leaves of these tobacco varieties. It has been suggested that under soil nutrient deficiencies (e.g., nitrogen and phosphorus) or drought conditions, SL levels may increase, modulating plant root architecture and enhancing nutrient uptake across various adversities (Seto et al., 2019; Bürger and Chory, 2020; Kodama et al., 2022; Waadt et al., 2022).

Plant endogenous hormones, which are essential for signaling and regulation, respond to various stresses and are involved in multiple biological processes (Yao et al., 2019; Xia et al., 2023). These hormones typically maintain a specific equilibrium that facilitates normal plant metabolism and growth. However, under environmental stress, plants modify their physiological mechanisms and growth patterns by altering hormone concentrations (Azoulay-Shemer et al., 2015; Gelaw et al., 2023; Xia et al., 2023). Our findings indicate that drought stress significantly reduced the contents of IAA, GA, and ZR in the leaves of two tobacco varieties, while concurrently increasing ABA levels. Q96 exhibited significantly lower levels of endogenous hormones compared to Y116, suggesting that drought stress disrupts the hormonal balance in tobacco. This disruption weakens cellular metabolic activity, decreases cell water content, and promotes shedding and dormancy, ultimately impeding plant growth and development (Yao et al., 2019). The application of SLs enhanced the biosynthesis of IAA, GA, and ZR, while suppressing ABA formation. These results indicate that exogenous SLs can elevate endogenous hormone levels in plants under drought stress, thereby regulating leaf hormone metabolism. This regulation delays plant senescence, enhances photosynthetic performance, increases carbon assimilation, and mitigates drought-induced damage (Azoulay-Shemer et al., 2015; Yao et al., 2019; Yue et al., 2022; Xia et al., 2023). Although SLs have been well characterized as responsive to abiotic stresses in a coordinated manner through interactions with other hormones (e.g., SLs interact with ABA or IAA to regulate plant growth and development) (Mostofa et al., 2018), the mechanisms of these interactions are complex and varied, involving feedback regulation. However, due to the numerous types of hormones, the mechanisms by which SLs interact with other hormones are complex and varied (Wang et al., 2020b), involving feedback regulation, which cannot be simply summarized. To investigate how SLs influence the resistance of tobacco under drought stress, further examination of the expression of related genes is necessary.

This study conducted a detailed analysis of the physiological indices of two tobacco varieties, Q96 and Y116, under varying drought stress conditions and different SLs treatments, utilizing affiliation function calculations and principal component analysis (PCA) to identify key indices related to drought tolerance. The results indicated that the drought tolerance of Q96 and Y116 under various SLs treatments was primarily influenced by agronomic traits and photosynthesis, with a lesser impact from tobacco antioxidant enzyme systems and osmoregulatory mechanisms. Given that this study investigated 29 potential indicators related to drought tolerance in tobacco, the volume of data was substantial. Thus, employing PCA facilitated the identification of indicators that strongly represent drought tolerance. Additionally, the D-value, calculated from the affiliation function and weighted by PCA results, allowed for clearer comparisons. Ultimately, both tobacco varieties significantly mitigated the negative effects of SLs treatments applied under T1 and T2 conditions, corresponding to mild and moderate drought stress. The response to SLs treatments was more pronounced in Y116 compared to Q96, which exhibited greater differences in drought stress responses under T1 and CK conditions compared to D3. Y116 demonstrated significant differences from D3 under T1, T2, and CK treatments. Furthermore, we hypothesized that SLs enhance drought tolerance in tobacco through various pathways and mechanisms. Rather than merely exerting a one-sided positive effect, SLs function as a sustainable factor that contributes holistically to the initiation and development of a drought-tolerant system in tobacco.

In addition, we conducted a comprehensive evaluation and classification of the drought tolerance traits of two tobacco varieties, Q96 and Y116, using cluster analysis, Pearson correlation analysis, and principal component analysis. The results indicated that 19 traits (e.g., plant height, maximum leaf length, maximum leaf width, etc.) in Cluster 1 were significantly and positively correlated with drought tolerance in tobacco, which could serve as key indicators for improving drought tolerance in tobacco. In contrast, five traits in Cluster 3 (Ci, NPQ, O2− generation rate, MDA content, and ABA content) were negatively correlated with drought tolerance in tobacco, with an increase in these indices indicating a reduction in drought tolerance. The high correlation among traits within the same cluster suggests that these traits may share similar drought resistance mechanisms. Therefore, the inter-correlation of traits within the same cluster may simplify the identification of key indicators and enhance the efficiency of drought resistance trait assessment in future studies.




5 Conclusion

In this study, we investigated the effects of exogenous spraying of gibberellin lactone (SLs) on agronomic traits, the photosynthetic fluorescence system, reactive oxygen species metabolism, the antioxidant enzyme system, osmoregulatory substances, and hormonal regulation in two varieties, Q96 and Y116, to improve drought tolerance in flue-cured tobacco. Principal component analysis and affiliation function analysis were employed to evaluate the effects of spraying SLs, both with and without SLs, under various drought stress conditions on the drought tolerance of tobacco. The results indicated that the application of SLs effectively mitigated the effects of drought stress on flue-cured tobacco across various levels of drought, particularly in the water-sensitive Y116 variety. We also identified 16 drought tolerance traits that significantly influence drought tolerance in tobacco (Plant height、Maximum leaf length、Maximum leaf width、Chlorophyll a content、Chlorophyll b content、Tr、Gs、Ci、Fv/Fm、PSII、qP、SOD activity、POD activity、CAT activity、Pro、soluble sugar content). The identification of drought-related indicators in tobacco was simplified through cluster and correlation analyses, which categorized the traits based on their positive or negative correlation with drought tolerance in tobacco. 0.2 mg•L⁻¹ SLs enhanced the growth performance of flue-cured tobacco under drought stress, possibly due to the up-regulation of genes associated with the photosynthetic system, the antioxidant enzyme system and osmotic control system. SLs reduced the adverse damage experienced by both tobacco varieties under drought stress, thereby optimizing their growth potential. However, the interactions between exogenous SLs and various hormones (IAA, GA, ZR, and ABA) under drought stress remain unclear, and the associated molecular mechanisms require further investigation. This study demonstrated that SLs enhance drought tolerance in flue-cured tobacco through multiple pathways, serving as a sustainable and efficient approach to mitigate drought stress damage. Furthermore, the application protocol for SLs should be further explored to optimize the yield and quality of flue-cured tobacco.
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The development of a salt-tolerant hexaploid triticale cultivar offers an economical and efficient solution for utilizing marginal land. Understanding how hexaploid triticales respond to salt stress is essential if this goal is to be achieved. A genome-wide association study (GWAS), along with transcriptome and proteome analyses, were used in the present study to determine the molecular responses to salt stress in hexaploid triticale. In total, 81 marker-trait associations for 10 salt-tolerance traits were identified in 153 hexaploid triticale accessions, explaining 0.71% to 56.98% of the phenotypic variation, and 54 GWAS-associated genes were uncovered. A total of 67, 88, and 688 differential expression genes were co-expressed at both the transcriptomic and proteomic levels after 4, 12, and 18 h of salt stress, respectively. Among these differentially expressed genes, six appeared in the coincident expression trends for both the transcriptomic and proteomic levels at the seed germination stage. A total of nine common KEGG pathways were enriched at both the transcriptomic and proteomic levels at 4, 12, and 18 h. After integrating GWAS-target genes with transcriptomics and proteomics approaches that the candidate gene late embryogenesis abundant protein 14 (LEA14) was up-regulated at the transcriptomic and proteomic levels. LEA14 contained important stress-responsive cis-acting regulatory elements that could be dynamically regulated by the binding of transcription factors (TFs). This suggested that LEA14 was a key gene associated with salt tolerance in hexaploid triticale and could respond quickly to salt stress. This study improved understanding about the potential molecular mechanisms associated with hexaploid triticale salt tolerance and contributed to the breeding of salt-tolerant germplasms and the utilization of saline soils.
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1 Introduction

Hexaploid triticale (×Triticosecale Wittmack, 2n = 6x = 42, AABBRR) is a man-made amphiploid grain-forage crop that is high yielding and resistant to abiotic stress (Blum, 2014). It is mainly produced in Poland, Germany, Belarus, France, Russia, and China and its planting area has continuously expanded with the increase in demand (FAOSTAT, 2017). Salt stress is an abiotic stress that seriously affects crop food or feed yield production and quality (Ondrasek et al., 2022). About 800 million hectares of global agricultural land is classified as low production soil due to salt salinity (F.A.O, 2008). In China, the land in the Qaidam Basin, Qinghai Province, is a typical agro-pastoral transition area and is suitable for forage based agriculture. However, the area shows widespread salinization. Soil salinization is mainly caused by irrigation and various ions, including sodium, potassium, and chloride (Haq et al., 2018; Jin et al., 2019), and sodium chloride (NaCl) is the most common salt component in the soil (He et al., 2022; Saleh et al., 2013). Soil salinization undesirably inhibits the growth and development of plants, including seed germination, root elongation, flowering, and fruiting (Deinlein et al., 2014), and breeding salt-tolerant cultivars is a highly effective and sustainable approach that enables the utilization of saline-alkali land in the Qaidam Basin and enhances hexaploid triticale production.

Seed germination is a key stage in successful crop production (Almansouri et al., 2001). The absorption of excess Na+ and Cl− ions by plants can lower seed germination ability (Luan et al., 2014). Therefore, the genetic mechanisms associated with seed germination when plants respond to salt stress need to be clarified to develop new varieties with salt tolerance. Generally, salt tolerance is controlled by multiple genes and seed germination under saline conditions is influenced by various external and internal factors (Wahid et al., 2010). Previously, the seed germination loci and candidate genes controlling salt tolerance in model plants have been primarily identified by quantitative trait locus (QTL) analyses, RNA-seq approaches, and genome-wide association studies (Kong et al., 2021; Oyiga et al., 2018; Shi et al., 2017; Tu et al., 2021). The QTL mapping and genome-wide association study (GWAS) methods were used to identify genomic regions linked to salt tolerance traits in the Poaceae, such as relative fresh weight (RFW), relative germination potential (RGP), relative dry weight (RDW), relative shoot length (RSL), relative germination rate (RGR), and relative root length (RRL) (Batool et al., 2018; Ma et al., 2006; Park et al., 2011; Shi et al., 2017; Mwando et al., 2020). Some salt-responsive candidate genes have been identified in wheat and rice through GWAS approach (Liu et al., 2024; Javid et al., 2022; Oyiga et al., 2019; Quamruzzaman et al., 2022; Yu et al., 2023), such as TATA modulatory factor (Liu et al., 2024), OsWRKY53 (Yu et al., 2023), NRAMP-2 (Oyiga et al., 2019). The transcriptome and proteome are also used to elucidate changes and regulatory networks at the expression level, when responding to salt stress (Bahieldin et al., 2015; Yang et al., 2021; Yuan et al., 2018). The crop response to salt stress causes a series of signal transduction pathway changes, especially in pathways dependent on and independent of abscisic acid (ABA) (Yamaguchi-Shinozaki and Shinozaki, 2006). In the two signaling pathways, transcription factors (TFs) and their genes play vital roles in salt tolerance, for example: AP2/ERF, WRKY, bHLH, WHIRLY, bZIP, MYB, DREB, MADS-box, GATA, NAC, WOX, and YABBY (Hussain et al., 2021; Yoshida et al., 2014). Besides, many studies had reported that late embryogenesis abundant (LEA) proteins play a key role in various plants under salt stress (Jia et al., 2014; Park et al., 2011). A total of 51 LEA proteins had been identified and classified in Arabidopsis (Hundertmark and Hincha, 2008). Structural gene LEA14, as a member of LEA_2 subgroup, showed a positive correlation between the accumulation of LEA14 proteins and the salt tolerance (Jia et al., 2014). TFs, such as bHLH and WRKY, also regulated the expression level of LEA14 (Babitha et al., 2013). The aforementioned research has improved understanding about the molecular mechanisms associated with salt tolerance in hexaploid triticale.

Triticale is created through hybridization between wheat and rye and lacks a reference genome sequence. A genetic locus and the regulated pathways associated with important traits are not fully mined and elaborated in hexaploid triticales. Previous studies have only identified salt-tolerant cultivars and potential salt stress-responsive candidate genes in triticales based on physiology and transcriptome methods (Deng et al., 2020; Ramadan et al., 2023). Nevertheless, the molecular mechanism in triticales that responds to salt stress is poorly understood. The high quality reference genome sequences for wheat (RefSeq V2.1) and rye (Rabanus-Wallace et al., 2021) may provide references that could be used to identify the key genes in triticales, and have been successively applied to hexaploid triticales (Cao et al., 2022). In this study, loci and candidate genes associated with salt tolerance in hexaploid triticales were identified and molecular responses to salt stress during seed germination were revealed using transcriptome, proteome, and GWAS methods. This study provided reference information for gene fine-mapping and gene cloning and improved understanding about the molecular mechanism underlying salt tolerance in hexaploid triticales.




2 Materials and methods



2.1 Material and single nucleotide polymorphism markers

The plant materials containing hexaploid triticales accessions (n = 153) were provided by the Institute of Crop Sciences, Chinese Academy of Agricultural Sciences and the USDA-ARS National Small Grains Collection (http://www.ars-grin.gov/). Detailed information and the genotypes of these accessions have been published in Cao et al. (2022).




2.2 Salt tolerance evaluation

The intact seeds of 153 hexaploid triticales accessions were surface-sterilized using 1% NaClO for 10 min and then twice rinsed in sterile water. A set of 100 seeds was placed in a rectangular plastic box (125*55*125 mm) containing filter paper and 20 mL NaCl solution at a concentration of 200 mM was added to evaluate the salt tolerance of the accessions. The treatments, with three replicates per treatment, were either a distilled water (control) or 200 mM NaCl (salt treatment). The boxes were placed in an illuminated incubator at a constant temperature (conditions: 24 ± 2°C, 5,000 l× light intensity, 40% relative humidity, and a 16 h light/8 h dark cycle). The control and treatment solutions were replaced by distilled water or NaCl solution once a day, respectively. The number of germinated seeds, based on the emergence of a plumule, was counted each day. At the end of day 7, shoot length, shoot dry weight, root length, shoot fresh weight, root number, root fresh weight, and root dry weight were also measured according to previous methods (Javid et al., 2022). Several relative phenotype values were calculated for the GWAS (GP = (number of germinated seeds at three days/100) × 100% and GR = (number of germinated seeds at seven days/100) × 100%). The calculation of relative values for each characteristic (RGP, relative root dry weight (RRDW), RGR, RSL, relative root fresh weight (RRFW), RRL, relative root number (RRN), RFW, relative shoot fresh weight (RSFW), RDW, and relative shoot dry weight (RSDW) was based on the ratio of the measured value of the treatment to that of the control.




2.3 Genome-wide association study

The GWAS was carried out using three models by the Genome Association and Prediction Integrated Tool (GAPIT) in R package. The three models were the general linear model (GLM), fixed and random model circulating probability unification (FarmCPU), and the mixed linear model (MLM). A P-value threshold below 0.05/N indicated a significant link between SNPs and traits, with N referring to the total number of SNP markers applied in the association analysis (Yang et al., 2014). The valid SNPs were screened out by setting 1.27E−07 (−log10(p) = 6.90) as the significant P-value threshold.




2.4 Transcriptome profiling

The salt-tolerant variety QSM2 (ST) was identified based on the salt tolerance evaluation results and used in the transcriptome and proteome analyses. Each of the 100 QSM2 seeds was moistened with distilled water (control) or 200 mM NaCl (salt treatment) for 4, 12, and 18 h. Seed samples were collected at 4, 12, and 18 h, with three replications, and named STG4S, STG12S, and STG18S for the salt treatment, respectively, and STG4CK, STG12CK, and STG18CK for the control plants, respectively. All samples were immediately preserved at -80°C in liquid nitrogen. Next, a Tiangen RNAprep Pure Plant Kit (Tiangen Company, Beijing, China) was employed to isolate the total RNA. The quality of the total RNA obtained from each sample was determined according to Cao et al. (2019). A cDNA library (three replicates for each accession, 18 preparations in total) was constructed in accordance with the mRNA-Seq sample preparation protocol provided by the manufacturer (Illumina, Inc., San Diego, CA, USA). Then, Illumina paired-end sequencing technology and an Illumina HiSeq X instrument purchased from Novogene Co. Ltd. (Beijing, China) was used to sequence the cDNA library products with read lengths set at 150 bp. The detailed process and standards for the sequence data analysis are described in detail in Cao et al. (2019). We screened for significantly differentially expressed genes (DEGs) using |log2Ratio| absolute value ed genes a P-value threshold at a false discovery rate (FDR) ≤ 0.05.




2.5 Proteome profiling

Samples for protein extraction were prepared using the same method used for the RNA-seq. The protein preparation procedure and the Tandem mass tag (TMT)-based comparative peptidomics analyses are described in detail by Ma et al. (2021). In brief, lysis buffer [150 mM Tris-HCl pH 8.0 + 100 mM DTT + 4% (w/v) SDS] was used to extract the total protein from seeds using a three step process: 1) seeds were disrupted in a homogenizer by agitation and then boiled for 5 min; 2) the samples underwent further ultrasonication and then boiled again for 5 min; and 3) 15 min centrifugation at 16,000 rpm was performed to remove undissolved cellular debris. A BCA Protein Assay Kit (Bio-Rad, Hercules, CA, USA) was used to quantify the collected supernatant. The protein digestion was based on the filter-aided sample preparation procedure, as presented by the method of Wiśniewski et al. (2009). Finally, TMT reagents were added to label the obtained peptides as per the instructions of the manufacturer (Thermo Fisher Scientific, Scotts Valley, CA, USA). An Agilent 1290 HPLC (Agilent, Santa Clara, CA, USA) operated at 0.3 mL/min and equipped with a Waters XBridge BEH130 column (C18, 3.5 μm, 2.1 × 150 mm) (Waters, City, state, USA) was used to fractionate the TMT-labeled peptide mixture. A total of 30 fractions were obtained from each peptide mixture, which were subsequently concatenated to 15. Later, a nano LC-MS/MS analysis was carried out on the dried fractions.

An Easy nLC (Thermo Fisher Scientific)-coupled Q Exactive mass spectrometer was used to perform the LC-MS analysis. The acquired raw files from the LC-MS/MS were uploaded to Proteome Discoverer 2.4 software (version 1.6.0.16) to interpret the data and identify proteins against the database. A cutoff ratio fold-change of >1.20 or < 0.83 together with P-values < 0.05 were used to screen significant differentially expressed proteins (DEPs). The UniProtKB/Swiss-Prot, Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases were employed to extract information for sequence annotation. The enriched GO and KEGG pathways were identified using a nominally statistical significance of p < 0.05.




2.6 Promoter cis-element analysis

The wheat genome project (RefSeq V2.1) database was used to acquire promoter sequences (2 kb upstream of the start site of translation) for all late embryogenesis abundant protein (LEA) genes. The PLACE database (http://www.dna.affrc.go.jp/PLACE/signalscan.html) was applied to the LEA gene promoters to predict the transcriptional response elements (Higo et al., 1999).




2.7 Quantitative real-time PCR analysis

The transcriptome results were verified by means of a qRT-PCR based on the biological replication of RNA used in the RNA-seq procedure. Supplementary Table S1 presents the primers for six genes that responded to salt stress. Then qRT-PCR validation was performed using ChamQUniversal SYBRqPCR Master Mix (Vazyme, Nanjing, China) following the manufacturer’s specifications. The reaction was executed using the following mixture: 2 × ChamQ Universal SYBRqPCR Master Mix (10 µL), forward and reverse primers (0.4 mL), cDNA (1 µL), and ddH2O (8.2 µL). The reaction mixture procedure was pre-denaturation for 30 s at 95°C; 40 cycles of 5-s cyclic reaction at 95°C and 54°C and 54cles and finally a melt curve procedure that went from 15 s at 95°C to 60 s at 60°C, and then 15 s at 95°C. The gene-specific RT-PCR products underwent amount normalization using the wheat actin gene as a control. The 2−ΔΔ Ct method was used to calculate relative expression with three biological replicates.




2.8 Bioinformatics analysis

Microsoft Excel 2016 (Microsoft, Redmond, WA, USA) plus SPSS 11.5 software(SPSS Inc, Chicago, Ill, USA) were used to analyze the phenotypic data for all traits. Box and violin plots for phenotypic values were drawn using R software with the ggplot2 package. The R software package “corrplot” was utilized to obtain Pearson’s correlation coefficients for salt treatment trait pairs.





3 Results



3.1 Phenotypic variation and evaluation of salt tolerance in hexaploid triticale

The salt tolerance of 153 hexaploid triticale accessions was evaluated under 200 mM NaCl stress at the germination stage. Salt stress significantly inhibited all indexes compared to normal conditions (Supplementary Figure S1). The relative values for all the traits associated with salt stress were calculated and used to assess the 153 hexaploid triticale accessions for salt tolerance. The phenotypic distribution appeared continuous, variability was high (Figures 1A–D), and the trait pairs exhibited significant positive correlations (Figure 1E). The D value of the weighted membership function was used to comprehensively evaluate salt tolerance and the 153 hexaploid accessions had a D value that varied within the range 0.05–0.92 (Figure 1A). These 153 hexaploid triticale accessions were sorted and clustered according to their D value and divided into four groups (Figure 1F). Among these accessions, the highest and lowest D values were 0.92 (QSM2, clade I) and 0.05 (PI429196, clade IV), which indicated that these two accessions were the most salt-tolerant and salt-sensitive, respectively. A phenotype observation at the germination stage was undertaken using these two varieties and they were also used to identify the genes and proteins responding to salt stress.
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Figure 1 | Phenotypic variation in salt tolerance among 153 hexaploid triticale accessions. (A–D) Violin plot of phenotypic indexes: (A) D value, relative germination potential (RGP), and relative germination rate (RGR); (B) relative root length (RRL), relative root number (RRN), and relative shoot length (RSL); (C) relative fresh weight (RFW), relative root fresh weight (RRFW), and relative shoot fresh weight (RSFW); and (D) relative dry weight (RDW), relative root dry weight (RRDW), and relative shoot dry weight (RSDW). (E) Correlations among all phenotypic indexes. (F) Hexaploid triticale groups based on D value.
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3.2 GWAS of salt tolerance in hexaploid triticale

Loci controlling complex traits can be identified in natural populations using a GWAS approach. To reveal the genetic variations in the salt tolerance shown by hexaploid triticale at the germination stage, SNPs and 12 traits with salt tolerance were analyzed using a GWAS. We used three models to detect 81 marker-trait associations (MTAs) related to salt tolerance traits (Supplementary Table S2). The number of MTAs for RGP, RGR, RRN, RRL, RSL, RRFW, RFW, RSDW, RDW, and the D values were 17, 36, 9, 3, 2, 1, 12, 12, 14, and 28, respectively. These MTAs were located on 15 chromosomes, except for 2R, 3R, 6A, 6R, 7A, and 7R, and accounted for 0.71–56.98% of the phenotypic variation. Among them, 31 belonged to pleiotropic MTAs controlling two traits (Supplementary Table S2). Three MTAs (3A_486188954, 5A_446387270, and 5A_614259381) were located synchronously by the three models, which indicated they were stable and reliable loci linked to RGR, RFW, RSDW, and RDW (Supplementary Table S2).

High quality references involving wheat and rye serve as advantageous and useful resources for determining the candidate genes constituting marker loci associated with salt tolerance in hexaploid triticale. Based on the linkage disequilibrium (LD) distance for the 153 hexaploid triticale (Cao et al., 2022), the wheat and rye genomes were predicted using 54 genes that were related to 26 significant MTAs (Supplementary Table S3; Figure 2). These genes were annotated using protein databases (Supplementary Table S3). According to the functional annotations and previous reports, the functions of partial candidate genes identified by this GWAS analysis were verified as playing key roles in resisting salt stress in other plants, such as wall-associated receptor kinase (Hou et al., 2005), calcium-dependent kinase (Asano et al., 2012; Mahajan et al., 2008), serine/threonine-protein phosphatase (Chen et al., 2014; Liu et al., 2000; Liao et al., 2016), phospholipase D (Bargmann and Munnik, 2006; Ji et al., 2017; Vadovič et al., 2019), polyol transporter (Saddhe et al., 2021), dirigent protein (Wang et al., 2022), late embryogenesis abundant protein (Jia et al., 2014; Park et al., 2011), G-type lectin S-receptor-like serine/threonine-protein kinase (Sun et al., 2013), isocitrate lyase (Yuenyong et al., 2019), histone H2B (Chen et al., 2019; Zhou et al., 2017), bZIP (Schütze et al., 2008; Zhang et al., 2008), and WRKY (Ali et al., 2018; Wang et al., 2018). Notably, the reliable MTA 3A_486188954 predicted LEA14, which responds positively to salt stress (Jia et al., 2014; Park et al., 2011). No candidate genes were predicted by the other two reliable MTAs. This further verified the authenticity of the MTAs identified by the GWAS results.
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Figure 2 | Physical maps of 26 significant marker-trait associations.




3.3 Global analysis of salt-related genes in hexaploid triticale

The germination processes for salt-tolerant variety QSM2 (ST) and salt-sensitive variety PI429196 (SS) were observed under normal and salt stress conditions. Notably, the salt-tolerant variety QSM2 showed complete germination at 18 h under salt stress, whereas PI429196 was inhibited (Figure 3A). QSM2 displayed a remarkably raised germination rate compared to PI429196 (Figure 3B). The gene expression dynamics at the germination stage of salt-resistant variety QSM2 were characterized by RNA-seq using seeds incubated for three periods of time (4, 12, and 18 h) under normal or salt stress conditions. In total, 18 libraries (six samples, each of which had three biological replicates) were prepared for sequencing. Nearly 123 Gb clean data for all samples were obtained (Supplementary Table S4). The comparison of DEGs with the same incubation times under normal and salt conditions yielded three different comparison groups: STG4S_vs_STG4CK, STG12S_vs_STG12CK, and STG18S_vs_ STG18CK. A total of 14,502, 5,778, and 16,251 DEGs were identified in the three different comparison groups, respectively (Figure 3C). A total of 875 genes were shared by the three comparison groups (Figure 3D). The combined GWAS results indicated that 12 candidate genes showed differential expression levels at least one time point (Supplementary Table S3). Notably, only one gene, late embryogenesis abundant protein 14 (LEA14), had up-regulated expression at all three time points (Supplementary Table S3).

[image: Panel A shows seeds at different time intervals with various treatments. Panel B is a bar graph displaying germination rates for ST and SS treatments. Panel C is a bar chart illustrating up-regulated and down-regulated gene counts for STG4, STG12, and STG18. Panel D is a Venn diagram showing gene distribution across STG4, STG12, and STG18. Panel E is a dot plot representing various metabolic pathways with dot size indicating count and color representing p-value.]
Figure 3 | Phenotypic diversity and transcriptome analysis results under salt stress at the germination stage. (A) Seed morphology of salt-tolerant variety QSM2 (ST) and salt-sensitive variety PI429196 (SS) under normal and salt stress conditions. (B) Difference in germination rate (GR) between QSM2 (ST) and PI429196 (SS) under normal and salt stress conditions. (C) Number of DEGs in ST under normal and salt stress conditions at 4, 12, and 18 h. (D) Venn diagram of DEGs in ST under normal and salt stress conditions at 4, 12, and 18 h. (E) Enriched KEGG pathways for DEGs in ST under normal and salt stress conditions at 4, 12, and 18 h. Different letters in columns indicate statistically significant differences (p < 0.05).

The different time points displayed divergent KEGG pathways (Figure 3E; Supplementary Table S5). Five KEGG pathways were shared by the three comparisons: cyano-amino acid metabolism, flavonoid biosynthesis, amino sugar and nucleotide sugar metabolism, linoleic acid metabolism, and phenylpropanoid biosynthesis. As the salt stress time increased, more up-regulated genes were found in plant MAPK signaling pathways. The functional categories of DEGs during salt stress were annotated using GO functional classification. After 4, 12, and 18 h salt stress, 719, 771, and 1,022 GO terms were significantly enriched in QSM2, respectively (Supplementary Table S6). More DEGs in the salt stress response group were enriched in the Biological Process category (Supplementary Table S6). The above findings suggested that triticale mostly used the same terms and pathways and that salt stress triggered a basic salt response, such as MAPK signaling and ABA response pathways.




3.4 Global analysis of salt-related proteins in triticale

A total of 25,364 peptides together with 5,589 proteins in QSM2 were determined and differentially expressed proteins (DEPs) with a p value < 0.05 and a fold-change >1.2 or < 0.83 were identified. Compared to normal conditions, 172, 246, and 1,639 DEPs were identified in STG4S, STG12S, and STG18S, respectively (Figure 4A). There were 30 overlapping proteins among the three varieties and these were considered to be the essential salt-responsive proteins in triticale (Figure 4B). Similar expression patterns were observed for them at the three time points (Supplementary Table S7), suggesting they had vital functions when responding to salt stress. To achieve further insights, the DEPs were subjected to GO and KEGG enrichment analyses. Overall, STG2S, STG12S, and STG18S were obviously enriched with 82, 314, and 119 GO terms, respectively (Supplementary Table S7). A total of 21, 19, and 67 KEGG pathways had enriched DEPs in STG2S, STG12S, and STG18S, respectively (Supplementary Figure S4C; Supplementary Table S8). The different salt treatment time points resulted in divergent KEGG pathways (Figure 4C). Eight pathways: amino sugar and nucleotide sugar metabolism, starch and sucrose metabolism, drug metabolism-other enzymes, glutathione metabolism, legionellosis, phenylpropanoid biosynthesis, biosynthesis of amino acids, and spliceosome, were shared by the three comparison varieties. Notably, the phenylpropanoid biosynthesis and glutathione metabolism pathways involved in the plant stress response (Cheng et al., 2023) were significantly enriched.

[image: Panel A shows a bar chart representing the number of differentially expressed proteins (DEPs) in three stages: STG4, STG12, and STG18. It illustrates up-regulated (orange) and down-regulated (green) DEPs. Panel B features a Venn diagram comparing DEPs across the stages, highlighting overlaps. Panel C is a dot plot depicting enriched pathways, with data points varying by RichFactor and count, differentiated by color and size.]
Figure 4 | Proteome analysis under salt stress during the germination stage. (A) Number of differentially expressed proteins (DEPs) in QSM2 under normal and salt stress conditions at 4, 12, and 18 h. (B) Venn diagram of DEPs in ST under normal and salt stress conditions at 4, 12, and 18 h. (C) Enriched KEGG pathways for DEPs in ST under normal and salt stress conditions at 4, 12, and 18 h.




3.5 Combined transcriptomic. proteomic and GWAS results

The DEGs that were co-expressed at both, the transcriptomic and proteomic levels were selected (Supplementary Table S9). Our analysis demonstrated that DEGs and DEPs showed a positive correlation at 4 h (r = 0.46), 12 h (r = 0.80), and 18 h (r = 0.64) (Supplementary Figure S2). At 4 h, 67 genes were co-expressed at both the transcriptomic and proteomic levels, the expression trends for 47 genes were consistent at both the transcriptomic and proteomic levels, and 20 genes showed opposite expression patterns (Supplementary Table S9). Likewise, at the 12 h timepoint, 88 genes were co-expressed at the two levels, all of which showed a consistent expression trend (Supplementary Table S9). At 18 h, the number of genes co-expressed at both levels was 688, the number that were consistently expressed at each level was 600, and the number with opposite expressions was 88 (Supplementary Table S9). In addition, the expression trends for six genes at the transcriptomic level were consistent with those for the proteome level at all three time points and the up-regulation of five genes and down-regulation of one gene were detected (Figures 5A, B). A qRT-PCR was conducted to validate these six genes for their relative expression levels and their expression trends were consistent with the expression patterns measured by RNA-seq (Figure 5C). In addition, the common KEGG pathways that were significantly enriched after the transcriptomic or proteomic analyses were further analyzed (Supplementary Table S10; Supplementary Figure S3). A total of 16, 23, and 58 KEGG pathways were shared at 4, 12, and 18 h, respectively. The results for nine pathways: cutin, suberine, and wax biosynthesis, phenylpropanoid biosynthesis, photosynthesis, amino sugar and nucleotide sugar metabolism, cyano-amino acid metabolism, starch and sucrose metabolism, linoleic acid metabolism, spliceosome, and glutathione metabolism, were similar for all three time points (Supplementary Table S10).
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Figure 5 | Combined transcriptomic and proteomic GWAS results. Number of up-regulated (A) and down-regulated (B) differentially expressed genes (DEGs) or proteins (DEPs) at the transcriptomic and proteomic levels in QSM2 under salt stress. (C) Comparison between the qRT-PCR/iTRAQ and RNA-seq results for DEGs/DEPs. (D) Manhattan plots for the RGR trait. Horizontal green line indicates the threshold and the points above the threshold are significant SNPs. Point indicated by the black arrow is the lead SNP in the repeatedly detected QTLs. Local Manhattan plot (top) and LD heat map (bottom) surrounding the peak on chromosome 3A.

In the GWAS results, a significant SNP, 3A486188954 (position: Chr3A-86188954), was repeatedly identified by multiple models on chromosome 3A and explained 20.15% of the phenotypic variation (Figure 5D). The effect of MTA on RGR was further investigated and the region was identified as an LD block (Figure 5D). Two genes associated with the MTA were obtained. The two genes encoded LEA14 (TraesCS3A03G0649800) and the Germin-like protein 1-2 (TraesCS3A03G0649900). In addition, the TraesCS3A03G0649800 was up-regulated in ST (Supplementary Table S3). The combined transcriptomic and proteomic GWAS results showed that only one gene, late embryogenesis abundant protein (TraesCS3A03G0649800.1 and TraesCS3A03G0649800.2), showed significantly different levels in the combined transcriptomic and proteomic analysis (Supplementary Table S3).

The promoter region of LEA14 contained various stress-responsive cis-acting regulatory elements, such as CAAT-box, MYB, and ABRE, as demonstrated by the promoter cis-element analysis (Supplementary Table S11). The LEA14 gene in hexaploid triticale possessed relatively abundant stress-responsive elements that have been identified as promoters. This indicated that LEA14 probably performed crucial functions in the response and tolerance to salt stress in hexaploid triticale. As the LEA14 promoter region contained these cis-elements, conjugation with TFs might dynamically regulate LEA14 transcription and LEA14 could take advantage of transcriptional regulation to affect salt stress in hexaploid triticale.

Overall, 2,389, 1,076, and 2,818 differentially expressed TFs were obtained in ST1, ST2, and ST3, respectively, and 170 TFs were shared by all three groups (Supplementary Figure S4B). Of these, 32 TFs showed an up-regulated trend and 63 TFs were down-regulated (Supplementary Figures S4C, D). The relative expression levels of 13 genes selected from among the 170 differentially expressed TFs were validated by qRT-PCR and the RNA-seq showed they had consistent expression patterns (Supplementary Figure S4E). Notably, a significant number of ERF (21), NAC (14), MYB-related (12), and bHLH (11) genes were activated following salt treatment and other TFs had 1–9 activated members (Supplementary Figure S4A). These TFs could bind to cis-elements in LEA14 and regulate salt responses.





4 Discussion

Drought stress, salt stress, and other abiotic stresses substantially threaten current crop production. Therefore, salt-tolerant crops are needed to utilize marginal land. Hexaploid triticale is endowed with the best characteristics of wheat and rye, including a large biomass and stress resistance. Thus, elucidating the molecular mechanisms that facilitate salt tolerance has important significance for the efficient breeding of hexaploid triticale and the effective utilization of salt land. Salt tolerance is a complicated trait under the control of diversified loci. Loci and candidate genes that are responsive to salt stress have been screened from various crops at the seedling and adult stages by multi-omic approaches (Ma et al., 2021; Tu et al., 2021; Yuan et al., 2019). Other researchers focused on understanding the physiological mechanism underlying triticale responses to salt stress (Ramadan et al., 2023). Transcriptome, proteome, and GWAS analyses were performed in this study using high-quality wheat and rye genomes. We identified 81 MTAs related to 10 salt stress traits shown by hexaploid triticale at the germination stage and these explained 0.71% to 56.98% of the phenotypic variation. Of these MTAs, 31 were significantly related to more than one trait and were pleiotropic loci. The D value, which was calculated using multiple indexes and methods (including PCA, SFA, and weight), can be used in comprehensive evaluations of salt tolerance (He et al., 2022). A total of 28 MTAs related to each other by their D value were detected and 17 of these were significantly close to multiple traits, such as RGP and RGR. This information will provide a reference for the fine-mapping of salt resistance genes in hexaploid triticale.

Several candidate genes associated with MTAs were shown to take part in salt tolerance. Based on the small LD distance value for the 153 hexaploid triticale accessions (Cao et al., 2022), 54 genes related to 26 significant MTAs were obtained. According to their annotations, 13 candidate genes from 12 MTAs were likely to be linked to salt tolerance in hexaploid triticale. Of these, two candidate genes were located on chromosome 1R and the others were on chromosomes 2A, 2B, 3A, 4B, 5B, and 7B. Genes, such as calcium-dependent kinase from rice (Asano et al., 2012; Mahajan et al., 2008), serine/threonine-protein phosphatase from rice (Chen et al., 2014; Liu et al., 2000; Liao et al., 2016), dirigent protein from maize (Wang et al., 2022), late embryogenesis abundant protein from sweet potato (Jia et al., 2014; Park et al., 2011), and TF bZIP from wheat (Schütze et al., 2008; Zhang et al., 2008), when overexpressed, have been shown to improve salt tolerance in plants. Such genes theoretically could also enhance the salt tolerance of hexaploid triticale, but their function in hexaploid triticale needs to be confirmed. Although these candidate genes for salt tolerance have not been verified, they could provide a reference for the gene mining of salt tolerance.

To understand the expression characteristics of these candidate genes, transcriptome and proteome analyses were performed on salt-tolerant variety QSM2 at the seed germination stage when it was under salt treatment. The number of DEGs that were co-expressed at both the transcriptomic and proteomic levels showed an increasing trend under salt stress as germination time increased. This suggested that several genes or proteins responded to salt stress. Notably, six genes showed the same trend in expression at the transcriptomic and proteome levels. The responses of nine common KEGG pathways responding to salt stress: starch and sucrose metabolism, cutin, suberine, and wax biosynthesis, phenylpropanoid biosynthesis, photosynthesis, amino sugar and nucleotide sugar metabolism, cyano-amino acid metabolism, glutathione metabolism, linoleic acid metabolism, and spliceosome, were similar at all three time points. This suggested that the six genes and nine pathways played vital roles in the response to salt stress. Furthermore, some key TFs were activated following salt treatment, including ERF, NAC, MYB-related, and bHLH. These TFs could bind to the cis-elements in LEA14 and regulate salt responses.

We performed a conjoint analysis using multi-omics. A significant and reliable MTA, 3A486188954, related to RGR, was identified on chromosome 3A and explained 20.15% of the phenotypic variation. LEA14 (TraesCS3A03G0649800) was found to be associated with the MTA and showed up-regulated expression in ST. As corroborated by prior studies, LEA14 overexpression can strengthen salt tolerance in sweet potato and Arabidopsis (Jia et al., 2014; Park et al., 2011). A promoter cis-element analysis showed that the promoter region of LEA14 contained important stress-responsive elements (such as CAAT-box, MYB, and ABRE). These elements could bind with several TFs (including ERF, NAC, AF2, and bZIP), which further affected plants by modulating salt stress (Magwanga et al., 2018). This indicated that LEA14 was a pivotal participant in the salt stress response shown by hexaploid triticale and might be regulated by TFs. Further experiments are needed to understand its specific function in the salt tolerance response shown by hexaploid triticale. The above results could provide candidate genes for the critical regulation of salt tolerance in hexaploid triticale.




5 Conclusions

In this study, the salt tolerance of 153 hexaploid triticale varieties was comprehensively evaluated and the most salt-tolerant variety, QSM2, was selected. A GWAS identified 81 MTAs associated with 10 salt-tolerance traits in the 153 hexaploid triticale accessions and these MTAs explained 0.71% to 56.98% of the phenotypic variation. A multi-omics analysis revealed that some structure genes (LEA14, LEA6, EMH5, EM2, TM205, and POX) and TFs (ERF, NAC, MYB, bHLH, WAKY, and bZIP) responded to salt stress (Supplementary Figure S5). Some important pathways, including the plant MAPK signaling pathway, phenylpropanoid biosynthesis, glutathione metabolism, starch and sucrose metabolism, and photosynthesis, experienced activation under salt treatment in hexaploid triticale, especially phenylpropanoid biosynthesis (Supplementary Figure S5). This study revealed the molecular responses to salt stress during seed germination based on multi-omics methods and the results can provide a basis for gene cloning as well as the further molecular analysis of salt stress in hexaploid triticale.
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Supplementary Figure S1 | Comparison of GP (A), GR (B), SL (C), RL (D), RN (E), SFW (F), RFW (G), FW (H), SDW (I), RDW (J) and DW (K) under control (CK) and salt treatment. The difference between subpopulations was analyzed by t tests.

Supplementary Figure S2 | The Pearson correlation coefficient (r) of expressed transcripts and proteins in ST between normal and salt stress conditions at 4h (STG4), 12h (STG12) and 18 h (STG18).

Supplementary Figure S3 | The enriched common KEGG pathways for DEPs and DEGs in transcriptomic or proteomic.

Supplementary Figure S4 | The statistics of differentially expressed TFs in ST between normal and salt stress conditions at 4h (STG4), 12h (STG12) and 18 h (STG18). (A) The types and number of differentially expressed TFs. Venn diagram of total (B), up-regulated (C) and down-regulated (D) differentially expressed TFs in ST between normal and salt stress conditions at 4, 12, and 18 h. (E) Correlation between RNA-seq and qRT-PCR.

Supplementary Figure S5 | Response mechanism of hexaploid triticale to salt stress.
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Sufficiently exploiting the potential of crop photosynthesis is one of the critical ways for improving cultivation production to face global climate change. In this study, oat plants were potted with three watering treatments. The glumes, lemmas, and flag leaves were sampled on days 0, 7, and 14 after the first floret blossomed under the control (denoted as CK-0, CK-7, and CK-14), drought stress (denoted as DS-7, and DS-14) and rewatering treatments (RW-14). Paraffin cross-section structures were observed, and the absolute water content, photosynthetic enzyme activities, carbohydrate content, dry matter weight, and total C and total N accumulation were determined in the glumes, lemmas and flag leaves. The results showed that stomatal tissues were present in both the inner and outer epidermis in the glumes and lemmas, and chloroplasts existed in the cells of both ear organs. Compared to CK-14, the absolute water content was significantly decreased in the flag leaves, stems, and seeds under DS-14, while drought stress did not significantly affect the water status of the glumes, lemmas, and peduncles. Drought stress significantly decreased the PEPC activities in the glumes, lemmas, and flag leaves, and the glumes had significantly higher PEPC activity than the flag leaves in the late stages of grain filling. Compared to CK-7, fructose and sucrose content was significantly decreased in the flag leaves under DS-7, while drought stress significantly increased the fructose, sucrose, and starch content in the glumes and lemmas. In addition, soluble sugar content was significantly increased in all glumes, lemmas, and flag leaves under drought stress. Rewatering significantly increased the carbohydrate content in the flag leaves, while it had no significant effect on the glumes and lemmas. As growth continued, the C and N contents and the dry matter mass in the seeds gradually increased, which was transferred from the glumes, lemmas, leaves, and stems. The results suggest that oats can tolerate a certain degree of drought without affecting the ears’ physiological function and yield, and ear organs can maintain water status and photosynthetic performance, which plays a major role in the maintenance of seed yield under drought stress conditions.
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Introduction

Oat (Avena sativa L.), an annual cereal, is an important grain-forage crop. Derived from oat grains, β-glucan has been shown to offer a variety of health benefits such as reducing weight (Mathews et al., 2023), lowering glucose (Regand et al., 2009) and lipid levels (Wolever et al., 2010), improving cardiovascular health (Earnshaw et al., 2017), and boosting immunity. As a forage crop, immature oat plants are characterized by their high sugar content, high relative feeding value, high biomass yield, good palatability, and high digestibility (Kuter et al., 2023). The oat is mainly planted in Europe, Northern America, and Asia ranking sixth in terms of the global cultivation area of cereal crops according to the Food and Agriculture Organization (FAO, 2024). China, being one of the world’s largest oat producers and consumers, extensively cultivates oats in its northern, northwestern, and southwestern areas. However, the climate in Northern and Northwestern China is consistently dry with minimal rainfall making water one of the most crucial environmental factors limiting the growth and production of oats.

Droughts disrupt plants’ internal physiological activities, such as photosynthesis, reducing plant metabolism and inducing premature senescence, leading to reduced production (Morales et al., 2020). Typically, we consider leaves as the primary organ for photosynthetic carbon fixation in plants. Previous studies have shown that drought stress causes accelerated degradation of photosynthetic components (chlorophyll, Rubisco, photosystem II, etc.) in the flag leaves of cereal crops (Tian et al., 2022; Juzoń et al., 2020; Ghotbi-Ravandi et al., 2014; Martinez et al., 2003). In addition, light trapping, ATP synthesis, and key genes involved in the dark reaction are repressed under drought stress (Vicente et al., 2018) decreasing the rate of photosynthesis. However, further research has shown that the sensitivity of various plant organs to drought stress varies significantly. When exposed to drought stress, plants’ reproductive organs tend to senesce later (Brazel and Ó Maoiléidigh, 2019; Kong et al., 2015) and maintain a more stable physiological state than their leaves (Sanchez-Bragado et al., 2020). For cereal crops like oats, the ear grows at the top of the plant providing them an advantage over the leaves in terms of capturing light and CO2 (Sanchez-Bragado et al., 2020). In the ears, the inner epidermal stomata of the glumes rapidly remobilize CO2 produced via grain respiration (Araus et al., 1993), which also facilitates the transfer of photosynthate from the spikes to the grains more quickly and with lower losses (Sanchez-Bragado et al., 2014). Additionally, the thick dorsal epidermis and cuticle of ear organs, such as glumes, lemmas, and awns, contribute to reducing water evaporation and protecting photosynthetic gas exchange during drought stress (Sanchez-Bragado et al., 2020; Martinez et al., 2003; Araus et al., 1993).

Carbohydrates, the main photosynthetic products, provide energy and carbon skeletons for plants with various types of metabolism, but they are highly influenced by water status. The performance of carbohydrate transport and metabolism reflects the strength of plant resistance (Zahoor et al., 2017). Carbohydrates can be categorized into two types based on the form in which they exist. Among them, non-structural carbohydrates are the main reserve substances for plant life activities and key regulators of plant resistance to abiotic stresses (Valluru et al., 2011). Sucrose is the primary form of transportation for non-structural carbohydrates in plants (Ullah et al., 2023). Starch is the primary form of storage for photosynthetic products in plants and serves as the primary carbon source for grain filling in the later stages of fertility. The decrease in causal seed yield that occurs during drought stress is mainly due to the limitation of starch synthesis (Ahmed et al., 2020). Under drought stress, plants enhance their resistance to drought by synthesizing large amounts of carbohydrates and using these carbohydrates as osmotic agents to regulate the osmotic potential of their cells (Rao and Chaitanya, 2016). However, there are still numerous shortcomings in the study of oat carbon metabolism under drought stress. In addition to examining physiological response mechanisms, we can also direct our focus toward the molecular response mechanisms of ear organs. By integrating these two mechanisms, we can conduct a comprehensive analysis to delve deeper into the carbon metabolism of ear organs under drought stress.

This study primarily explores the physiological responses of oats (Avena sativa L.) to drought stress, with a particular emphasis on the mechanisms involved in photosynthesis, carbohydrate metabolism, and plant drought tolerance. By investigating how drought impacts the key components of photosynthesis in oat flag leaves and spikes (such as photosynthetic enzymes and CO2 response curves), we revealed the detrimental effect of drought on photosynthetic rate, while highlighting the spike organs’ advantage in tolerating drought stress. We compared the physiological states of flag leaves and spike organs under drought conditions and explored the distinct responses of these organs to drought stress. Furthermore, we analyzed how drought influences the accumulation of non-structural carbohydrates, such as sucrose and starch, in different oat organs, as well as the implications of these changes for plant stress tolerance. Through this study, we aim to gain a deeper understanding of the physiological adaptation mechanisms of oats under drought conditions highlighting the tolerance capabilities of spike organs in response to drought environments. This provides a scientific basis and insights for improving oat drought tolerance and enhancing agricultural management practices.





Materials and methods




Experimental design

Avena sativa L. cv. Taike seeds were sown in plastic pots (height = 22 cm, diameter = 23 cm) in the experimental region of Southwest Minzu University (103°58′10.758″E, 30°33′42.455″N), in Chengdu City, Southwestern China, in November 2022. The average temperature from November to April in Chengdu during the experimental period is 8°C–20°C. Each pot was filled with a soil weight of 5 kg, containing a 3:1 mixture of nutrient soil/vermiculite. The nutrient soil was described with pH 5.5, EC 20 mS/m, NO3–N 64.23 g/m3, NH4–N 28.90 g/m3, and P2O5 76.83 g/m3. Ten seeds were sown in each pot. Seedlings were thinned at the three-leaf stage, and six healthy plants with uniform growth were kept in each pot. At the tillering stage, 500 ml of modified Hoagland’s complete nutrient solution was applied to each pot, and at the jointing stage, 1.6 g of urea (containing 46% N) was applied to each pot. Watering during the nutrient growth stage was maintained at 70%–80% of the maximum soil water holding capacity. During the plant heading stage, a transparent plastic sheet was used to construct a rain shelter 2.5–3 m above the planting area to protect the plants from rain. The main reproductive branch per plant was tagged. Water stress treatments were carried out when the first floret blossomed in the pots and samples were collected as CK-0. After 7 days of treatment, samples were collected as CK-7 and DS-7. Following that, some of the DS-7 samples were resumed with watering (RW treatment). After another 7 days, samples were collected as CK-14, DS-14, and RW-14. Watering was maintained at 35%–45% of the maximum soil water holding capacity for the water stress group (DS), while soil water content was kept at 70%–80% for the control group (CK). The water content of the rewatering group (RW) was restored to 70%–80% after 7 days of drought treatment. Totally, 52 pots were sowed in this study including 23 pots for CK and DS treatment, respectively, and six pots for RW treatment.





Paraffin section preparation and observation

The paraffin sections were produced and scanned in accordance with the methods reported in the process reference (Soukup and Tylová, 2014). The paraffin sections of CK-0, CK-14, and DS-14 were placed under an upright light microscope (DS-U3, Nikon, Japan) for observation, and image acquisition was completed.





Absolute water content

The main reproductive branches of oats from each treatment were collected with three repetitions at 6:00 p.m. on days 0, 7, and 14 after the first floret blossomed under the CK (denoted as CK-0, CK-7, and CK-14, respectively), DS (denoted as DS-0, DS-7, and DS-14, respectively), and rewatering treatments (denoted as RW-14). Stems (with leaf sheaths), flag leaves, peduncles, glumes, lemmas, and seeds were promptly separated and weighed to determine their fresh weight (M1). Each part was then placed in a separate envelope bag and subjected to 105°C for 30 min. Then, they were subjected to 65°C for drying until a constant weight (M2) was achieved (Song et al., 2022). The absolute water content (AWC) of each part was then calculated as follows:

[image: AWC percentage equals the fraction of M1 minus M2 over M1, multiplied by 100 percent.]	





Light and CO2 response curve

The gas exchange rates of the flag leaves, glumes, lemmas (including the floret or embryo), and ears of the main reproductive branches were measured when the first floret blossomed using a portable photosynthesizer (Li-6800, LI-Cor, United States) at 9:00–11:00 a.m. with three repetitions (Tian et al., 2022). We chose a gasket with an air chamber measuring 2 cm², and the light intensity of the gas chamber was first adjusted to 1,500 µmol m−² s−¹. After gas exchange stabilized, automatic measurement mode of light curve was applied with light intensities of 2,100, 1,800, 1,500, 1,200, 900, 600, 300, 200, 150, 100, 70, 30, and 0 µmol m−² s−¹. Each light intensity gradient was maintained for 3 min. The CO2 concentration gradients were set to 400, 300, 200, 100, 50, 0, 200, 400, 600, 800, 1,000, and 1,200 µmol m−¹. At the end of the measurements, the plant tissues were cut inside the gas chamber and weighed to determine their fresh weight. The photosynthetic rate is calculated by dividing the gas exchange rate by the fresh weight of a sample.





Photosynthetic enzyme activities

Flag leaves, glumes, and lemmas from the main reproductive branches were collected from each treatment including CK-0, CK-7, CK-14, DS-7, DS-14, and RW-14. The samples were stored at −80°C to measure Rubisco and PEPC activities, and the measurements were replicated three times. The crude enzymes of Rubisco and PEPC were extracted according to the kit instructions (Suzhou Comin Biotechnology Co., China). Subsequently, the crude enzyme extracts were added to 96-well plates along with the necessary working reaction solution (Tian et al., 2022). The absorbance values A1 at 20 s and A2 after 5 min at 340 nm were promptly measured using an enzyme labeler (Varioskan LUX, Thermo Scientific, United States).

[image: Calculation for Rubisco activity per gram of fresh weight in nanomoles per minute, expressed as 1,286 times the difference of A1 and A2, divided by M.]	

[image: PEP activity is calculated in nanomoles per minute per gram of fresh weight, using the formula: 1,286 times the difference between A1 and A2, divided by M.]	

In these equations, M is the fresh weight of the sample (g).





Carbohydrate content

At 7:00 a.m., 1:00 p.m., and 8:00 p.m. 0.1 g of flag leaves, glumes, and lemmas from the main reproductive branches of each treatment, including CK-0, CK-7, CK-14, DS-7, DS-14, and RW-14, was immediately frozen in liquid nitrogen, and this process was replicated three times. The quickly frozen samples were processed using a high-throughput tissue grinder (SCIENTZ-48, Ningbo Xinzhi Biotechnology Co. Ltd., China) for grinding. After being ground, the samples were stored in liquid nitrogen. The content of carbohydrates, such as fructose, sucrose, starch, and soluble sugars, was measured using the kits obtained from Suzhou Comin Biotechnology Co (Jin et al., 2022).





Dry matter mass

One main reproductive branch of oat was chosen from each of the four pots used, and the ears were shaded with aluminum foil tied with a 1-mm aperture (recorded as CK-se and DS-se) until seed maturity. Additionally, four main reproductive branches of oats were randomly selected and subjected to glume removal treatment (recorded as CK-rg and DS-rg). Once the seeds had matured, the stems (including leaf sheaths), flag leaves, peduncles, glumes, lemmas, and seeds of the plants corresponding to CK-se, DS-se, CK-rg, and DS-rg were separated (Wei et al., 2023). These samples were then dried at 65°C for 20 h and weighed. The photosynthetic contribution was calculated as follows:

[image: Equation for photosynthetic contribution of ear: (SY1 minus SY2) divided by SY1.]	

[image: Photosynthetic contribution of glumes is calculated as (SY1 minus SY3) divided by SY1.]	

where SY1, SY2, and SY3 are the seed yields of the main reproductive branches with no treatment, with ear shading, and with glume removal, respectively.





Total C and N content

The samples of each organ were taken after determining the AWC and dry matter mass at seed maturity (for which there were three replications). The samples were ground separately using a high-speed grinder (Tissuelyser-48, Jingxin, China), and the total C and N proportions of each part were analyzed with an elemental analyzer (UNICUBE, Elementar, Germany) (Sun et al., 2013).





Statistical analysis

Data entry and calculations were organized using Microsoft Excel 2020. Multiple comparisons of the experimental data were conducted using one-way analysis of variance (ANOVA) with the Duncan test using IBM SPSS Statistics 20, and the results were plotted using Origin 2021.






Results




Paraffin cross-section structure

The upper and lower epidermis of the CK-0 flag leaves had a complete and mature stomatal organization. The spongy tissue was irregularly dispersed within the mesophyll cells and contained a large number of chloroplasts. Their vascular bundle sheath cells contained lignified ducts, and keratinized stone cells were observed in the leaf veins (Figure 1A). The spongy tissues in the CK-14 flag leaves were atrophied, and the chloroplasts had become smaller (Figure 1B). The corkification of stone cells on both sides of the bundle sheath cells increased. However, the spongy tissues in the flag leaves under the DS-14 treatment were more atrophied, and their chloroplasts were more crumpled than those under CK-14 (Figure 1C).

[image: Microscopic images labeled A to J illustrate various plant tissue sections with specific cellular structures identified by letters a to g. Each section highlights different patterns of cell arrangement and tissue layers, with uniform labeling across images. Insets show magnified views of specific areas.]
Figure 1 | The paraffin cross-sectioned structure of the flag leaves (A–C), glumes (D–F), and lemmas (G, H, J) under the CK-0 (A, D, G), CK-14 (B, E, H), and DS-14 (C, F, J) treatments. a, histiocytes; b, bundle sheath cells; c, chloroplasts; d, inner epidermal stomata; e, outer epidermal stomata; f, inner epidermal cells; g, outer epidermal cells.

The glumes under the CK-0 treatment contained stomatal tissue in both the inner and outer epidermis. Most stomata in the outer epidermis were incomplete (developmentally restricted or degraded), while the stomatal tissue in the inner epidermis was more complete and more standardized. The vascular sheath cells exhibited horseshoe-shaped lignification resembling the Casparian strip. The outer epidermis was externally thickened and had undergone corkification. The lateral tissue cells of the outer epidermis were regularly shaped and neatly arranged, with a large number of chloroplasts (Figure 1D). There was no significant change in the glume structure under the CK-14 treatment, but there was an increase in chloroplast numbers and a deepening of the horseshoe-shaped thickening of bundle sheath cells compared to CK-0 (Figure 1E). The glume structure under the DS-14 treatment did not change significantly from that under CK-14 (Figure 1F).

Under the CK-0 treatment, it was observed that the lemma’s inner and outer epidermis had stomata. The inner epidermal stomata were mainly distributed near bundle sheath cells, while the outer epidermal stomata were similar to or more degraded than the glumes. The outer epidermal cell walls were thickened and had undergone corkification, containing chloroplasts, while the inner epidermis cells were more elongated, lighter, and thinner with no chloroplast (Figure 1G). Parenchyma cells in the lemmas under the CK-14 treatment were found to be atrophied, and the chloroplasts were degraded (Figure 1H). Under drought stress, the parenchyma cells of the lemma were more severely degraded, and chloroplasts were largely absent (Figure 1J).





Absolute water content

Under drought stress, the AWC of stems, flag leaves, lemmas, and seeds showed varying degrees of reduction (Figure 2). Specifically, the AWC of stems, flag leaves, and seeds was significantly (p < 0.05) lower under the DS-14 treatment than under CK-14. However, the impact of drought stress on the AWC of peduncles, glumes, and lemmas was not significant. Compared to CK-14, the AWC of stems, flag leaves, lemmas, and seeds was significantly lower under RW-14. The AWC of the stems and seeds under RW-14 did not differ significantly from that of the stems and seeds under DS-14. However, the AWC of flag leaves under RW-14 was significantly higher than that under DS-14. Rehydration after drought did not have a significant effect on the AWC of both peduncles and glumes.

[image: Bar graph showing absolute water content percentages for different plant parts: stem, flag leaf, peduncle, glume, lemma, and seed. Six conditions are labeled as CK-0, CK-7, CK-14, DS-7, DS-14, and RW-14, each represented by different shaded bars. Error bars and significant differences are indicated with letters above the bars.]
Figure 2 | Absolute water content (AWC) in the stems, flag leaves, peduncles, glumes, lemmas, and seeds under different watering treatments at different stages. Different lowercase letters within the same organ indicate a significant difference at the p < 0.05 probability level.





Photosynthetic enzyme activities

Under drought stress, the Rubisco activity in the flag leaves, glumes, and lemmas showed varying decreases under DS-7 compared to that under CK-7 (Figure 3). The Rubisco activity of flag leaves under DS-14 was significantly (p < 0.05) higher than that under both CK-14 and RW-14, while no significant difference was found among glumes and lemmas under CK-14, DS-14, and RW-14.

[image: Bar chart showing Rubisco enzyme activity in different plant parts: flag leaf, glume, and lemma. Bars represent treatments CK-0, CK-7, CK-14, DS-7, DS-14, and RW-14. Activity levels vary, with error bars indicating variability. The highest activity is in the DS-7 flag leaf and lemma.]
Figure 3 | Rubisco enzyme activity in flag leaves, glumes, and lemmas under different watering treatments at different stages. Different lowercase letters within the same organ and different capital letters within the same treatment indicate a significant difference at the p < 0.05 probability level.

The PEPC enzyme activity of all three organs was significantly lower (p < 0.05) under DS-7 than under CK-7 (Figure 4). Compared to CK-7, the PEPC enzyme activity of both flag leaves and lemmas was significantly lower (p < 0.05) under CK-14, but that of the glumes had not significantly changed. A similar trend was found under the DS-7 and DS-14 treatments as well. Compared to DS-14, the PEPC enzyme activity of both glumes and lemmas under CK-14 and RW-14 was significantly higher (p < 0.05).

[image: Bar chart depicting PEPC enzymatic activity (nmol/min/g fresh weight) in three plant parts: Flag leaf, Glume, and Lemma. Each plant part is represented by six different treatments (CK-0, CK-7, DS-7, CK-14, DS-14, RW-14), distinguished by colors and patterns. Values vary across treatments for each plant part, with Flag leaf showing the highest overall activity. Error bars represent standard deviations.]
Figure 4 | PEPC enzyme activity in flag leaves, glumes, and lemmas under different watering treatments at different stages. Different lowercase letters within the same organ and different capital letters within the same treatment indicate a significant difference at the p < 0.05 probability level.





Light and CO2 response curves

When the light intensity was 0, the gas exchange performance indicated the strength of respiration in photosynthetic organs. As the light intensity increased, the photosynthetic rate also increased in all organs (Figure 5). The flag leaves reached the light compensation point first, followed by the glumes and ears, and finally the lemmas. The fastest increase in photosynthetic rate for each organ was observed at light intensities of 300–600 µmol m−2 s−1. The maximum photosynthetic rate per unit weight of each organ corresponded to the following ranking: flag leaves > glumes > ears > lemmas. Lemmas exhibited photoinhibition after the light intensity exceeded 1,200 µmol m−2 s−1.

[image: Two line graphs (A and B) display the photosynthetic rate per gram of fresh tissue. Graph A shows a rise in photosynthetic rate with increasing light intensity across tissue types: flag leaf, glume, lemma, and ear. Graph B illustrates changes in photosynthetic rate with varying CO2 concentrations for the same tissues. Flag leaf consistently shows the highest rates, while lemma is the lowest. Significance is indicated by letters a, b, c, and d.]
Figure 5 | The light response curve (A) and CO2 response curve (B) of flag leaves, glumes, lemmas, and intact spikelets of CK-0. Different lowercase letters within the organ under the same light intensity or CO2 concentration indicate a significant difference at the p < 0.05 probability level.

As the CO2 concentration decreased, lemmas were the first to reach the CO2 compensation point (Figure 5). Glumes and ears had similar CO2 compensation point, while flag leaves had the lowest compensation points. When the CO2 concentration was reduced to 0 µmol m−1, the lowest photosynthetic rate was observed in flag leaves followed by glumes. Lemmas and ears exhibited the highest and similar rate. Lemmas were the first to show inhibition upon increasing the amount of CO2 supplemented. Flag leaves, glumes, and ears had similar CO2 inhibition concentrations.





Carbohydrate content

The fructose content of flag leaves was significantly (p < 0.05) lower under the DS-7 treatment than that under CK-7 in the morning and evening, while drought stress significantly (p < 0.05) increased the fructose content of glumes and lemmas in the morning (Figure 6). Compared to CK-14, the fructose content of flag leaves was significantly (p < 0.05) higher under DS-14 in the noon, but drought stress significantly (p < 0.05) decreased that of lemmas in the evening. Compared to DS-14, the fructose content of flag leaves was significantly (p < 0.05) higher under RW-14 in the morning and evening, while it was significantly lower in the lemmas in the morning. The lemmas had a significantly (p < 0.05) higher fructose content than the flag leaves under the CK-0 and DS-7 treatment in all three sampling times. Flag leaves had a significantly (p < 0.05) higher fructose content than both glumes and lemmas under CK-7 in the morning, under DS-14 in the noon and evening, and under RW-14 at all three sampling times.

[image: Bar chart showing fructose content in different plant parts: flag leaf, glume, and lemma, across various conditions labeled CK-0, CK-7, DS-7, DS-14, RW-14. Sections A, B, and C represent different experimental setups. Each bar color represents a different plant part, with varying fructose content levels indicated. Error bars are included for variability.]
Figure 6 | Fructose content in flag leaves, glumes, and lemmas under different watering treatments at different stages at three time periods: morning (A), noon (B), and evening (C). Different lowercase letters within the same organ and different capital letters within the same treatment indicate a significant difference at the p < 0.05 probability level.

The sucrose content of flag leaves was significantly (p < 0.05) lower under DS-7 than that under CK-7 in the morning and evening, while the sucrose content was significantly higher than that of lemmas and glumes in the morning and that of lemmas in the noon (Figure 7). The sucrose content of lemmas and glumes was significantly (p < 0.05) lower under DS-14 in the morning and evening compared to CK-14. The sucrose content of flag leaves was significantly (p < 0.05) higher under RW-14 than under DS-14 in the morning and evening, and the sucrose content was significantly (p < 0.05) lower than that of lemmas in the morning. Flag leaves had a significantly (p < 0.05) higher sucrose content than glumes and lemmas under CK-0 in the evening, under DS-7 in the noon, and under RW-14 at three sampling times. Lemmas had a significantly (p < 0.05) higher sucrose content than flag leaves and glumes under CK-0 in the morning, under DS-7 in the morning and evening, and under CK-14 in the morning.

[image: Bar graph showing sucrose content in mg/g for three plant parts: flag leaf, glume, and lemma, across three panels labeled A, B, and C. Each panel displays data for conditions CK-0, CK-7, DS-7, CK-14, DS-14, RW-14. Flag leaf bars are white, glume bars are light gray, and lemma bars are dark gray. Variations in sucrose content are indicated by different letters above the bars.]
Figure 7 | Sucrose content in flag leaves, glumes, and lemmas under different watering treatments at different stages at three time periods: morning (A), noon (B), and evening (C). Different lowercase letters within the same organ and different capital letters within the same treatment indicate a significant difference at the p < 0.05 probability level.

Compared to CK-7, the starch content of glumes and lemmas was significantly (p < 0.05) higher under DS-7 in the morning, and that of lemmas was significantly (p < 0.05) higher under DS-7 in the noon and evening (Figure 8). Compared with CK-14, the starch content of flag leaves and glumes was significantly (p < 0.05) higher under DS-14 at all three sampling times. Additionally, lemma starch content was significantly (p < 0.05) higher under DS-14 in the morning and decreased significantly (p < 0.05) in the noon, compared to that under CK-14. Compared to DS-14, flag leaf starch content increased significantly (p < 0.05) under RW-14 in the evening, while the glume starch content decreased significantly (p < 0.05) under RW-14 in the morning and evening. At all three sampling times, the flag leaves starch content was significantly (p < 0.05) higher than that of glumes and lemmas under CK-0 in the morning and evening, CK-7 in the morning, and RW-14 in the evening. Lemmas had significantly (p < 0.05) higher starch content than flag leaves and glumes under DS-7 at three sampling times, and under CK-14 at noon. Under DS-14, glume starch content was significantly (p < 0.05) higher than that of the flag leaves and lemmas in the morning.

[image: Bar graph showing starch content in mg/g (fresh weight) for flag leaf, glume, and lemma across different treatments: CK-0, CK-7, DS-7, CK-14, DS-14, and RW-14. Three sections labeled A, B, and C, each comparing these categories, with varying levels indicated by different bar heights. Legend identifies the categories with distinct shading: white for flag leaf, light gray for glume, and dark gray for lemma. Error bars show variability.]
Figure 8 | Starch content of flag leaves, glumes, and lemmas under different watering treatments at different stages at three time periods: morning (A), noon (B), and evening (C). Different lowercase letters within the same organ and different capital letters within the same treatment indicate a significant difference at the p < 0.05 probability level.

Compared to CK-7, the soluble sugar content of flag leaves, glumes, and lemmas was significantly (p < 0.05) higher under DS-7 at the three sampling times (Figure 9). Compared to CK-14, the soluble sugar content of flag leaves and glumes in the morning and evening, as well as that of lemmas in the morning, was significantly (p < 0.05) higher under DS-14. The soluble sugar content of lemmas was significantly (p < 0.05) higher under DS-14 than under CK-14 in the morning, while it was significantly (p < 0.05) lower at noon. Compared to DS-14, the soluble sugar content of flag leaves was significantly (p < 0.05) lower in the morning and evening, and significantly higher in the noon in RW-14. The soluble sugar content of lemmas was significantly (p < 0.05) lower under RW-14 in the morning and evening, compared to that under DS-14. Compared to that under DS-14, the glume soluble sugar content was significantly (p < 0.05) lower under RW-14 in the evening. At all three sampling times, the soluble sugar content of flag leaves was significantly (p < 0.05) lower than that of the glumes and lemmas under CK-0 in the morning, under CK-7 in the noon and evening, and under DS-7 at all three sampling times, while it was significantly (p < 0.05) higher than that of glumes and lemmas under RW-14 in the noon and evening. Lemmas had a significantly (p < 0.05) higher soluble sugar content than flag leaves and glumes under DS-7 in the evening, and under CK-14 and DS-14 in the morning.

[image: Bar chart showing soluble sugar content in mg per gram of fresh weight across three panels labeled A, B, and C. Each panel compares values for flag leaf, glume, and lemma under conditions CK-0, CK-7, DS-7, CK-14, DS-14, and RW-14. Flag leaf bars are in white, glume in light gray, and lemma in dark gray. The chart highlights variations of sugar content across different treatments.]
Figure 9 | Soluble sugar content in flag leaves, glumes, and lemmas under different watering treatments at different stages at three time periods: morning (A), noon (B), and evening (C). Different lowercase letters within the same organ and different capital letters within the same treatment indicate a significant difference at the p < 0.05 probability level.





Total C and N contents

As growth continued, the C content gradually decreased in the flag leaves, other leaves, and glumes, while the C content of the seeds gradually increased (Figure 10). Compared to that under CK-7, the C content of other leaves was significantly (p < 0.05) lower under the DS-7 treatment. During the reproductive growth period, the C content of the peduncles and lemmas was stable. At the seed maturity stage, the C content of the glumes was significantly higher under DS than that under CK.

[image: Bar charts labeled A, B, C, and D compare carbon content and carbon uptake across various plant parts, such as seed, lemma, and stem, during different growth periods and maturity stages. The charts display data groups with letters indicating statistical significance, showing variations in carbon metrics among tested conditions.]
Figure 10 | The C content (A, B) and C uptake (C, D) in stems, other leaves, flag leaves, peduncles, glumes, lemmas, and seeds during the reproductive growth period (A, C) and the seed maturity stage (B, D) under different watering treatments. Different lowercase letters within the same organ at the same stage indicate a significant difference at the p < 0.05 probability level.

As growth continued, the C uptake gradually decreased in other leaves, while it gradually increased in seeds (Figure 10). Compared to that under CK-14, the C uptake in seeds was significantly higher under DS-14.

As growth continued, the N content gradually decreased in the flag leaves, other leaves, stems, peduncles, and lemmas, while it first increased and then decreased in the glumes (Figure 11). Compared to CK-7, the N content of the lemmas and peduncles was significantly (p < 0.05) higher than that under DS-7. The N content of the lemmas and other leaves was significantly (p < 0.05) lower under DS-14, compared to that under CK-14. At the seed maturity stage, the DS leaves had a significantly (p < 0.05) higher N content in the glumes and peduncles than that in the CK leaves. Compared to DS, DS-se significantly (p < 0.05) increased the N content in the lemmas, peduncles, and seeds. The N content in the peduncles and seeds was significantly (p < 0.05) lower under RW than that under DS.

[image: Bar graphs labeled A to D show nitrogen content (mg/g) and uptake (g/branch) in different plant parts: Seed, Lemma, Glume, Peduncle, Flag leaf, Other leaf, and Stem. Data is categorized by reproductive growth period and seed maturity stage, with error bars and lettering indicating statistical significance.]
Figure 11 | The N content (A, B) and N uptake (C, D) in stems, other leaves, flag leaves, peduncles, glumes, lemmas, and seeds during the reproductive growth period (A, C) and the seed maturity stage (B, D) under different watering treatments. Different lowercase letters within the same organ at the same stage indicate a significant difference at the p < 0.05 probability level.

As growth continued, the N uptake in the lemmas, peduncles, flag leaves, other leaves, and stems gradually decreased, while it gradually increased in seeds (Figure 11). The N uptake in the glumes first gradually increased and then decreased with further growth. Compared to CK-7, other leaves had significantly (p < 0.05) lower N uptake under DS-7. Compared to CK-14, the N uptake in other leaves was significantly (p < 0.05) lower than that under DS-14, while drought stress significantly (p < 0.05) increased the N uptake in the seeds. At the seed maturity stage, CK-se significantly (p < 0.05) decreased the N uptake in the glumes compared to CK. DS-rg significantly increased the N uptake in lemmas compared to DS.

The C/N values gradually increased in stems, other leaves, flag leaves, peduncles, and lemmas with the furtherance of growth, while gradually decreasing in glumes (Table 1). Seeds had a stable C/N status. Compared to CK-14, the C/N values in other leaves was significantly (p < 0.05) higher under the DS-14 treatment. The C/N values in the stems, peduncles, and lemmas were significantly (p < 0.05) higher under RW-14 compared to those under DS-14.


Table 1 | The C/N values in the stems, other leaves, flag leaves, peduncles, glumes, lemmas, and seeds during the reproductive growth period and the seed maturity stage under different watering treatments.

[image: Table presenting data on different plant treatments during reproductive growth and seed maturity stages. The columns list measurements for stem, other leaf, flag leaf, peduncle, glume, lemma, and seed. Treatments include CK-0, CK-7, DS-7, CK-14, DS-14, RW-14, and variations like CK-se, CK-rg, DS-se, DS-rg, and RW. Values are shown with mean and standard deviation, along with significant differences marked by different lowercase letters at a p-value less than 0.05.]
At the seed maturity stage, the C/N values in the peduncles and lemmas under DS were significantly (p < 0.05) lower than those under CK (Table 1). The C/N values in the peduncles, lemmas, and seeds under RW were significantly (p < 0.05) higher than those under DS. The C/N values in the glumes under CK were significantly (p < 0.05) higher compared to those under CK-se. Compared to those under DS, the C/N in other leaves were significantly (p < 0.05) higher under DS-rg, while that in lemmas significantly (p < 0.05) decreased.





Dry matter mass

As growth continued, the mass proportion of the stems, other leaves, flag leaves, and peduncles gradually decreased, while the mass proportion of the glumes and lemmas remained stable (Figure 12). The weight proportion of seeds gradually increased with the continuation of growth, and drought stress promoted dry matter accumulation in the seeds. Under drought stress, DS-se and DS-rg decreased a greater proportion of seed weight than CK-se and CK-rg.

[image: Stacked bar chart showing the proportion of dry weight of different plant organs during reproductive growth and seed maturity stages. Categories include seed, lemma, glume, peduncle, flag leaf, other leaf, and stem. Each stage, labeled as CK and DS variations, has varied proportions for each organ type.]
Figure 12 | The proportion of dry matter mass in the stems, other leaves, flag leaves, peduncles, glumes, lemmas, and seeds during the reproductive growth period and the seed maturity stage under different watering treatments.

There was no significant difference in seed yield under CK, CK-se, or CK-rg, while the seed yield under DS-se was significantly (p < 0.05) lower than that under DS (Figure 13). Drought stress increased the ears’ photosynthetic contribution to seed yield.

[image: Bar graph comparing seed yield of a single main reproductive branch in grams on the left and photosynthetic contribution rate in percentage on the right across different treatments. The left chart shows varying yields with RW treatment having the highest yield and DS the lowest. The right chart shows DS Spike with the highest photosynthetic contribution rate at 39.17%, while CK Glume is lowest at 11.51%. Error bars are included.]
Figure 13 | The seed yield under different watering treatments and the photosynthetic contribution rate of the ears and glumes under different watering treatments. Different lowercase letters indicate a significant difference at the p < 0.05 probability level.






Discussion




Water status response to drought stress

The water status of a plant is related to organ types, growth stages, and environmental conditions. Drought reduces plants’ water content and accelerates their senescence (Tan et al., 2023). In this study, drought stress significantly (p < 0.05) decreased the AWC in flag leaves, while having no significant effect on the AWC of glumes and lemmas (Figure 2). In terms of cell structure, the outer epidermis of the glumes and lemmas was lignified, and the stomata were degraded (Figure 1). The inner epidermal stomata had smaller stomatal chambers. They are less affected by adverse environmental conditions in terms of stomatal conductance (Tambussi et al., 2005) and therefore have lower transpiration rates than the flag leaves. Glumes and lemmas have a thick epidermis and cuticle on their outer sides helping maintain expansion pressure and facilitate gas exchange under drought stress (Tambussi et al., 2005). These structural characteristics also provide the ears with a higher relative water content and greater osmotic adjustment (Rao and Chaitanya, 2016). Moreover, in this study, compared to DS-14, the AWC of flag leaves under the RW-14 treatment was significantly (p < 0.05) higher, and this result may be related to the compensatory effect of drought rehydration in plants (Li et al., 2024). Plants exhibit a high osmotic adjustment capacity for an extended period after rehydration facilitating rapid leaf growth and compensating for the losses caused by drought (Su and Shan, 1995). In addition, the ear organs might possess higher osmotic adjustment ability under drought conditions (Tambussi et al., 2005), since drought stress induces higher grain filling speed and vast soluble nutrient transfer to grains through other ear organs contributing to maintaining water status (Rao and Chaitanya, 2016). Thus, stable water status in the ear organs is a critical part of maintaining physiological performance when drought occurs.





Photosynthetic performance under drought stress

Rubisco is the key enzyme responsible for fixing CO2, participating in the Calvin cycle. It also catalyzes the oxidation of photorespiratory carbon and serves as the primary receptor of CO2. Drought stress decreases Rubisco activity, which affects plant photosynthetic ability by limiting the Calvin cycle (Jia et al., 2015; Wang et al., 2020). The present study also reached a similar conclusion: the Rubisco activities in flag leaves, glumes, and lemmas showed varying degrees of decline under DS-7 compared to those under CK-7 (Figure 3). Rubisco activity in ear organs is less affected by drought stress (Simova-Stoilova et al., 2020; Zhang et al., 2019; Ding et al., 2018). Rubisco might not only act in C fixation but also play an important role in N metabolism in ear organs (Lopes et al., 2006). The proportion of Rubisco in soluble protein is 30%–60%, which can be mobilized and plays important roles under adverse situations (Feller et al., 2008). Lopes et al. reported that Rubisco levels were much greater in the glumes of wheat ears than in flag leaves during the milk to early dough stages (Lopes et al., 2006). Rubisco acts as the main storage protein in ear organs and maybe even more important than flag leaves in grain filling during the final development stages, especially when facing stress. Glumes can act as a temporal sink for N in the absence of an external fertilizer. During grain filling, glumes are converted into an N source presumably remobilizing their accumulated nitrogen to the grains (Lopes et al., 2006; Waters et al., 1980). Approximately 23% of the mature seed grain’s contribution comes from the glumes (Simpson et al., 1983).

It has been found that C4 photosynthetic enzyme activities are elevated in ear organs under drought stress (Jia et al., 2015). Gene expression of PEPC is repressed in flag leaves but is induced such that it is highly expressed in ear organs (Zhang et al., 2019; Vicente et al., 2018). In this study, although drought stress significantly decreased PEPC activity in the flag leaves, glumes, and lemmas, the glumes were able to maintain higher PEPC activity under drought stress in the later growth stage compared to the flag leaves and lemmas (Figure 4). PEPC provides carbon skeletons for biosynthesis by fixing internally released CO2 and assimilating N helping plants withstand drought stress. After rewatering, PEPC activity in both the glumes and lemmas significantly rebounded, but this was not observed in the flag leaves. This result reflects the fact that ear organs play an important role in photosynthesis during the late growth period by compensating for the reduction in the photosynthetic ability of flag leaves (Tian et al., 2022).

The process of photosynthesis in plants is influenced not only by the external environment but also by a plant’s growth and development, metabolic activity, and other factors (Sukhov, 2016). By plotting a light response curve, physiological parameters, such as the maximum photosynthetic rate, dark respiration rate, light saturation point, and light compensation point, of plants can be obtained. In this study, as light intensity increased, the photosynthetic rate of all organs increased and that of the flag leaf was significantly higher than that of various ear organs (Figure 5). The flag leaves serve as the primary photosynthetic organ of the plant (Brazel and Ó Maoiléidigh, 2019) featuring highly optimized physiological structures and functions to maximize light capture and photosynthetic efficiency. The flag leaf typically exhibits high sensitivity to changes in light intensity allowing it to adjust its photosynthetic rate in response to increasing or decreasing light intensity to adapt to different environmental conditions. Conversely, ear organs are less sensitive to changes in light intensity compared to the flag leaves, and their photosynthetic rate exhibits a relatively smaller range of variation (Figure 5). At lower light intensities, the photosynthetic rate of ear organs is more severely limited, constrained by their physiological structures and functions, including factors such as a lower number of stomata (Figure 1) and reduced chlorophyll levels (Tian et al., 2022). When reaching the maximum light intensity, the flag leaves, glumes, and peduncles did not exhibit photoinhibition, while the lemmas showed photoinhibition (Figure 5). The photoinhibition of lemmas may be attributed to the fact that glumes cover lemmas, which always receive a low level of light. In addition, lemmas lacks adequate photoprotective mechanisms to cope with high light intensities, such as weaker regulatory abilities via photorespiration and other pathways (Zeng et al., 2024). The photosynthetic characteristics of lemmas are similar to those of shade plants, including stomatal closure and photoinhibition under intense light (Martinez et al., 2003). Under strong light or sufficient CO2 supplementation, the photosynthetic rate per unit mass of flag leaves was higher than that of ear organs, indicating that leaves are the main photosynthetic organs (Brazel and Ó Maoiléidigh, 2019). The photosynthetic rates per unit mass of flag leaves and glumes decreased with reduced light intensity at a similar rate (Figure 5). This suggests that the photosynthesis-limiting factors of flag leaves and glumes were essentially the same under low light conditions at 300 µmol m−2 s−1. The plant CO2 response curve provides deeper insights into the photosynthetic mechanism of plants and is an important indicator for assessing their photosynthetic capacity (Li et al., 2020). In this study, the lemmas reached the CO2 compensation point first, and its photosynthetic rate was significantly lower than that of the flag leaves and glumes. At CK-0, the photosynthetic rate of the lemmas was limited. With the enhancement of metabolic activities within the plant, the respiratory rate increased relatively. In addition, shading by the glumes and limitations in gas exchange further affected the lemmas making it more prone to reaching the CO2 compensation point. When the CO2 concentration reached from 600 µmol m−¹ to the CO2 saturation point, the photosynthetic rate of the flag leaves was significantly higher than that of the ear organs, since the flag leaves had a higher stomatal density (Tian et al., 2022), which facilitates efficient gas exchange, including the absorption of CO2 and the release of O2.





Carbon metabolism and allocation under drought stress

Non-structural carbohydrates, representing the outcome of photosynthesis, serve as both nutrients and regulators of plant growth and development. They are crucial for osmotic adjustment (Ruan, 2014), the induction of resistance gene expression (Jia et al., 2013), antioxidant regulation (Tauzin and Giardina, 2014), and tissue differentiation and development (Ohto et al., 2001; Iraqi and Tremblay, 2001) under abiotic stresses. One of these carbohydrates, fructose, is an intermediate product of photosynthetic C metabolism, while sugar metabolism and sucrose serve as the primary form for exporting and translocating photosynthetic products (Ruan, 2012). In this study, DS-7 significantly decreased the fructose and sucrose content in flag leaves in the morning and evening, while significantly increasing the carbohydrate content in both glumes and lemmas, compared to CK-7 (Figures 6, 7). When exposed to drought conditions, an imbalance will be generated between carbohydrate production and utilization in the flag leaves. Previous studies reported that sucrose synthase and sucrose phosphate synthase activities were significantly greater in the seedlings of a tolerant wheat cultivar than in sensitive ones under drought stress conditions (Nemati et al., 2018). Drought-tolerant wheat genotypes have more effective strategies for fructan remobilization and sucrose synthesis and transport than drought-sensitive genotypes because they can maintain higher levels of photosynthesis (Bagherikia et al., 2019). In addition, RW-14 could significantly increase flag leaves’ fructose and sucrose content, while the variation in glumes and lemmas was lower than that in flag leaves (Figures 6, 7). Ear organs showed higher photosynthetic stress resistance and were able to maintain a more stable C metabolism than leaves contributing to grain filling (Tian et al., 2022; Jia et al., 2015). Furthermore, the accumulation of soluble sugars, including fructose and sucrose, promotes osmotic adjustment in ear organs when drought occurs (Xiao et al., 2024). In this study, at all three sampling times, drought stress significantly increased the soluble sugar content in glumes, lemmas, and flag leaves, and that in ear organs was significantly higher (Figure 9). Leaves experienced a more moderate increase in soluble sugar content under drought conditions (Zhao et al., 2024). This suggests that ear organs exhibited better tolerance to drought stress adapting to this water-deficient environment by producing more soluble materials. Starch is one of the primary forms of energy storage in plant organs. A drought might accelerate the rate of transfer of photosynthetic assimilates to the pool organs. Once transferred, these assimilates undergo a series of catabolic–synthetic reactions and are ultimately stored in the pool organs as starch (Abdelgawad et al., 2020). In this study, DS-7 significantly increased the starch content in glumes and lemmas in the morning and evening, and glumes and lemmas had a higher starch content than flag leaves (Figure 8). On the one hand, the large accumulation of fructose and sucrose contributed to the synthesis of starch. On the other hand, besides acting as the source organs, ear organs also temporarily store the photosynthetic assimilates adjacent to the seeds. The transformation of starch to soluble sugars in ear organs could enhance the osmoregulatory capacity of the ears and promote the transfer of nutrients to seeds ensuring the normal growth and development of a plant while enabling it to resist adverse stresses.

Drought reduces the accumulation of photosynthetically active substances in plants and increases respiratory consumption, thereby reducing plant dry matter accumulation (Plaut et al., 2004). In this study, under drought stress, the dry matter of all organs gradually shifted to seeds as growth continued, and the percentages of stems and leaves decreased significantly (Figure 12) aligning with the findings of Abid et al. (2018). This result may reflect the transfer of non-structural carbohydrates to the developing seeds. In this study, oat ears were subjected to ear shading and glume removal at the initial flowering period. It was observed that both ear shading and glume removal decreased oat seed yield (Figure 13). The reduction in seed yield was larger under drought stress implying that drought stress increases the photosynthetic contribution of ear organs to grain filling aligning with the findings of Wang et al. (2016).






Conclusion

In this study, we evaluated the changes in absolute water content, photosynthetic enzyme activities, non-structural carbohydrates, total carbon and nitrogen contents, and dry matter accumulation in the flag leaves, glumes, and lemmas of oat plants under drought stress. The results indicated that drought had no significant impact on the absolute water content and Rubisco enzyme activity in the glumes and lemmas. Furthermore, during the late grain-filling stage, the PEPC activity in the glumes remained at a relatively high level. Drought stress significantly increased the contents of fructose, sucrose, starch, and soluble sugars in the spike organs enabling them to exhibit higher photosynthetic performance and better osmotic adjustment capabilities. As the seeds developed and grew, carbon, nitrogen, and dry matter accumulated gradually, with the spike organs serving as storage organs for C and N metabolites. In conclusion, oats tolerates drought maintaining a high AWC without ear physiological functions and yield. During drought stress, oat ear organs contribute to maintain the seed yield by keeping water status and photosynthetic performance.
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Introduction

Reaumuria trigyna, a pivotal salt-tolerant plant species in Central Asian salt desert ecosystems, has garnered significant attention due to its resilience under harsh environmental conditions. This study investigates the response mechanisms of melatonin on the dynamic physiology and transcriptomics of Reaumuria trigyna, a critical salt-tolerant plant species in Central Asian salt desert ecosystems. Despite significant progress in understanding plant salt tolerance, research on the positive effects of melatonin on Reaumuria trigyna, particularly its impact on seed germination and the underlying physiological and molecular mechanisms, remains limited.





Methods

In this study, we evaluated the physiological responses of Reaumuria trigyna under continuous alkaline salt stress and examined the effect of melatonin on seed germination.





Results

Our results demonstrate that melatonin at concentrations of 300μmol/L significantly enhances plant growth and promotes the accumulation of osmotic regulators. Notably, melatonin treatment increased the germination rate by 35.48% compared to the alkaline salt stress group, which exhibited a 52.15% lower germination rate than the untreated control. The key mechanism identified involves melatonin’s ability to increase antioxidant enzyme activity, reduce reactive oxygen species and hydrogen peroxide levels, and alter gene expression patterns.





Discussion

Transcriptomic analysis revealed significant changes in gene expression, particularly in photosynthetic signal transduction, phytohormone signaling, MAPK signaling, and the peroxisome pathway, which are crucial for the plant’s response to alkaline salt stress. Our findings provide new insights into how melatonin affects plant growth, salt tolerance, seed germination, and gene expression in Reaumuria trigyna under continuous alkaline salt stress. These results address a significant gap in current scientific knowledge and offer valuable theoretical support and practical guidance for cultivating salt-resistant crops and the ecological restoration of salt-affected desert environments.
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1 Introduction

Soil salinization has become an increasingly critical issue in recent years, driven by the combined effects of global climate change and human activity. The complexity and severity of this problem have intensified, presenting significant challenges to sustainable agricultural production and environmental management. The impact of saline-alkali soils on plant growth is multifaceted. First, the elevated concentration of soluble salts increases the osmotic pressure of the soil solution, limiting water uptake by plant roots and hindering seed germination. This leads to “physiological drought,” in which water loss from root cells causes wilting or even plant death, severely restricting growth and development (Wei et al., 2024). Second, the accumulation of salts in plant tissues disrupts cellular processes, damaging the protoplasm, interfering with protein synthesis, and impairing growth and development (Zhang et al., 2013). Furthermore, the direct toxicity of sodium bicarbonate and potassium carbonate to plant tissues can cause root damage and death, exacerbating the adverse effects of salinization.

Excess sodium ions in saline-alkali soils compete with plants for nutrient uptake, impairing the absorption of essential minerals such as potassium and phosphorus. This disruption of nutrient balance hinders plant growth and development (Tariq et al., 2023). Simultaneously, saline-alkali conditions can disturb the redox balance within plant cells, leading to the accumulation of key signaling molecules, such as reactive oxygen species (ROS) and calcium ions (Ca²+), which activate MAPKKK and MAPKK kinases (Zhang et al., 2024). This cascade induces oxidative damage to cellular structures, including chlorophyll, membranes, proteins, and nucleic acids. Salt-alkali stress also alters metabolite levels, such as sugars and phenylpropanoids, affects hormone receptor activity, and changes signal transduction molecules’ phosphorylation/dephosphorylation status, influencing downstream gene expression. These changes affect the sensitivity and specificity of secondary metabolite and hormone signaling pathways, indirectly impacting osmolyte content and antioxidant enzyme activity. For instance, salt stress may modulate the activity of enzymes like phenylalanine ammonia-lyase (PAL) and cinnamate-4-hydroxylase (C4H), which regulate phenylpropanoid biosynthesis (Shin et al., 2024; Song et al., 2022). Additionally, salt-alkali stress can inhibit the activity of critical enzymes in glycolysis and gluconeogenesis, such as hexokinase, phosphofructokinase, and pyruvate kinase, affecting carbohydrate metabolism and altering metabolic rates and pathways (Shinde et al., 2018). This disruption in metabolism may lead to the accumulation of metabolites such as lactate and glyoxylate, further influencing glycolysis and gluconeogenesis. Furthermore, under salt-alkali stress, abnormal interactions between AUX/IAA proteins and ARF transcription factors within the auxin (IAA) signaling pathway can modify the expression of downstream antioxidant enzyme genes, impacting plant growth and development (Bao et al., 2024). Plants activate antioxidant defense mechanisms to mitigate oxidative damage, including producing non-enzymatic antioxidants such as ascorbic acid (ASA) and glutathione (GR), which scavenge ROS and reduce oxidative stress. Plants generate osmolytes like proline (PRO) and total carbohydrates, which accumulate in cells to maintain osmotic balance and minimize the damage caused by salt-alkali stress (Gao et al., 2022).

Reaumuria trigyna, a salt-secreting and drought-tolerant shrub from the genus Reaumuria in the family Tamaricaceae (Chen, 1990), originated during the Tertiary period and is considered a relict species from the ancient Mediterranean, often referred to as a “living fossil.” Its current distribution is restricted to the eastern part of Alxa, Inner Mongolia, and the western region of Ordos, China (106°27’E to 111°28’E, 39°13’N to 40°52’N; elevations ranging from 1500 to 2100 m). As a typical halophyte, Reaumuria trigyna has garnered significant attention in botany, environmental science, and stress biology due to its exceptional salt tolerance and adaptive mechanisms. Scientific studies and clinical practice have also confirmed the plant’s efficacy in treating skin conditions such as eczema and dermatitis. Given the challenges posed by global climate change and land salinization, understanding the salt tolerance mechanisms and stress response strategies of Reaumuria trigyna is crucial for restoring and rehabilitating vegetation in saline-alkali soils. Recent research on Reaumuria trigyna has focused on its genomics and molecular biology (Zhang et al., 2023; Zhang et al., 2016), population genetic structure (Nui, 2024; Zhang & Wang, 2008), physiological and molecular responses to abiotic stresses (Zhang et al., 2023; Wang et al., 2022), salt tolerance mechanisms (Li et al., 2018; Du et al., 2019), and the impact of environmental factors on seed germination (Zhang et al., 2008). As a unique plant germplasm resource, Reaumuria trigyna plays a critical role in ecological restoration and vegetation recovery in desertified, arid, and semi-arid regions, owing to its distinctive ecological traits and adaptability. However, its high seedling mortality rate results in a low seed-to-seedling conversion rate, limiting subsequent population growth and contributing to its classification as an endangered species (Zhang et al., 2008). Consequently, the plant’s potential for ecological restoration remains underexplored. Direct seeding is a crucial method for environmental restoration, as it facilitates the rapid and complete restoration of vegetation structure and composition. Therefore, improving seed germination rates and the seed-to-seedling conversion rate of Reaumuria trigyna is essential.

Melatonin (N-acetyl-5-methoxytryptamine), an ancient biochemical compound (Lerner, 1959; Manchester et al., 2015), was first isolated from the pineal glands of cows (Lerner et al., 2002). Researchers initially identified melatonin as a critical regulator of animals’ biological clocks and circadian rhythms (Tan et al., 2009). Subsequent studies have shown that melatonin is present in animals and plants (Dubbels, 1995; Hattori, 1995), and its biological roles have expanded significantly. As a natural hormone with no known negative environmental impacts, melatonin has been widely used to promote seed germination, enhance plant growth, increase yields, and improve stress tolerance (Bartucca, 2022; Wu et al., 2021). For example, Yang et al. (2023) demonstrated that melatonin enhances blueberry fruit quality and its tolerance to Cd toxicity by regulating metabolites associated with ABC transporters, the TCA cycle, and flavonoid production. Duan et al. (2024) highlighted melatonin’s critical role in plant hormone synthesis, antioxidant enzyme production, and photosynthetic signal transduction. Yan et al. (2023) showed that melatonin improves wheat seedling salt tolerance by boosting antioxidant capacity and photosynthetic activity. Furthermore, several studies have indicated that melatonin increases plant tolerance to stress by modifying morphological and physiological traits (Sheikhalipour et al., 2023; Saqib et al., 2024; Fu et al., 2023). Regarding seed germination, Korkmaz et al. (2023) found that melatonin positively affects pepper seed germination and seedling growth under low temperature, high temperature, and water stress. Zeng et al. (2022) demonstrated that melatonin improves seed germination, seedling growth, and antioxidant defense in rice under submergence stress. These studies collectively show that melatonin enhances antioxidant capacity in plants by altering photosynthetic efficiency and physiological characteristics while stimulating the activity of various antioxidant enzymes, thereby mitigating stress-induced damage. Researchers have also explored the physiological response mechanisms of melatonin in seed germination and seedling growth by pretreating crops such as soybean sprouts (Wu et al., 2023), Zoysia japonica Steud (Dong et al., 2021), Stevia rebaudiana Bertoni (Simlat et al., 2018), and seeds of wheat, barley, oat, and soybean (Hernández-Ruiz et al., 2005; Wei et al., 2015). While much of the existing research on melatonin has focused on crops and herbaceous plants, few studies have investigated its effects on shrub growth and development. Moreover, no studies have examined the impact of melatonin on seed germination or seedling quality in Reaumuria trigyna. Seed germination is a critical stage in the plant life cycle, influencing subsequent growth and development. Learning the physiological responses and transcriptomic mechanisms underlying seed germination and their interconnections can enhance seed germination rates, improve seedling quality, optimize plant resource utilization, and promote sustainable plant development.




2 Materials and methods



2.1 Growth conditions and seedling treatments

The study was conducted at the College of Forestry, Inner Mongolia Agricultural University (111°41′E–111°37′E, 40°48′N–40°68′N) from March to June 2024. It comprised both a preliminary and a formal experiment, with seedlings collected from the wild in Wuhai City, Inner Mongolia (106°48′E–109°31′E, 38°45′N–40°45′N). The seeds were sterilized by immersion in a sodium hypochlorite solution for 15 minutes, followed by six rinses with distilled water and air drying. Previous studies have shown that melatonin concentrations ranging from 100 to 400 μmol/L can significantly activate the antioxidant mechanisms in various salt-tolerant shrubs and trees, including Salicornia fruticosa, apple trees, and soybeans (Zhao et al., 2023; Giménez et al., 2024; Xian et al., 2024). Wang (2023) found that a concentration of 50 mmol/L NaHCO3 significantly affected the growth of Reaumuria trigyna. We measured the pH and salt contents of nine major soil types in Wuhai City in May 2024. Our findings revealed that the pH of most soils fell within the range of 7.5 to 8.5 (Table 1). To make the experimental results more conducive to local ecological restoration, we adjusted the pH range for simulating salt-alkali stress to 8.2 to 8.6, aligning it more closely with actual conditions. Based on these findings, the concentrations of NaHCO3 and melatonin used in the present study were determined. The seeds were treated with 50 mmol/L NaHCO3 and soaked in various melatonin solutions for 24 hours, including the following treatments: CK (distilled water as a control), S (50 mmol/L NaHCO3), MT1 (100 μmol/L melatonin + 50 mmol/L NaHCO3), MT2 (300 μmol/L melatonin + 50 mmol/L NaHCO3), MT3 (500 μmol/L melatonin + 50 mmol/L NaHCO3), and MT4 (700 μmol/L melatonin + 5 NaHCO3). The treated seeds were then planted in plug trays (58 mm × 58 mm in diameter and 110 mm deep) filled with a white peat and fertilizer substrate and placed in an advanced greenhouse for cultivation. The greenhouse was maintained at 23 ± 3°C during the day and 15 ± 3°C at night, with relative humidity controlled between 60% and 70%. The greenhouse received natural light, with a 12-hour light-dark cycle. The substrate was kept moist through daily watering. NaHCO3 stress was applied every seven days to simulate continuous alkaline salt stress. The germination experiment was considered complete when no further germinations occurred after seven days. The formal experiment lasted 26 days, from May 24, 2024, to June 20, 2024. Each treatment group contained 100 seeds, with three replicates per treatment. Reaumuria trigyna seedlings showing uniform growth were randomly selected from each treatment group and stored in a -80°C freezer for physiological and biochemical analysis, as well as transcriptome sequencing.


Table 1 | The pH and salt content of different soil types.

[image: Table comparing soil types with pH and salt content values. Soil types: Grey desert, Brown calcareous, Chestnut calcareous, Windblown dust, Meadow, Calcareous, Sandy, Coal cinder, and Clay soil. Measurements include mean plus or minus standard error, with statistical significance denoted by differing letters based on Duncan's LSD test.]



2.2 Assessing physiological indexes

During the experiment, several parameters related to seed germination were calculated, including the number of seeds germinated, the number of dead seeds, germination peak time (the number of days from the start of the experiment to when the daily germination count reached its maximum), germination lag time (the time from the start of the test to the emergence of the first germinated seed), and germination duration (the total number of days from the start of the experiment to the germination of the last seed). Additionally, the following parameters were computed: average germination time (Equation 1), germination percentage (Equation 2), relative germination percentage (Equation 3), germination energy (Equation 4), germination index (Equation 5), vigor index (Equation 6), and seedling mortality rate (Equation 7). After the experiment, healthy seedlings with similar growth seedlings were selected on June 20, 2024. The seedlings’ surface soil was cleaned with distilled water, and surface moisture was blotted with filter paper. Measurements were then taken for stem length, primary root length, seedling height, leaf length, leaf width, and the number of leaves, using a vernier caliper with a precision of 0.001 inches. The calculation methods for these parameters are described in previous studies (Biju et al., 2017; Cao et al., 2019; Zhang et al., 2022).

[image: Formula for the average time of germination: the summation of the product of \( n_i \) and \( d_i \) divided by the summation of \( n_i \), where \( n_i \) and \( d_i \) are variables.]

[image: The image shows the formula for germination rate (GR) as GR equals n divided by N, multiplied by 100 percent, where n represents the number of germinated seeds and N represents the total number of seeds.]

[image: Formula for calculating RGR: RGR equals GR of each group divided by GR of CK, multiplied by one hundred percent.]

[image: The image shows a formula: GP equals N subscript o divided by N, times one hundred percent.]

[image: Mathematical expression denotes G equals the summation of m subscript i times d subscript i.]

[image: Mathematical equation showing \( VI = G \times (L_1 + L_2) \), labeled as equation six.]

[image: Formula for calculating death rate (DR) of seedlings: DR equals the number of dead seedlings divided by N, multiplied by 100 percent.]

GR is the germination rate; RGR is the relative germination rate; GP is the germination potential; GI is the germination index; VI is the vitality index; DR is the number of seedling deaths; n is the number of seeds normally germinated during the experiment; N is the number of experimental seeds; n0 is the number of seeds that typically germinate when the number of daily germinated seeds reaches the peak; di is the number of days from the date of sowing, ni is the number of normal germination on a corresponding day; l1 is the stem length, L2 is the main root length.

All physiological and biochemical measurements were conducted between June 21, 2024, and July 21, 2024. Root viability of the plant seedlings was assessed using the TTC (triphenyl tetrazolium chloride) method (Man et al., 2016). Seedling roots were cleaned and immersed in a TTC solution and phosphate buffer mixture in a dark, constant-temperature shaking incubator. After the reaction was stopped, the roots were crushed, and the extract was analyzed colorimetrically at 485 nm using a spectrophotometer to determine tetrazolium reduction intensity. MDA levels were measured using the thiobarbituric acid method, with absorbance readings taken at 450 nm, 532 nm, and 600 nm to calculate MDA content (Chen and Li, 2016). Photosynthetic pigments were extracted using the method developed by Lichtenthaler and Wellburn (1983), with 80% acetone as the solvent. The absorbance of the extract was measured at wavelengths of 470 nm, 663 nm, and 646 nm using a fluorescence spectrophotometer to determine the concentrations of chlorophyll a (Equation 8), chlorophyll b (Equation 9), and carotenoids (Equation 10). To prevent light-induced photosynthesis, we used blackout curtains to ensure that the experimental area remained completely dark throughout the experiment. Total carbohydrate content was determined using the anthrone colorimetric method (Li, 2000). The content of soluble protein was determined by the Coomassie brilliant blue method (Zhang and Qu, 2000). The proline content in leaf tissues was determined per 1 g of tissue fresh weight (FW) using the sulfosalicylic acid method (Zhang and Qu, 2000). The content of the O2- was determined by the hydroxylamine oxidation method. The content of ascorbic acid was determined by 2,6-dichlorophenol indophenol titration. The ultraviolet absorption method measured the hydrogen peroxide content and catalase activity (Aebi, 1984). Peroxidase activity was determined by guaiacol colorimetry. The activity of superoxide dismutase was determined by the nitrogen blue tetrazolium method. The ascorbate peroxidase activity was determined by spectrophotometry (Zou, 2000). Polyphenol oxidase activity, reduced glutathione content, and glutathione reductase activity were measured using kits. All the samples were collected in three independent biological replicates.

[image: Mathematical expression for chlorophyll content calculation: C_t equals 12.21 times A_663 minus 2.81 times A_646, labeled as equation 8.]

[image: Equation displaying \( C_p = 20.13 A_{646} - 5.03 A_{663} \) with a reference number (9) in parentheses.]

[image: Equation for concentration: \( C_{xe} = \frac{1000A_{470} - 3.27C_a - 104C_b}{229} \). Numbered as equation (10).]

Ca represents the concentration of chlorophyll a; Cb represents the concentration of chlorophyll b; Cx·c represents the total concentration of carotenoids; A663, A646, and A470 represent the absorbance of the chloroplast pigment extract at wavelengths of 663nm, 646nm, and 470nm.




2.3 RNA extraction and transcriptomics analysis

To assess the effects of various treatments on leaf RNA, 0.2 g of leaf samples from each treatment group were collected and pooled to form a single biological replicate, with three replicates conducted on June 21, 2024. Total RNA was extracted using the R401 (Genepioneer Biotechnologies, Nanjing, China) and TSJ011-100 kits (Tsingke Biotechnology Co., Ltd., Beijing, China). The RNA concentration and purity were assessed using a NanoDrop 2000 spectrophotometer, and RNA integrity was verified by agarose gel electrophoresis (1% gel concentration, 180 V, 16-minute run time). The following criteria were met for library preparation and sequencing: no gel contamination, total RNA ≥ 1 ug, concentration ≥ 35 ng/uL, OD 260/280 ≥ 1.8, OD 260/230 ≥ 1.0, and sufficient total RNA for three library constructions. For library construction, eukaryotic mRNA was isolated using Oligo(dT) magnetic beads, randomly fragmented, and reverse transcribed into cDNA with six-base random primers. The cDNA was then processed by end repair, A-tailing, adapter ligation, fragment selection, and PCR amplification. Library quality was evaluated through preliminary quantification with Qubit 2.0, insert size determination using an Agilent 2100, and precise, effective concentration quantification (≥ 2 nM) via qPCR. Sequencing was performed on the Illumina NovaSeq X Plus platform with a read length of PE150. Transcriptome sequencing was outsourced to Genepioneer Biotechnologies (Nanjing, China).




2.4 Functional annotation of unigenes

Unigene sequences were aligned using BLAST software with several databases, including NR (non-redundant protein database), Swiss-Prot, GO (Gene Ontology), COG (Clusters of Orthologous Groups), KOG (eukaryotic Orthologous Groups), and KEGG (Kyoto Encyclopedia of Genes and Genomes). After predicting the amino acid sequences of the Unigenes, HMMER software was used to compare them with the Pfam database (Protein Families) for functional annotation.




2.5 qRT-PCR analysis

Six genes with differential expression were randomly selected for qRT-PCR analysis, performed by Genepioneer Biotechnologies (Nanjing, China). β-Actin was used as the internal reference gene, with primer sequences provided in Supplementary Table 3. The PCR protocol consisted of an initial denaturation at 95°C for 30 seconds, followed by 40 cycles of denaturation at 95°C for 5 seconds and annealing at 60°C for 20 seconds. Melting curve analysis was conducted from 60°C to 95°C, with fluorescence data collected at each one °C increment. Three biological replicates were included, and the error bars represent the Least Significant Difference (LSD). Relative expression levels of target genes were calculated using the 2−ΔΔCT method.




2.6 Statistical calculation

Differential gene expression was analyzed using DESeq2 software, with a threshold of Log2FC > 1 and FDR< 0.05. The fold change (Log2FC) represents the ratio of expression levels between two samples or groups, while the p-value indicates the significance of differential expression. Plant transcription factors (TFs) were predicted using iTAK (V1.7a), which identifies TFs by applying hmmscan and predefined TF families from the database. Additionally, pathway identification and enrichment analysis were performed on the list of DEGs. A higher enrichment factor indicates a greater degree of enrichment, and the Q-value, ranging from 0 to 1, is the p-value adjusted for multiple hypothesis testing, with values closer to 0 indicating more significant enrichment. Physiological data were analyzed using SPSS Statistics 25, with one-way analysis of variance (ANOVA) to determine statistical differences. Results are presented as means of three biological replicates, with standard deviations (mean ± LSD). The LSD test (p< 0.05) was used to assess differences between treatment groups. Charts were generated using Microsoft Excel and Origin. Correlation and transcriptomic analyses were conducted using the “Chiplot” program to examine the effects of different melatonin concentrations on Reaumuria trigyna.





3 Results



3.1 Morpho-physiological parameters of melatonin to continuous alkaline salt stress in Reaumuria trigyna

To investigate the physiological responses of Reaumuria trigyna to continuous alkaline salt stress under varying concentrations of melatonin, we subjected Reaumuria trigyna seeds to 50 mmol/L NaHCO₃ stress. And treated them with different doses of melatonin (100, 300, 500, and 700 µmol/L). The results (Table 2; Figure 1) revealed that seedlings exposed to alkaline salt stress alone (S) exhibited poor growth. Specifically, primary root length, seedling height, leaf length, leaf width, and leaf number were significantly reduced by 47.07%, 61.61%, 1.21%, 7.06%, and 67.86%, respectively, compared to the control group (CK), while stem length increased by 44.80%. In contrast, all morphological parameters improved substantially in the MT2 group. Seedling height increased by 39.49% compared to the CK and 263.34% relative to the S. The germination rate of the S was 52.15% lower than that of the CK. Additionally, compared to CK, the germination rates of MT2 and MT3 increased by 35.48% and 26.88% respectively. (Figures 2A, B). However, melatonin treatment (MT2) significantly enhanced the germination rate, relative germination rate, germination potential, germination index, and vigor index, while reducing the seedling death rate. Among these, the most notable improvements were observed in germination potential and seedling death rate, with germination potential increasing by 119.77% and 133.33% compared to the CK and S, respectively, and seedling death rate decreasing by 70.59% and 64.29%. Furthermore, as shown in Figure 2C, the S group markedly shortened the germination duration and reduced the average germination time.


Table 2 | Effects of different melatonin concentrations on the growth of Reaumuria trigyna seedlings.

[image: Table comparing plant growth across different treatments (CK, S, MT1, MT2, MT3, MT4) showing mean values with standard errors for stem length, root length, seedling height, leaf length, leaf width, and leaf number. Significant differences are noted by different letters.]
[image: Five panels displaying young plants with roots and stems against a plain background. Labels beneath each section read CK, S, MT1, MT2, and MT3, indicating different experimental conditions or treatments. A scale is visible on the left side of CK and MT2 panels.]
Figure 1 | Effects of different melatonin concentrations on the morphology of Reaumuria trigyna seedlings.

[image: Panel A is a line graph showing germination number versus days of germination for different treatments (CK, S, MT1, MT2, MT3, MT4) with varied growth trends. Panel B is a line graph depicting percentage values of germination rate, relative germination rate, germination potential, germination index, vigour index, and death rate across different treatments. Panel C is a line graph illustrating time metrics, including peak period, delay, duration, and average time of germination, across the same treatments.]
Figure 2 | The effects of different concentrations of melatonin on the germination rate, germination characteristics, and germination time of Reaumuria trigyna. (A) represents the germination rate of Reaumuria trigyna seeds in different treatment groups; (B) represents the germination characteristics of Reaumuria trigyna seeds in different treatment groups; (C) represents the germination time of Reaumuria trigyna seeds in different treatment groups.

Our study demonstrated that a melatonin concentration of 500 µmol/L (MT3) was most effective in promoting the accumulation of photosynthetic pigments (Figure 3B) and osmotic regulators, as well as enhancing root activity (Figure 3C). At this concentration, malondialdehyde (MDA) content (Figure 3D) was significantly reduced, showing a decrease of 34.57% and 56.04% compared to the CK and S, respectively. The MT3 also lowered the levels of PRO (Figure 3F), total carbohydrates (Figure 3G), soluble proteins (SP) (Figure 3H), hydrogen peroxide (H2O2) (Figure 4C), and superoxide anion (O2⁻) content (Figure 4D). In contrast, the activities of key antioxidant enzymes, including GR (Figure 4E), ASA (Figure 4F), ascorbate peroxidase (APX) (Figure 4G), glutathione peroxidase (GSH) (Figure 4H), superoxide dismutase (SOD) (Figure 4I), peroxidase (POD) (Figure 4J), polyphenol oxidase (PPO) (Figure 4K), and catalase (CAT) (Figure 4L), were significantly enhanced. Notably, the activity of these antioxidant enzymes exhibited the most pronounced changes, increasing by 36.36%, 72.40%, 20.19%, 5.87%, 46.67%, and 49.91%, respectively, compared to the S. Surprisingly, the 100 µmol/L melatonin concentration (MT1) did not promote an increase in antioxidant enzyme activities in Reaumuria trigyna under continuous alkaline stress.

[image: The image contains two sets of charts analyzing plant physiological parameters across different treatments. Chart A is a radar chart of parameters like chlorophyll and root viability. Charts B, C, and D are bar graphs showing pigment content, root viability, and malondialdehyde content, respectively. Chart E is a radar chart of parameters like proline and carbohydrates. Charts F, G, and H are bar graphs showing proline content, total carbohydrate content, and soluble protein content, respectively. Treatments include CK, S, MT1, MT2, MT3, and MT4. Error bars represent standard deviations.]
Figure 3 | Effects of Various Melatonin Concentrations on Photosynthetic Pigments, Root Viability, MDA, and Osmoregulatory Compounds in Reaumuria trigyna. (A) is a radar chart illustrating the correlation between CHI a, CHI b, Car, MDA, and root viability, where different colored lines represent different treatment groups, a shorter distance between lines indicates a stronger correlation, and lines trending in the same direction indicate a significant positive correlation; (B) is the content of pigments; (C) is the MDA content; (D) is the root viability; (E) is a radar chart depicting the correlation between PRO, carbohydrates, and SP; (F) is the PRO content; (G) is the carbohydrate content; H is the SP content. Different lowercase letters indicate significant differences between treatments for the same species at the 0.05 level, the same as below.

[image: Twelve charts display data comparing various treatments (CK, S, MT1, MT2, MT3, MT4). Charts A and B are radar plots showing parameters like H2O2 and CAT. Charts C to L are bar graphs showing measurements for H2O2, O2, GSH, ASA, APX, GR, SOD, POD, PPO, and CAT, highlighting differences among treatments. Each bar is color-coded per treatment.]
Figure 4 | Effects of different concentrations of melatonin on antioxidant substances and antioxidant enzymes in Reaumuria trigyna. (A) is a radar chart illustrating the correlation between H2O2, O2-, ASA, and GSH; (B) is a radar chart illustrating the correlation between APX, GR, SOD, POD, PPO, and CAT, where different colored lines represent different treatment groups, a shorter distance between lines indicates a stronger correlation, and lines trending in the same direction indicate a significant positive correlation; (C) is the H2O2 content; (D) is the O2- content; (E) is the GSH content; (F) is the ASA content; (G) is the activity of APX; (H) is the activity of GR; (I) is the activity of SOD; (J) is the activity of POD; (K) is the activity of PPO; (L) is the activity of CAT. Different lowercase letters indicate significant differences between treatments for the same species at the 0.05 level, the same applies hereinafter.




3.2 Correlation analysis of dynamic physiology of Reaumuria trigyna

As shown in Figure 3A, the root activity of Reaumuria trigyna under continuous alkaline salt stress, when treated with melatonin, exhibits a significant negative correlation with MDA levels, indicating that root activity increases as MDA content decreases. The trends for osmotic regulators (Figure 3E), antioxidant compounds (Figure 4A), and antioxidant enzyme activities (Figure 4B) remain consistent. The correlation network diagram in Figure 5A reveals that plant morphological traits (leaf length, leaf width, and leaf number) are strongly associated with antioxidant compounds and enzyme activities. The heatmaps in Figures 5B, C further illustrate that the germination indicators of Reaumuria trigyna seeds (germination rate, relative germination rate, germination index, and vigor index) exhibit weaker correlations with morphological traits but stronger associations with others, particularly antioxidant enzymes. Additionally, seedling mortality is correlated with ASA, H2O2, APX, CAT, SP, and morphological traits such as leaf length and width.

[image: Network graphs and heatmaps depict complex relationships among variables. Panel A shows interconnected nodes with color-coded lines indicating correlation strength. Panel B displays a heatmap with various biological parameters and their relationships, using shades from yellow to green. Panel C focuses on the connection to the death rate, with green lines indicating varying significance levels.]
Figure 5 | Correlation analysis of dynamic physiology of Reaumuria trigyna (A) is the neural network analysis diagram for the dynamic physiology of Reaumuria trigyna; (B) is the correlation heatmap between the dynamic physiology of Reaumuria trigyna and germination rate, germination vigor, germination index, as well as vigor index; (C) is the correlation heatmap between the dynamic physiology of Reaumuria trigyna and mortality rate. The correlation network diagram indicated a substantial association (p < 0.05) between the 23 assessed attributes across the six treatment groups. Each node represents a variable, and highly associated variables are grouped. Each path denotes one of the two variables it connects. POD is peroxidase; CAT is catalase; SOD is superoxide dismutase; PPO is polyphenol oxidase; H2O2 is hydrogen peroxide; O2- is superoxide anion; GSH is glutathione; ASA is ascorbic acid; GR is glutathione reductase; APX is ascorbate peroxidase; MDA is malondialdehyde; PRO is proline; CHI a is chlorophyll a; CHI b is chlorophyll b; Car is carotenoid; RV is root activity; SP is soluble protein; SS is soluble sugar; RL is root length; SH is seedling height; LW is leaf width; LL is leaf length; SL is stem length; LN is the number of leaves. The color gradient in the correlation heat map symbolizes Pearson's correlation coefficient, while the line width denotes Mantel's r value.




3.3 RNA extraction and transcriptome analysis

The RNA purity of all samples was assessed by measuring the OD260/OD280 ratio using a UV spectrophotometer. The results showed that all samples’ OD260/OD280 ratio exceeded 2.0, indicating high RNA purity with minimal contamination from proteins or DNA. Additionally, the OD260/OD230 ratio ranged between 1.8 and 2.4, suggesting negligible residual salt contamination (Supplementary Table 1). RNA integrity was evaluated via agarose gel electrophoresis, which revealed distinct 28S and 18S rRNA bands in all samples. The 28S band intensity was approximately twice that of the 18S band, indicating good RNA integrity with no significant degradation (Figure 6).

[image: Gel electrophoresis image showing two panels. The top panel features lanes 1 to 12, with a DNA ladder on the left indicating band sizes from 100 to 2000 base pairs. Faint bands are visible in each lane. The bottom panel shows lanes 13 to 18 with a similar DNA ladder. Bands are also observed in these lanes, indicating DNA fragments of varying sizes.]
Figure 6 | The results of agarose gel electrophoresis detection. Marker is DL2000 DNA Marker (100bp-2000bp).

We conducted a transcriptome analysis on the leaves of Reaumuria trigyna from different treatment groups. A total of 538.43 million raw reads were generated to investigate the molecular response of melatonin to alkaline salt stress. After filtering out low-quality reads, adapter contamination, and ambiguous sequences, we obtained 161.53 GB of clean data, with each sample providing at least 7.72 GB of data and a Q30 base percentage of 92.18% or higher (Supplementary Table 2). Sequence assembly was performed using Trinity, resulting in 573,530 transcripts and 249,784 unigenes. The N50 values for transcripts and unigenes were 1622 and 1148, respectively, indicating high assembly integrity. Of these, 60,274 unigenes were more significant than 1 kb in length. Functional annotation was carried out by comparing unigenes with the NR, Swiss-Prot, KEGG, COG, KOG, GO, and Pfam databases, yielding annotation results for 78,492 unigenes. Gene structure analysis, including SSR analysis, identified 36,721 SSR markers, and CDS prediction was also performed. Clean reads from each sample were aligned to the assembled reference genome, with alignment efficiency ranging from 79.60% to 80.72%, confirming the reliability of the sequencing results.




3.4 Functional annotation of unigenes

The functional annotation of unigenes revealed that the KEGG database had the highest annotation rate, with 95.59% (75,009), followed by NR with 92.44% (72,563), and KOG with 57.11% (44,828). The annotation rates for SwissProt, GO, Pfam, and COG were 50.54% (39,683), 45.67% (35,851), 33.37% (26,207), and 15.64% (12,275), respectively. Overall, 31.37% (78,492) of unigenes had successful annotations, while a significant proportion did not match any entries in public databases. This suggests that Reaumuria trigyna may exhibit high species-specificity, with many undiscovered genes, underscoring the importance of further molecular biology studies on this species.

Additionally, all KEGG-annotated unigenes were mapped to 134 pathways, which were primarily categorized into six major domains: cellular processes, environmental information processing, genetic information processing, human diseases, metabolism, and organismal systems (Figure 7C). Among these, the pathways related to carbohydrate, amino acid, and energy metabolism were the most prominent. The functional annotation results for GO and COG are shown in Figures 7A, B. GO annotations were classified into three broad categories: cellular component (98,753), molecular function (50,525), and biological process (89,844). The COG annotations were categorized into four main groups: cellular processes and signaling (1,633), information storage and processing (5,068), metabolism (2,346), and poorly characterized (1,617).

[image: Sankey diagrams labeled A and B show GO and COG function classifications, illustrating gene distribution among cellular components, molecular functions, and biological processes. Bar chart C displays gene percentage across various biological categories, highlighting metabolism, cellular processes, and genetic information processing.]
Figure 7 | GO functional annotation (A), COG functional annotation (B) and and KEGG pathway (C).




3.5 Analysis of DEGs

Our study identified differentially expressed genes (DEGs) across five treatment groups: CK vs. S, CK vs. MT1, CK vs. MT2, CK vs. MT3, and CK vs. MT4. The total number of DEGs for each comparison was 2479, 2386, 7579, 3066, and 4072, respectively. The upregulated and downregulated genes in each group are presented in Figures 8C, F, I, L, O. Notably, in the CK vs. MT2, 4012 genes were upregulated, while 3567 genes were downregulated. To further assess the data, we performed hierarchical clustering analysis on the selected DEGs to group genes with similar or identical expression patterns (Figures 8B, E, H, K, N), confirming the experimental data’s reliability. Venn diagrams (Figure 9) were generated for each DEG comparison, illustrating the number of unique DEGs in each treatment group and the number of shared DEGs between groups. The results revealed 834, 805, 4463, 1079, and 1739 unique DEGs in the respective groups. The CK vs. MT2 and CK vs. MT4 groups also shared the highest number of DEGs, with 1964 common genes. 288 DEGs were shared across all six treatment groups, suggesting potential similarities in response or regulatory mechanisms at the transcriptomic level. Further research will focus on validating the functions of these shared DEGs and investigating the biological processes and regulatory mechanisms in which they may be involved.

[image: Grouped images detailing gene comparison analyses include five sets. Each set contains three panels: a circular diagram showing gene interactions (panels A, D, G, J, M), a heatmap of gene expression levels (panels B, E, H, K, N), and a volcano plot displaying gene expression differences (panels C, F, I, L, O) for comparisons CK vs S, CK vs MT1, CK vs MT2, CK vs MT3, and CK vs MT4.]
Figure 8 | The GO function annotation correlation network diagram of DEGS (A, D, G, J, M), the clustering diagram of DEGS (B, E, H, K, N), the volcanic diagram of DEGS (C, F, I, L, O). The size of the circles in the correlation network diagram represents the number of genes for each GO term. In the clustering diagram of DEGs, the horizontal axis represents the samples' sample names and clustering results, while the vertical axis represents the clustering results of DEGs and genes. Different columns in the diagram represent different samples, and different rows represent different genes. The color indicates the expression level of the gene in the sample. The diagram is plotted using the pheatmap function in R, and the row data is z-scale normalized using the scale function. In the volcano plot of DEGs, each point represents a gene, with the horizontal axis indicating the logarithmic value of the fold change in the expression level of a particular gene between two samples and the vertical axis indicating the negative logarithmic value of the FDR. A more considerable absolute value on the horizontal axis indicates a more significant difference in expression level between the two samples. A larger value on the vertical axis indicates more significant differential expression, and the screened differentially expressed genes are more reliable. Green points in the diagram represent downregulated differentially expressed genes, red points represent upregulated differentially expressed genes, and gray represents non-differentially expressed genes.

[image: A Venn diagram with five overlapping ovals, each labeled with CK_vs_S, CK_vs_MT1, CK_vs_MT2, CK_vs_MT3, and CK_vs_MT4. Each section displays numbers indicating the count of items in the respective shared or unique areas. The overlapping region at the center shows the common items across all comparisons. The diagram uses different colors for each oval for clarity.]
Figure 9 | Venn diagram of DEGs Each circle represents a set of differential analysis combinations, and the number in the circle represents the number of differential genes in each combination.




3.6 Functional annotation and enrichment analysis of DEGs

In this experiment, the differentially expressed genes (DEGs) from the five comparative treatment groups were classified into at least 43 categories, with further subdivision into three main functional categories: Biological Process, Molecular Function, and Cellular Component. The GO terms with the highest number of differentially expressed genes were ‘cell part,’ ‘cellular process,’ and ‘metabolic process.’ In the GO analysis of the CK vs. S group, DEGs were significantly enriched in terms related to ‘cell’ and ‘catalytic activity,’ indicating that alkaline salt stress profoundly impacts plant cell structure and metabolic functions. In the CK vs. MT2 group, DEGs were enriched in terms such as ‘metabolic process,’ ‘catalytic activity,’ and ‘organelle’ (Figures 8A, D, G, J, M).

The KEGG functional annotation analysis of the DEGs revealed that 134 biological pathways contained DEGs across all comparison groups. In at least one comparison group (CK vs. MT1), 95 KEGG metabolic pathways were significantly enriched, with a false discovery rate (FDR)< 0.05 as the threshold. These pathways encompass various biological processes, including energy metabolism, substance synthesis and degradation, and signal transduction. Notably, in the CK vs. MT2 group, the most significantly enriched pathways included Plant Hormone Signal Transduction, Photosynthesis, Glycolysis/Gluconeogenesis, Amino Sugar and Nucleotide Sugar Metabolism, MAPK Signaling Pathway, Phenylpropanoid Biosynthesis, Peroxisome, Glutathione Metabolism, Arginine and Proline Metabolism, and Ascorbate and Aldarate Metabolism, among others. Figure 10 presents the top 20 pathways with the lowest significance Q-values.

[image: Five scatter plots display statistics of pathway enrichment with different conditions labeled CK VS S, MT1, MT2, MT3, and MT4. Each plot shows points representing pathways with their enrichment factors, colored by q-value and sized by gene number. Pathway names are listed on the y-axes.]
Figure 10 | KEGG pathway enrichment scatter plot of DEGs Each row in the figure represents a KEGG pathway. The abscissa is the enrichment factor, indicating the ratio of the proportion of genes annotated to the pathway in the differential genes to the proportion of genes annotated to the pathway in all genes. The greater the enrichment factor, the more significant the enrichment level of differentially expressed genes in the pathway. The point's color represents Qvalue, and the size of the point represents the number of differentially expressed genes annotated in the pathway.

We compared the CK vs. S group with the CK vs. MT1, CK vs. MT2, CK vs. MT3, and CK vs. MT4 groups to further investigate the effects of melatonin on the metabolic pathways of the significantly enriched DEGs. We selected the most representative metabolic pathways from the CK vs. MT2 comparison for detailed analysis. We found that 39 DEGs were involved in the Plant Hormone Signal Transduction pathway. Compared to the CK vs. S group, 11 upregulated genes showed distinct responses, including the gene encoding serine/threonine-protein kinase SRK2 (EC: 2.7.11.1). Additionally, several genes were significantly upregulated, such as TRINITY_DN3653_c0_g1, TRINITY_DN6558_c0_g1, TRINITY_DN5305_c0_g1, and TRINITY_DN1580_c0_g1. These genes play various roles within this pathway, such as auxin-responsive protein IAA and the abscisic acid receptor PYR/PYL family, which are involved in plant growth and stress responses. Collectively, they form an essential network that regulates the biosynthesis of plant hormones, including IAA, cytokinins, gibberellins (GA), ABA, ethylene, brassinosteroids, JA, and salicylic acid. This network modulates the expression of antioxidant genes through signal transduction pathways, thereby regulating the activity of antioxidant enzymes (SOD and CAT) and enhancing the plant’s resistance to oxidative stress. Notably, among the DEGs enriched in Plant Hormone Signal Transduction, the gene encoding phytochrome-interacting factor 3 was upregulated, suggesting that melatonin application significantly influences plant light signal transduction. The MAPK (Mitogen-Activated Protein Kinase) signaling pathway involves 24 DEGs. It is illustrated as a cascade from MAPKKK (MAPK Kinase Kinase) to MAPK (MAPK Kinase), which regulates the expression and activity of antioxidant enzymes (SOD, CAT, POD, GR, APX) as well as the synthesis and accumulation of oxidative substances (ASA, GSH). This pathway is critical in plant growth, pathogen defense, and responses to environmental stresses.

Additionally, many DEGs were activated in other metabolic pathways, including Peroxisome, Amino Sugar and Nucleotide Sugar Metabolism, Starch and Sucrose Metabolism, Photosynthesis (Figure 11), Glutathione Metabolism, Arginine and Proline Metabolism, Ascorbate and Alternate Metabolism, with 16, 31, 29, 36, 11, 14, and 17 DEGs, respectively. The Peroxisome pathway is complex. This pathway involves multiple key steps and enzymes/genes, including PTS receptors (PTS1, PTS2) involved in peroxisome biosynthesis and PEX genes (PEX1, PEX6, PEX10, etc.) that participate in peroxisome membrane formation and maintenance. PEX16 and PEX26 are crucial for receptor recycling. The figure also highlights critical enzymes involved in reactive oxygen metabolism, such as CAT and SOD. Specifically, enzymes like peroxidase [EC:1.11.1.7] (TRINITY_DN4720_c1_g2), Superoxide dismutase, Cu-Zn family [EC:1.15.1.1] (TRINITY_DN15126_c0_g1), (S)-2-Hydroxy-acid oxidase [EC:1.1.3.15] (TRINITY_DN4346_c0_g1), and Catalase [EC:1.11.1.6] (TRINITY_DN154513_c0_g1) were activated, with their encoding genes significantly upregulated. The significant enrichment of these pathways suggests that these metabolic processes are notably regulated under our experimental conditions.

[image: Diagram illustrating photosynthesis with its main components: Photosystem II, cytochrome b6/f complex, Photosystem I, and ATP synthase. It depicts electron transport, the Calvin cycle, and the impact of alkaline salt stress. Melatonin is shown influencing plant growth, with chemical structure and an arrow pointing towards a plant.]
Figure 11 | Photosynthetic mechanism of Reaumuria trigyna.




3.7 Melatonin-induced transcription factors

Transcription factors (TFs) are crucial in the formation and maintenance of memory behaviors in both animals and plants. They bind to specific DNA sequences, known as cis-regulatory elements, in the promoter regions of target genes, thereby enabling precise regulation of gene expression. In this study, we investigated the impact of melatonin on the TF family. As shown in Figure 12, 1,149 genes were identified as TFs and classified into 48 distinct families. Notably, several critical transcription factor families, including WRKY (64 genes), NAC (53 genes), MYB (122 genes), HB (57 genes), FAR1 (68 genes), CH3 (82 genes), C2H2 (89 genes), BHLH (67 genes), B3 (49 genes), and AP2/ERF (73 genes), showed significant upregulation. These results suggest that melatonin may act as an important signaling molecule, modulating the expression levels of these transcription factors and playing a central role in the plant’s response to salt-alkali stress.

[image: Bar chart titled "TF Family Classification" displaying the number of genes across various transcription factor families. Key values include MYB with 122 genes, HB with 57, bZIP with 42, GRF with 30, and AP2/ERF with 73.]
Figure 12 | Transcription Factor Analysis The abscissa is different transcription factor families; the ordinate is the number of the transcription factor family.




3.8 qRT-PCR validation assay

The expression patterns of the six DEGs under both CK vs. S and CK vs. MT2 groups were identical. Four DEGs were significantly upregulated, including AUX1 (K13946), CAT (K03781), POD (K00430), and APX (K00434), while two DEGs were downregulated: ALDH7A1 (K14085) and psbC (K02705). The expression trends of these six DEGs under both CK vs. S and CK vs. MT2 groups were consistent with the RNA-seq results (Figure 13), confirming the high reliability of the transcriptome data.

[image: Bar charts comparing log2 fold change in gene expression between conditions CK vs MT2 and CK vs S, for genes AUX1, CAT, POD, APX, ALDH, and psbC. Panel A shows RNA-seq data with CAT exhibiting the highest change, while psbC shows negative change. The qRT-seq data in Panel B mirrors these trends.]
Figure 13 | Verification of RNA-seq data by qRT-PCR. (A) is RNA-seq; (B) is qRT-seq.





4 Discussion

Alkaline salt stress affects plants at multiple levels, including physiological, biochemical, molecular, and metabolic processes. Our experiments revealed that exposure of Reaumuria trigyna to a 50 mmol/L NaHCO3 solution significantly reduced seed germination and seedling growth, underscoring the detrimental effects of alkaline salt stress. Notably, treatment with an optimal melatonin concentration (300 μmol/L) substantially improved germination rate, vigor index, and morphological parameters while reducing seedling mortality. These results highlight melatonin’s potential role in enhancing plant survival under stress conditions (Arnao and Hernández-Ruiz, 2020; Manzoor et al., 2023; Zhang et al., 2014). These findings have important ecological implications since Reaumuria trigyna is a key ultra-xerophyte for ecological restoration in arid regions. Most importantly, melatonin has positively affected plant physiological traits and enzyme activity across various species. For instance, it has enhanced growth and development in Solanaceae plants under abiotic stress (Ali et al., 2023). Ubaidillah et al. (2024) reported that melatonin promotes rice growth under salt stress, reduces ROS and MDA levels, and enhances its antioxidant capacity. Overall, melatonin acts as a free radical scavenger, efficiently neutralizing ROS such as O2- and H2O2 in numerous species, including edible plants and legumes (Tan, 1993; Manchester et al., 2000; Yolanda et al., 2015). Through both its direct antioxidant action and its ability to activate antioxidant enzyme systems, melatonin significantly boosts plant stress resistance. These mechanisms, which mitigate oxidative stress and maintain membrane integrity, are consistent with those observed in other species under saline-alkaline stress, highlighting the broad potential of melatonin to enhance plant resilience.

We compared the effects of melatonin under saline-alkali stress with those of other protective compounds, such as EBR, MeJA, and ABA, previously studied in Reaumuria trigyna under similar stress conditions (Khan et al., 2023). Despite the use of different compounds, some experimental results overlap with our findings. For example, several studies have reported that protective compounds can significantly enhance plant antioxidant enzyme activity, thereby mitigating oxidative damage caused by saline-alkali stress. Additionally, other studies have shown that these compounds can regulate plant osmotic pressure, further improving plant adaptation to high saline-alkali environments (Wang, 2019; Xing, 2021). In conclusion, our study confirms melatonin’s efficacy as a protective compound under saline-alkali stress but also reveals potential common response patterns between melatonin and other protective compounds. These findings offer valuable insights into plant adaptation mechanisms to alkaline stress.

We can identify the molecular processes underlying plant responses to abiotic stress by comparing the DEGs across different groups. This approach helps to screen genes for stress resistance and provides valuable genetic resources for developing stress-tolerant crop varieties. Functional annotation and enrichment analysis revealed that, compared to the CK vs. S group, the four signaling pathways—Plant Hormone Signal Transduction, MAPK Signaling, Peroxisome, and Photosynthesis—were significantly more enriched in the CK vs. MT2 group, with a notable increase in the number of associated DEGs. Therefore, we propose that melatonin positively affects plants under alkaline salt stress primarily through these four pathways. Melatonin regulates the synthesis and signaling of auxin, a crucial plant hormone. Tryptophan, the precursor of auxin (IAA), undergoes complex biochemical transformations to form IAA, which is then transported into cells via the AUX1 protein. Upon binding with the TIR1 receptor, IAA activates signal transduction pathways involving AUX/IAA proteins and ARF transcription factors, ultimately regulating the expression of downstream auxin-responsive genes and antioxidant enzyme genes. This regulation influences antioxidant enzyme activity, as well as cell expansion and growth, contributing to stress tolerance. These findings align with the research of Li et al., 2024, who demonstrated that melatonin enhances salt and alkali tolerance in poplar by modulating plant hormone signal transduction pathways. Our study further supports the conclusion that melatonin protects plants from abiotic stress by promoting plant hormone synthesis.

The MAPK signaling pathway is another critical target through which melatonin enhances plant stress tolerance. This pathway recognizes pathogen-associated molecular patterns (PAMPs). It activates defense responses, exemplified by the FLS2 receptor-mediated activation of the MEKK1/MKK4/5-MPK3/6 cascade. This cascade induces the expression of defense-related genes, promoting the synthesis of disease-resistant compounds, such as PAD3. The MAPK signaling system also involves various biological processes, including wound response and ROS homeostasis via the MKK3/MPK8 pathway. Previous research has shown that specific MAPK members can directly or indirectly influence key components of the ABA signaling pathway, which is essential for plant stress responses (Liang et al., 2024; Khan et al., 2022). Melatonin may modulate the activity of these MAPK members, thereby regulating ABA signaling and enhancing plant tolerance to salt stress (Ipsita et al., 2024). Sheikh et al. (2024) demonstrated that melatonin interacts with MAPK proteins to regulate downstream gene expression. Our study found that melatonin treatment activated MAPK pathways, resulting in the upregulation of genes encoding antioxidant enzymes. These findings suggest that melatonin may regulate antioxidant gene expression through MAPK-mediated signaling. As a potent antioxidant, melatonin enhances plant resilience under saline-alkali stress by boosting peroxisome function, which is crucial for fatty acid β-oxidation, hydrogen peroxide metabolism, and ROS scavenging, thereby protecting cells from oxidative damage. Our results further elucidate the beneficial role of melatonin in activating the MAPK and Peroxisome pathways, thereby enhancing plant adaptation to salt-alkali stress.

Photosynthesis is plants’ most critical metabolic pathway (Figure 11), as it underpins essential physiological processes and plays a vital role in plant stress resistance. Melatonin, a hormone found in plants and animals, exerts a broad range of physiological functions, significantly enhancing the contribution of photosynthesis to plant stress tolerance through several mechanisms. Firstly, as a potent antioxidant, melatonin scavenges excess ROS, reducing oxidative damage to photosynthetic structures and maintaining the stability and efficiency of the photosynthetic system, even under stressful conditions. Secondly, melatonin promotes chlorophyll synthesis, increasing chlorophyll content and enabling plants to capture more light energy. This enhances photosynthetic efficiency and slows chlorophyll degradation under stress, extending leaves’ photosynthetic lifespan (Fan et al., 2024). Finally, melatonin induces the expression of photosynthesis-related genes, whose protein products play critical roles in stress responses, including protecting photosynthetic structures from damage and regulating the antioxidant system (Zhao et al., 2024). In summary, melatonin modulates photosynthesis through multiple pathways, including its antioxidant activity and regulation of chlorophyll synthesis, collectively enhancing plant survival and reproductive capacity in dynamic and challenging environments.

The WRKY family of transcription factors plays a crucial role in regulating the expression of antioxidant enzymes such as SOD, CAT, and POD. By binding to specific cis-elements in the promoters of these genes, WRKY proteins can either activate or repress their expression, modulating the plant’s antioxidant capacity. For example, under salt stress, the expression of WRKY genes in Oryza sativa L. increases significantly, with the SOD gene family showing strong upregulation. This suggests that WRKY transcription factors contribute to rice’s adaptability to salt stress by regulating antioxidant enzyme genes like SOD (Huang et al., 2021). In our study, we observed that the upregulation of WRKY genes was accompanied by increased activities of SOD, CAT, and POD, leading to a reduction in ROS levels. This indicates that WRKY transcription factors will likely enhance the plant’s antioxidant defense system in response to saline-alkali stress. Similarly, overexpression of MYB transcription factors, such as GmMYB68 and GmMYB3a, significantly affects the physiological indices of transgenic soybeans under saline-alkali stress, including changes in soluble sugar content, PRO, and antioxidant enzyme activity. This suggests that GmMYB68 and GmMYB3a play critical roles in soybean’s response to saline-alkali stress by regulating antioxidant gene expression (Duan et al., 2024). Our study found that MYB genes were upregulated in response to saline-alkali stress, potentially contributing to the increased production of antioxidants that scavenge ROS. Furthermore, the FAR1 family, a group of transcription factors derived from transposase enzymes, is critical for initiating the phytochrome A (phyA) signaling pathway. Although the specific roles of the FAR1 family in plants remain underexplored, its origin and association with phytochrome A signaling suggest that it may play an essential role in the light signal response, as well as in regulating plant growth and development (Tang et al., 2012).

Our findings reveal patterns of gene expression during seed germination, with AUX1, CAT, POD, and APX genes exhibiting an upregulation trend (Figure 13). AUX1, functioning as a key auxin influx carrier, plays a pivotal role in modulating seed germination rates. Notably, the upregulation of AUX1 observed in response to melatonin treatment suggests a mechanism by which seeds maintain high germination rates under stressful conditions. This is achieved through enhanced auxin levels and distribution within the radicle, ultimately activating downstream CYCD-mediated cell division. In parallel, the significant increase in antioxidant enzyme activity driven by the upregulation of CAT, POD, and APX genes underscores their critical role in bolstering the seed’s antioxidant defenses and stress tolerance. These genes synergistically promote normal seed germination and enhance stress resilience by regulating auxin distribution, scavenging reactive oxygen species, and participating in cell wall modifications. Conversely, the downregulation of ALDH7A1 and psbC genes observed in our study warrants further investigation. Preliminary hypotheses suggest that the downregulation of ALDH7A1 may be intricately linked to the regulation of aldehyde metabolism under stress conditions, while the suppression of psbC may impair photosystem II function, thereby adversely affecting photosynthesis efficiency and seed germination. These observations not only contribute to our understanding of the complex molecular mechanisms underlying seed germination and stress tolerance but also highlight potential genetic targets for the enhancement of crop stress resistance through advanced genetic engineering approaches. Future studies are needed to elucidate the precise roles of these genes in seed biology and their potential applications in crop improvement.

In summary, our study investigates the previously unexplored effects of melatonin on Reaumuria trigyna, providing novel insights into its potential mechanisms of action. Through transcriptome analysis, we identified significant changes in gene expression, particularly in pathways related to stress responses, antioxidant defense, and osmotic regulation. These findings highlight melatonin’s role in modulating key physiological processes. Furthermore, we discovered that melatonin regulates several critical metabolic pathways, including the plant hormone signal transduction pathway, MAPK signaling pathway, peroxisome pathway, and photosynthesis, enhancing our understanding of plant functions and their contribution to stress tolerance. These results expand the current knowledge of melatonin’s role in plant biology and open new avenues for future research on its potential applications in enhancing plant resilience.




5 Conclusion

This is the first study to elucidate melatonin response mechanisms on the dynamic physiology and transcriptomics of Reaumuria trigyna, providing new insights into ecological restoration and stress resistance studies with xerohalophytes. To summarize, salt-alkali stress greatly retards plant growth and development, reduces photosynthesis, and promotes the formation of ROS. However, melatonin administration can considerably reduce the damage produced by salt-alkali stress on plants. Melatonin maintains intracellular osmotic balance and enhances the antioxidant defense system by synthesizing osmoregulatory substances such as PRO, SP, and total carbohydrate. This increases the activity of antioxidant substances and enzymes, effectively scavenging ROS and protecting cells from oxidative damage. Melatonin stimulates the expression of several genes associated with stress resistance, including ion transporter genes, antioxidant-related genes, and signal transduction-related genes. Essential genes in specific metabolic pathways, such as the MAPK signal transduction pathway, were also significantly differentially expressed. Finally, metabolic pathway research revealed that melatonin administration influences several essential metabolic pathways, including plant hormone synthesis, photosynthesis, sugar metabolism, and peroxisome biosynthesis. This adds to our understanding of melatonin’s relief mechanisms. Notably, we discovered that melatonin can promote the expression of several transcription factors, which may operate as essential regulatory nodes and play an important part in the process by which melatonin alleviates salt stress. These integrated response mechanisms interact at numerous levels, assisting Reaumuria trigyna in maintaining life activities during stress and offering opportunities for survival and reproduction in salt-alkali stress settings. This reveals its significant adaptation and resistance tactics to salt-alkali stress, which mitigate or negate the deleterious effects of high-salt settings. These findings support melatonin’s beneficial impact in mitigating plant damage caused by abiotic stress.
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The microfilament cytoskeleton, formed by the process of actin polymerization, serves not only to support the morphology of the cell, but also to regulate a number of cellular activities. Actin-depolymerizing factors (ADFs) represent a significant class of actin-binding proteins that regulate the dynamic alterations in the microfilament framework, thereby playing a pivotal role in plant growth and development. Additionally, they are instrumental in modulating stress responses in plants. The ADF gene family has been explored in various plants, but there was a paucity of knowledge regarding the ADF gene family in alfalfa (Medicago sativa), which is one of the most significant leguminous forage crops globally. In this study, a total of nine ADF genes (designated MsADF1 through MsADF9) were identified in the alfalfa genome and mapped to five different chromosomes. A phylogenetic analysis indicated that the MsADF genes could be classified into four distinct groups, with members within the same group exhibiting comparable gene structures and conserved motifs. The analysis of the Ka/Ks ratios indicated that the MsADF genes underwent purity-based selection during its evolutionary expansion. The promoter region of these genes was found to contain multiple cis-acting elements related to hormone responses, defence, and stress, indicating that they may respond to a variety of developmental and environmental stimuli. Gene expression profiles analyzed by RT-qPCR experiments demonstrated that MsADF genes exhibited distinct expression patterns among different organs. Furthermore, the majority of MsADF genes were induced by salt and drought stress by more than two-fold, with MsADF1, 2/3, 6, and 9 being highly induced, suggesting their critical role in resistance to abiotic stress. These results provide comprehensive information on the MsADF gene family in alfalfa and lay a solid foundation for elucidating their biological function.
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Introduction

Microfilaments, formed by the polymerization of actin, constitute one of the three principal cytoskeleton components of eukaryotic cells. They are not only responsible for maintaining cell morphology through the three-dimensional structure, but also participate in regulating a number of cellular activities, including cell expansion, division, differentiation, organelle movement, and signal transduction (Porter and Day, 2016; Schaks et al., 2019). In cells, actin exists in two forms: monomeric globular actin (G-actin) and polymerized filamentous actin (F-actin). The ratio between the two populations varies with cell type and physiological status (Staiger, 2000). The latter, designated as microfilaments, represents the principal conduit through which actin exerts its biological functions (Pollard, 2016). The dynamics of actin within cells are controlled by dozens of actin-binding proteins (ABPs). In response to changes in growth stage or environmental conditions, ABPs regulate the activities of G-actin and F-actin, including polymerization, depolymerization, cross-linking and bundling. This ensures that the microfilament cytoskeleton undergoes highly dynamic changes, facilitating rapid cellular responses to intrinsic and extrinsic stimuli (Li et al., 2015; Porter and Day, 2016; Augustine et al., 2021).

Actin depolymerizing factor (ADF) is a kind of ABP with a small molecular weight (15~22 kDa) and a highly conserved sequence (Maciver and Hussey, 2002). The first ADF was isolated from chicken brain cells in 1980, and since then, ADFs have been identified in a diverse range of eukaryotic organisms, including fungi, animals, and plants (Bamburg et al., 1980; Gunning et al., 2015; Inada, 2017; Sun et al., 2023a). The biochemical activity of ADF is contingent upon its cellular concentration. Low concentrations of ADF promote severing or depolymerisation, whereas higher concentrations encourage G-actin nucleation and accelerate the release of Pi from ADP-Pi subunits in F-actin, along with the dissociation of branches formed by the actin-related protein 2/3 complex (Blanchoin et al., 2000; Andrianantoandro and Pollard, 2006). These biochemical activities make ADFs important participants in the regulation of dynamic changes in microfilaments within the cell, and thus they are involved in a number of cellular processes (Staiger, 2000; Pollard, 2016).

ADF genes are widely distributed in eukaryotic cells, with only one to three members in unicellular eukaryotes and animals, respectively. In contrast, higher plants have evolved a larger ADF gene family (Gunning et al., 2015; Sun et al., 2023a). To date, numerous plant ADF gene families have been identified, and the number of ADF genes in different species varies considerably. For example, common bean (Phaseolus vulgaris) has 9 (Ortega-Ortega et al., 2020), pigeon pea (Cajanus cajan) has 10 (Cao et al., 2021), Arabidopsis thaliana, rice (Oryza sativa), and tomato (Solanum lycopersicum) each has 11 (Feng et al., 2006; Ruzicka et al., 2007; Huang et al., 2012; Khatun et al., 2016), maize (Zea mays) has 13 (Huang et al., 2020), soybean (Glycine max) has 18 (Sun et al., 2023b), and wheat (Triticum aestivum) has 25 (Xu et al., 2021). Among plants, the expression characteristics and biological functions of the Arabidopsis ADF genes have been the subject of the most comprehensive study. Phylogenetic analysis demonstrates that the 11 AtADF genes can be classified into four groups (I~IV), with genes in each group displaying distinctive tissue expression patterns and differentiation in biochemical activities and biological functions (Feng et al., 2006; Ruzicka et al., 2007; Nan et al., 2017).

As sessile growth organisms, plants living in nature are subject to a range of biotic and abiotic stresses throughout their entire life cycle (Verma et al., 2016). Abiotic stress refers to the adverse effects on plants caused by non-living factors, including drought, water logging, salinity, extreme temperatures, and nutrient deficiency (Saijo and Loo, 2020). It has been demonstrated that plant ADF genes play a significant regulatory role in the response of plants to abiotic stress (Inada, 2017; Sun et al., 2023a). For example, AtADF1 was found to plays an important role in the salt stress response pathway (Wang et al., 2021), while AtADF5 has been confirmed to crucial for both of drought and cold tolerance ability of Arabidopsis (Qian et al., 2019; Zhang et al., 2021). In crop plants, OsADF3 of rice, ZmADF5 of maize, and GmADF13 of soybean had been confirmed to plays a positive role in the drought response process (Huang et al., 2012; Liu et al., 2024; Wang et al., 2024), and TaADF16 of wheat is crucial for the cold stress tolerance ability (Xu et al., 2021).

Alfalfa (Medicago sativa) is the most widely cultivated forage legume, with an area of cultivation exceeding 30 million hectares worldwide (Tang et al., 2021). It is a rich source of protein, vitamins, minerals, and numerous other nutrients, rendering it highly suitable for livestock feeding and earning it the designation of “king of forage” (Chen et al., 2021; Ma et al., 2022). Abiotic stresses, such as drought and salinity, have a significant detrimental impact on the growth and development of alfalfa, often resulting in considerable economic losses (Du et al., 2022; He et al., 2022). The exploration of stress-tolerance related genes in alfalfa is of great significance for the breeding of stress-tolerant cultivars, with the objective of ensuring their yield and quality. This study presents a systematic identification of the ADF gene family in alfalfa, accompanied by an investigation of their sequence characteristics, organs-specific expression, and expression patterns under salt and drought stress. The results of this study provide a foundation for the functional elucidation of ADF genes and stress-resistant breeding in alfalfa.





Materials and methods




Identification of the ADF genes in alfalfa

The complete genome, coding sequence, and protein sequence of alfalfa (cv. Zhongmu No.1) were obtained from the Figshare website (https://figshare.com/articles/dataset/Medicago_sativa_genome_and_annotation_files/12623960; Shen et al., 2020). The Hidden Markov Model profile of the ADF-H domain (PF00657) was obtained from the PFAM database (http://pfam.xfam.org/) and employed to identify ADF proteins via the HMMER software (http://hmmer.org/). The protein sequences of 11 AtADFs (Ruzicka et al., 2007) were obtained from the TAIR database (https://www.Arabidopsis.org/) and subjected to a BLASTP search against the alfalfa protein database, with an E-value threshold of < 10-5. The results of the HMMER and BLASTP searches were then merged, and any redundancies were removed manually. The non-redundant protein sequences were submitted to the NCBI CD-search (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) and InterPro (https://www.ebi.ac.uk/interpro/) websites for further investigation to ascertain whether the ADF-H domain was present. Proteins that exhibited an intact ADF-H domain were designated as members of the ADF gene family and were subsequently named in accordance with their chromosomal location.





Prediction of the physiochemical characteristics and subcellular location of MsADF proteins

The physicochemical characteristics of the MsADF proteins, including molecular weight (MW), isoelectric point (pI), instability index (InI), aliphatic index (AI), and grand average of hydropathy (GRAVY), were analyzed using the ProtParam tool which is available on the ExPASy website (https://web.expasy.org/protparam/). Subcellular localization predictions were conducted using the Wolf PSORT tool (https://wolfpsort.hgc.jp/).





Chromosome location, gene duplication, and collinearity analysis

The genomic data of Arabidopsis and soybean were downloaded from Phytozome v13 database (https://phytozome-next.jgi.doe.gov/). The MsADF genes were mapped onto the alfalfa chromosomes based on their physical location. The duplication of these genes was analyzed and visualized using the TBtools software (Chen et al., 2020). A Multiple Collinear Scanning Toolkit (MCScanX) was employed to analyze the collinear blocks of ADF genes across alfalfa, Arabidopsis, and soybean, with the results visualized using TBtools. In order to assess the evolutionary divergence between duplicated ADF genes, the nonsynonymous substitution rate (Ka) and the synonymous substitution rate (Ks) of each gene pair were calculated using the Ka/Ks_Calculator 2.0 (Wang et al., 2010).





Construction of the phylogenetic tree of the ADF proteins

Phylogenetic analysis was conducted on the ADF proteins from five plant species, including alfalfa (this study), Arabidopsis (Ruzicka et al., 2007), soybean (Sun et al., 2023b), rice (Feng et al., 2006), and maize (Huang et al., 2020). The analysis was performed using MEGA 11 software (https://www.megasoftware.net/). An unrooted phylogenetic tree was constructed using the Maximum Likelihood method with 1000 bootstrap replications, and pairwise deletions, based on the Poisson correction model (Kumar et al., 2016).





Analysis of the genes structure, cis-acting elements, and conserved motif of MsADF genes

The GFF3 file of alfalfa was employed to analyze the exon-intron distribution of MsADF genes. The 2.0 kb sequence located upstream of the ATG start codon of each MsADF gene was extracted from the genome sequence and designated as their promoter. The cis-elements were analyzed using the PlantCARE website (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/). The conserved motifs of the MsADF proteins were identified using the MEME website (http://meme-suite.org/) with the following parameters: a maximum of six motifs and optimal motif lengths of 6–100 amino acids. The TBtools software (Chen et al., 2020) was employed for the visualization of the distribution of exon-intron structures, cis-elements, and conserved motifs.





Plant growth and stress treatments

The alfalfa (cv. Zhongmu No.1) seeds used in this study were stored at the College of Agriculture and Biology, Liaocheng University. The seeds were germinated on absorbent paper for a period of three days, after which the alfalfa seedlings were transferred to a plastic container containing a Hoagland nutrient solution for hydroponics. The seedlings were grown under a 16-h light/8-h dark photoperiod at a temperature of 24 ± 1°C and with 80% relative humidity (Du et al., 2022). The roots, nodules, stems, young leaves, mature leaves and flowers of mature alfalfa plants were collected separately and immediately frozen in liquid nitrogen and stored at –80°C until RNA extraction. To investigate the expression pattern of MsADF genes in response to salt and drought stress, seedlings (at the point when the third leaf was fully expanded) were exposed to nutrient solutions supplemented with 300 mM NaCl and 15% mannitol, respectively (Li et al., 2022). The sampling of the aboveground and underground parts of the plants was conducted at 0 h, 1 h, 3 h, 6 h, 12 h, and 24 h for each treatment, with the samples collected separately.





RNA extraction and quantitative real-time PCR analysis

The total RNA was extracted using the Plant RNA Extraction Kit (TSINGKE, Cat. No. TSP401, China) in accordance with the instructions provided by the manufacturer. The RNA concentrations were found to range from 300 to 500 ng/µL, with 260/280 and 260/230 ratios approaching 2.0. The cDNA synthesis was conducted using the Prime Script RT Reagent Kit (TSINGKE, Cat. No. TSK301S, China), and the product was stored at –20°C until further use. The RT-qPCR was performed on a LightCycler® 480 system (Roche, Basel, Switzerland) using SYBR Green qPCR kits (Vazyme, Cat. No. Q223, Nanjing, China). The relative gene expression was quantified using the 2−ΔCt method, with MsActin (MsG0380016789) serving as the internal reference (Li et al., 2019). The data were analysed and visualized using GraphPad Prism 8.0 software (https://www.graphpad.com/). The results were based on the mean of three replicates, with statistical significance determined by Tukey’s pairwise comparison test. The gene-specific primers used in this study are listed in Supplementary Table S1.






Results




Genome-wide identification of ADF genes in alfalfa and characterization of their protein physicochemical properties

Following the integration of HMMER and BLASTP search results, eleven non-redundant proteins were identified and subsequently analyzed for the presence of a conserved domain. Of these, nine proteins were confirmed to contain an intact ADF-H domain and were thus considered as members of the ADF gene family in alfalfa. These genes were designated MsADF1–MsADF9 in accordance with their chromosomal location (Table 1; Figure 1). The nucleotide sequence length of the MsADF genes exhibited considerable variation, with MsADF7 having a length of 895 bp and MsADF2 having a length of 3461 bp. The ADF proteins were observed to be generally shorter in length, with amino acid sequences ranging from 137 to 147 residues and molecular weights (MW) within the range of 15.77 to 16.90 kDa. The predicted pIs of the MsADF proteins ranged from 5.29 to 7.67, indicating that they tend to be neutral. The GRAVY values obtained were less than zero, indicating that these proteins possess hydrophilic characteristics. The InI values of all MsADF proteins were found to be greater than 40, indicating that they may be unstable. The AI values of 61.44 to 78.07 indicated that these proteins exhibited higher thermal stability (Table 1). Subcellular location prediction indicated that these proteins are predominantly localized to the chloroplast, followed by the cytoplasm, mitochondria, extracellular, and nuclear compartments, which suggests their functional roles in these organelles (Supplementary Figure S1). 


Table 1 | Detailed information on the MsADF genes.
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Figure 1 | Chromosome distributions and the syntenic relationships of MsADFs in alfalfa. (A) The chromosomal location and interchromosomal relationship of alfalfa. The segmentally duplicated genes are connected by red lines. (B) The Ka/Ks values of ADF gene pairs for alfalfa-alfalfa, alfalfa-Arabidopsis, alfalfa-soybean. (C) Syntenic maps of alfalfa, Arabidopsis, and soybean. The red lines highlight the syntenic ADF gene pairs.





Chromosomal distribution and synteny of MsADF genes

The genomic distribution of the MsADF genes was determined by mapping the gene sequences onto their corresponding chromosomes. As illustrated in Figure 1A, the MsADF genes exhibited an uneven distribution across five of the eight alfalfa chromosomes, with one to four MsADFs present on each. Chromosome 1 has the highest number of MsADF genes (4), followed by chromosome 4 (2). Conversely, only one MsADF gene is located on chromosomes 2, 5, and 7. To examine gene duplication events within the MsADF family, a synteny analysis was conducted using TBtools software. A total of three pairs of genes resulting from segmental duplication were identified, with no evidence of tandem duplication (Figure 1A). To gain further insight into the evolutionary history of the ADF family genes in different plants, comparative syntenic maps were constructed for alfalfa, Arabidopsis, and soybean. The results demonstrated that 5 and 31 orthologous pairs were identified between alfalfa and Arabidopsis, and alfalfa and soybean, respectively (Figure 1C). Additionally, four MsADF genes (MsADF4, 6, 7, and 9) exhibited a collinear relationship with those in Arabidopsis and soybean. It can be posited that these genes play an irreplaceable role in the evolution of the ADF gene family in higher plants. To gain insight into the evolutionary selection pressure exerted during the formation of the ADF gene family, the Ka/Ks values of ADF gene pairs were analyzed for alfalfa-alfalfa, alfalfa-Arabidopsis, and alfalfa-soybean (Figure 1B; Supplementary Table S2). The Ka/Ks values of these duplicated and orthologous gene pairs were all less than 1, indicating that ADF genes have been subjected to a potentially strong selective pressure during evolution.





Phylogenetic relationships of the MsADF genes

To elucidate the evolution relationships among MsADF genes, a phylogenetic tree was constructed using the Maximum Likelihood method. The analysis incorporated 62 ADF proteins, comprising 9 from alfalfa, 11 from Arabidopsis, 11 from rice, 13 from maize, and 18 from soybean. As illustrated in Figure 2, the ADF proteins were classified into five distinct groups with varying levels of representation. Furthermore, group V, which consisted of only four monocot ADFs, was the only group that did not include ADFs from all five plant species. Group II comprised the largest number of ADF proteins (21), followed by Group IV (15), Group I (12) and Group III (10). Group II and IV each comprised three MsADFs, followed by groups I and III, which consisted of two and one member, respectively (Table 2).

[image: Phylogenetic tree diagram displaying the evolutionary relationships among various ADF genes from different species. The tree is divided into five major groups, labeled I to V, with distinct branches leading to labeled gene names such as OsADF2, ZmADF11, and MsADF1, each in different colors indicating species or categories. The layout is a circular dendrogram with a central node connecting all branches.]
Figure 2 | Phylogenetic analysis of ADF families across alfalfa, Arabidopsis, soybean, rice, and maize. Full-length protein sequences of ADFs were constructed using MEGA-11.0 based on the Maximum Likelihood method, bootstrap was 1,000 replicates.


Table 2 | The total number of ADF genes in each group of Arabidopsis, alfalfa, soybean, rice, and maize.

[image: Table showing the number of samples in different groups for Arabidopsis, alfalfa, soybean, rice, and maize. Groups I to V show varying numbers, with totals: Arabidopsis 11, alfalfa 9, soybean 18, rice 11, and maize 13.]




Structural characteristics of the MsADF genes

Further analysis of the MsADF gene structures revealed that all genes shared a common architectural configuration, comprising two introns, a short exon at the 5’-terminus, a second exon of either 261-bp (in groups II and III) or 267-bp (in groups I and IV), and a 150-bp exon at the 3’-terminus (Figure 3A). The first exon of genes belonging to groups I and II was notably brief, consisting of only “ATG,” whereas those in groups III and IV exhibited a longer first exon, ranging from 21 to 27 bp. It is noteworthy that MsADF genes from Groups III and IV exhibited modifications in the conserved splicing sites (GT) following the ATG codon, resulting in splicing events occurring at subsequent splicing sites (GT). The observed variations in genomic length among the MsADF genes were primarily attributed to differences in intron length. Specifically, MsADF2, 3, 4, and 5 exhibited a longer first intron, exceeding 1 kb, while the second introns of the three genes from group IV (MsADF2, 3, and 9) displayed a markedly longer length, exceeding 1.5 kb, in comparison to the other six MsADF genes (Figure 3A).

[image: Diagram showing the MsADF gene family structure. Panel A presents a phylogenetic tree with intron-exon structures, where exons are green boxes and introns are black lines. MsADF genes are categorized into four groups (I-IV) with specific alignment lengths indicated. Panel B displays bar graphs corresponding to exon-intron compositions, color-coded and numbered from one to seven across 150 amino acids. Distinct colors (green, blue, red, purple) represent different domains or features within each gene. Scale bars beneath both panels measure base pairs in A and amino acids in B.]
Figure 3 | Gene structure and motif distribution of MsADF genes. (A) Exon-intron structures of MsADF genes. Green boxes and black lines indicating the exons and introns, respectively. (B) Distribution of conserved motifs of MsADF genes. The motifs were indicated in different colored boxes with different numbers and the sequence information for each motif was provided in Supplementary Figure S3.





Characteristics of the protein sequence of MsADFs

The sequence identity among the MsADF proteins was found to be greater than 54.48% (between MsADF5 and MsADF6). Notably, the protein sequences of MsADF2 and MsADF3 were identical (Supplementary Table S3). A multiple protein sequence alignment revealed that all MsADFs contained both the ADF-H domain and regions associated with calmodulin- and actin-binding (Supplementary Figure S2). Moreover, the majority of MsADF proteins (with the exception of MsADF6 from Group III) exhibited a conserved serine residue, which may serve as a potential phosphorylation site. The MsADF proteins were found to possess seven conserved motifs, with Motif-1, Motif-2, Motif-3, and Motif-4 forming the core structure of the ADF-H domain. It was observed that members from Groups I and II only exhibited these four motifs (Figure 3B; Supplementary Figure S3). Motif-7 is specific to MsADF6, which is the sole member of Group III. In Group IV, Motif-5 and Motif-6 are present in the N-terminus of MsADF2/3 and MsADF9, respectively (Figure 3B; Supplementary Figure S3). The disparate motif distributions among MsADFs suggest that they may exhibit distinct biochemical activities.

In Arabidopsis, the two ADFs from group III (AtADF5 and AtADF9) have evolved to demonstrate the bundling function but not the classic depolymerizing activity. In contrast, the ADFs from group I demonstrated a stronger depolymerizing activity than those of groups II and IV (Nan et al., 2017). A number of amino acids were identified as being pivotal in the emergence of functional divergence among the AtADFs. The 11th histidine (H11) was specific to group I AtADFs and was identified as a critical residue for the enhanced depolymerising activity. The sequence alignment revealed that two of the nine MsADFs, MsADF5 (belonging to Group I) and MsADF7 (belonging to Group II), possessed the H11 site (Supplementary Figure S2), indicating the potential for enhanced depolymerizing activity. Two lysines (K4 and K17) in the N-terminus of AtADF9 were shown to be crucial for its bundling function (Nan et al., 2017). It is noteworthy that these two homologous amino acids were also present in MsADF6, the sole member of group III (Supplementary Figure S2), indicating that a comparable biochemical activity differentiation may have occurred in this protein.





Distribution of cis-acting elements in the promoter of MsADF genes

In order to investigate the potential regulatory elements controlling MsADF gene expression, 2.0 kb sequences upstream of the start codon were analyzed using the PlantCARE database. A total of 19 cis-acting elements related to hormone- and stress-responsiveness were identified (Figure 4). The number of abscisic acid-responsive elements was the highest among the hormone-responsive elements (17), followed by methyl jasmonate-responsive (16), salicylic acid-responsive (15), gibberellin-responsive (11) and auxin-responsive elements (6). Cis-acting elements involved in salicylic acid- and abscisic acid-responsiveness were identified in the promoter regions of nine and eight MsADF genes, respectively. All MsADF promoters were found to contain at least two type of hormone-responsive element. The MsADF6 promoter, in particular, was observed to contain all the aforementioned hormone-responsive elements. The MsADF promoters were found to contain five distinct categories of stress-responsive elements. The most prevalent category of cis-acting elements was that of anaerobic-responsiveness, with 20 instances identified. This was followed by the defence/stress-responsive elements (18), drought-responsive elements (16), wound-responsive elements (13), and cold-responsive elements (5). These elements were identified in 7, 8, 8, 7, and 3 MsADF promoters, respectively. All MsADF promoters exhibited the presence of at least three distinct types of stress-responsive elements, with the MsADF1 promoter demonstrating the presence of all five identified types of stress-responsive elements.

[image: Grid displaying the presence of various motifs in different MsADF genes. Rows depict types of phytohormones (Me-JA, Abscisic acid, etc.) and stress responses (Drought, Cold, etc.), while columns categorize MsADF genes (MsADF5, MsADF1, etc.). Colored cells signify motif counts, with variations in frequency and distribution across genes and functions, indicated by colors green, yellow, orange, and red.]
Figure 4 | Cis-acting elements in the promoter regions of MsADF genes. The color and numerical value of the grid represent the quantities of various cis-acting elements present in the MsADF genes.





Expression profiles of MsADF genes in different organs

In order to gain insights into the spatial expression patterns of MsADF genes, their expression profiles in roots, nodules, stems, young leaves, mature leaves, and flowers were analysed by RT-qPCR (Figure 5). It should be noted that the coding regions, as well as the 5’ and 3’ untranslated regions of MsADF2 and MsADF3 are identical, thus rendering their expression levels indistinguishable. Consequently, the term “MsADF2/3” is used to represent the two genes’ expression levels. Of the nine genes under investigation, MsADF4 was not expressed in any organ, while MsADF6 and MsADF9 exhibited strong expression in the majority of organs. The expression of MsADF1, MsADF2/3, MsADF5, and MsADF6 was detected in all organs of alfalfa, while the expression levels of MsADF1 and MsADF5 were relatively low. In particular, MsADF6 displays robust expression in all organs with the exception of young leaves, whereas MsADF9 exhibits strong expression in all organs except stems and flowers. These observations underscore the pivotal role of these genes in the growth and developmental processes of alfalfa. It is noteworthy that all genes, with the exception of MsADF4, are expressed in flowers. Additionally, all genes, with the exception of MsADF4 and MsADF7, are expressed in roots (Figure 5). The diverse expression patterns of MsADF genes suggest that they may play distinct roles in regulating organ development.

[image: Bar graph comparing the expression levels of different genes (MsADF1 to MsADF9) across various plant parts: root, nodule, stem, young leaf, mature leaf, and flower. Each plant part is represented by a different color. MsADF6 shows the highest expression in mature leaves, while MsADF1, MsADF2/3, and MsADF9 also have notable expression levels, particularly in roots and nodules.]
Figure 5 | Expression Profiles of MsADF Genes. Expression levels of the nine MsADF genes via RT-qPCR in different organs: roots, nodules, stems, young leaves, mature leaves, and flowers. The different colors of the bars represent different organs. The standard error of the means of three independent replicates is represented by the error bars.





Expression patterns of MsADF genes under salt and drought stress

In order to investigate the potential function of MsADF genes in response to abiotic stress, the transcription levels of these genes in underground and aboveground parts were examined under salt and drought stress conditions using RT-qPCR (Figure 6). In the underground part, in response to salt stress, MsADF7 exhibited rapid and sustained down-regulation, while the remaining genes displayed up-regulation at the initial or intermediate time point. The expression of MsADF2/3, 4, and 8 was induced by salt stress, with a more than four-fold increase observed at 1 h, 3 h or 12 h post-treatment. Furthermore, the expression of MsADF4, 5, 6, 8, and 9 exhibited a more than four-fold increase at certain time points, suggesting that they may play a role in the response to drought stress (Figure 6A). In the aboveground part, all genes were induced by salt stress, with the expression levels of MsADF7 and MsADF8 being particularly up-regulated by fourteen-fold and twelve-fold, respectively, at 24 hours post-treatment. Conversely, MsADF4, 6, and 9 exhibited a peak at the 3-hour mark, subsequently declining. Under drought stress, the expression levels of the remaining genes in the aboveground part were down-regulated by more than one-fold at specific times, with most genes exhibiting a decrease in expression levels at 6 h, 12 h, and 24 h post-treatment. Conversely, MsADF8 exhibited a decrease in expression level of more than one-fold at 1 h and 24 h post-treatment. In the aboveground part, the expression of most MsADF genes was inhibited after 6 hours of drought stress. Furthermore, the expression level of MsADF1 demonstrated a persistent downward trend, reaching an extremely low and almost undetectable level at 24 hours (Figure 6B). It is noteworthy that, under salt stress, MsADF1, 7, and 9 exhibited distinct expression patterns. These genes exhibited up-regulated expression in the aboveground part, while showing down-regulated or no significant change in the underground part. Conversely, under drought stress, the expression of MsADF1, 5, and 8 was up-regulated in the underground part but down-regulated in the aboveground part (Figure 6), suggesting a specific functional localization of these genes.

[image: Bar charts depict relative expression levels of various genes (MsADF1 to MsADF9) under control, salt, and drought conditions over times ranging from zero to twenty-four hours. Each chart compares the effects of stress on gene expression, showing distinct variations across conditions and time points. Notable differences are seen in expression spikes at specific times, particularly at six and twenty-four hours, marked by asterisks indicating statistical significance.]
Figure 6 | The relative expression levels of MsADF genes in underground and aboveground parts under salt and drought stresses. (A) Relative expression levels of MsADF genes in underground part under salt and drought stresses. (B) Relative expression levels of MsADF genes in aboveground part under salt and drought stresses. Actin gene was used as house-keeping gene in RT-qPCR. The results were calculated based on the mean of three replicates, and the statistical significance was determined through Tukey’s pairwise comparison test. ** indicates P < 0.01, and * indicates P < 0.05.






Discussion

The microfilament cytoskeleton is one of the most dynamic cellular components that respond constantly to environmental stimuli as they modulate organizations (Staiger, 2000). ADF is a major ABP that controls the rearrangement of microfilaments in eukaryotic cells, thereby participating in a vast number of cellular processes (Pollard, 2016). To date, the genome-wide identification of the ADF gene family has been accomplished in a multitude of higher plants, with the number of genes in different species ranging from a few to dozens (reviewed by Sun et al., 2023a). Nevertheless, a comprehensive analysis of the ADF gene family at the whole-genome level remains to be conducted in alfalfa, a crucial forage grass cultivated globally (Tang et al., 2021). In comparison to other gene families, such as MYB, bHLH, and WRKY, the ADF gene family in higher plants is relatively small in number (Wang and Li, 2017; Sun et al., 2023a; Wang et al., 2023; Gao and Dubos, 2024). In this study, a total of nine MsADF genes were identified in alfalfa, and an analysis of the protein sequence revealed that all of their proteins contained the conserved ADF-H domain and regions associated with calmodulin- and the actin-binding domains (Supplementary Figure S2). This number is approximately equivalent to the ADF family size in other plants, including Arabidopsis (11 members; Ruzicka et al., 2007), rice (11 members; Huang et al., 2012), tomato (11 members; Khatun et al., 2016), common bean (9 members; Ortega-Ortega et al., 2020), and pigeon pea (10 members; Cao et al., 2021). Gene duplication represents a fundamental source of new genes in the evolutionary process, contributing to the expansion of gene families and functional differentiation (Cannon et al., 2004). The primary duplication patterns for gene family expansion are tandem and segmental duplications, with the latter occurring with greater frequency due to the presence of duplicated chromosomal blocks (Panchy et al., 2016). This study revealed that three MsADF gene pairs underwent segmental duplication, with no evidence of tandem duplication. Furthermore, the Ka/Ks ratios of the three duplicated gene pairs were found to be less than 1 (Figure 1B; Supplementary Table S2), indicating the influence of purifying selection on the evolution of the MsADF gene family. Previous studies have documented the occurrence of segmental duplication events in the ADF families of wheat, Arabidopsis, maize, tomato, and soybean, with no instances of tandem duplication observed (Khatun et al., 2016; Nan et al., 2017; Huang et al., 2020; Xu et al., 2021; Sun et al., 2023b). It can therefore be postulated that the expansion of ADF gene families in higher plants is primarily attributed to segmental duplications. A collinearity analysis revealed that alfalfa shares five and 31 orthologous gene pairs with Arabidopsis and soybean, respectively (Figure 1C). The existence of orthologous gene pairs provides further evidence that the ADF gene family in plants exhibits a certain degree of conservation and may originate from common ancestral genes (Zheng et al., 2005). Notably, four MsADF genes (MsADF4, 6, 7, and 9) demonstrated a collinear relationship with those in Arabidopsis and soybean (Figure 1C), indicating that they may have been conserved during evolution and perform analogous functions in disparate plant species.

Phylogenetic analysis is a valuable tool for predicting gene function, with genes belonging to the same clade often demonstrating similar biological functions (Kapli et al., 2020). In the present study, 62 ADF proteins in alfalfa, Arabidopsis, rice, maize, and soybean were classified into five groups (Figure 2), which is consistent with the classification of previous studies (Feng et al., 2006; Ruzicka et al., 2007; Huang et al., 2020; Sun et al., 2023b). With the exception of Group V, which exclusively comprised four monocot ADF proteins, the remaining four groups included ADF members from all five plant species. Furthermore, the number of ADFs in groups I–IV significantly differed between species, indicating that their ADF families underwent independent evolution and may have undergone functional differentiation, although ADFs in flowering plants are thought to have evolved from a common ancestor (Nan et al., 2017). Among higher plants, the function of Arabidopsis ADF genes has been the most thoroughly investigated, and dozens of ADF genes from other plants having been functionally characterized (see Sun et al., 2023a for a summary). The homologous relationship between MsADF and ADF genes from other plants may provide insights into their functional exploration. As a kind of evolutionary relic, the intron/exon arrangement carries the imprint of the evolution of a gene family, so analyzing exon-intron structures may provide insight into the evolutionary history of certain gene families (Wang et al., 2015). In this study, all MsADF genes were shown have three exons and two introns, and the length of three exons among different members were remarkably conserved (Figure 3A). This phenomenon had also been reported in Arabidopsis, rice, wheat, and soybean (Feng et al., 2006; Xu et al., 2021; Sun et al., 2023b). Moreover, the intron length of genes in the same clade were similar to each other, which further supports the analysis of the evolutionary relationship of MsADF genes.

In eukaryotic cells, the primary function of ADF has been identified as the acceleration of microfilament turnover through the facilitation of F-actin dynamics and the enhanced rate of G-actin departure from the F-actin end (Hussey et al., 2002). ADF has two potential binding sites for F-actin, one at the N-terminus and the other at the C-terminus (Tholl et al., 2011). Biochemical experiments demonstrated that several amino acid substitutions in the N-terminus resulted in significant variation of ADFs’ biochemical activity. For example, two members in group III (AtADF5 and AtADF9) have developed bundling rather than the typical depolymerizing activity; while ADFs belonging to group I (AtADF1, 2, 3, and 4) exhibit more pronounced depolymerizing activity compared to Groups II and IV (Nan et al., 2017). A motif analysis revealed that five MsADF proteins in groups I and II contain only the four motifs that constitute the ADF-H domain, whereas the other four members display a fifth motif at the N-terminus (Figure 3B; Supplementary Figure S2). This discrepancy in motif distribution suggests that MsADF may exhibit biochemical activity divergence. In AtADF9, two lysines (K4 and K17) at the N-terminus have been demonstrated to be essential for its bundling activity (Nan et al., 2017). It is noteworthy that these two homologous amino acids are also present in MsADF6, the only member of Group III. This suggests the possibility of a similar biochemical activity differentiation in this protein. In AtADFs, the H11 site is unique to Group I and plays a pivotal role in enhancing its depolymerizing activity (Nan et al., 2017). A further analysis of the sequence alignment reveals that two of the nine MsADFs, MsADF5 (belonging to Group I) and MsADF7 (belonging to Group II), contain the H11 site (Supplementary Figure S2), suggesting that they may have enhanced depolymerizing activity. The activity of ADF family proteins is also regulated by the N-terminal serine residue, a fact that has been verified in both vertebrates and maize (Agnew et al., 1995; Moriyama et al., 1996; Smertenko et al., 1998). Upon phosphorylation, ADF becomes inactivated and loses its F-actin-binding ability (Blanchoin et al., 2000). The phosphorylation of this serine residue is dependent on calcium-dependent calmodulin-like substances. Phosphorylation represents a pivotal step in ADF protein function and is closely associated with calcium signalling pathways. It enables the protein to respond to environmental and developmental cues, thereby remodelling the cytoskeleton (Allwood et al., 2001). With the exception of MsADF6, all other eight MsADF proteins contain a conserved serine residue in their N-terminus, which may be subject to phosphorylation, as has been reported in other ADFs. The N-terminal serine of MsADF6 was replaced with a threonine residue (Supplementary Figure S2), which had been demonstrated to undergo inhibitory phosphorylation by CDPK family members in plants and protists (Smertenko et al., 1998; Allwood et al., 2001). This substitution has been observed in numerous other ADFs belonging to group III, including AtADF5 and GmADF3, 5, 12, and 13 (Sun et al., 2023b), implying that the regulatory mechanism of group III ADFs’ biochemical activity may different from other groups. Biochemical analysis is needed in the future to determine the relationship between the phosphostatus of ADF and biological function.

The specific expression of ADF genes in different tissues and organs has been demonstrated in numerous plant species. The ADF genes belonging to the same group have been observed to exhibit a similar tissue-expression pattern (Ruzicka et al., 2007). In tomato, the primary expression of SlADF1, SlADF3, and SlADF10 in flowers, particularly in stamens, suggests a potential involvement of these genes in flower and pollen development, as well as other regulatory factors (Khatun et al., 2016). In this study, apart from MsADF4, all other MsADF genes were expressed in flowers, with notably high expression levels of MsADF2/3 from group IV and MsADF6 from group III (Figure 5). This finding highlights the diversity and specificity of the MsADF gene family in the development of plant reproductive organs. Furthermore, ADFs are intimately linked with root formation and root hair development in plants (Bi et al., 2022). In Arabidopsis, AtADF5 and AtADF9 from group III, and AtADF6 from group IV, display ubiquitous expression across various tissues. AtADF5 displays robust expression in the root tip meristem, whereas AtADF9 exhibits elevated expression in the root apical zone, trichomes, shoot apical meristem, and callus (Ruzicka et al., 2007). The present study demonstrates that MsADF6, which belongs to the same group as AtADF5 and AtADF9, is strongly expressed in roots, nodules, old leaves, stems, and flowers (Figure 5). Similarly, MsADF2/3 and MsADF9, which are grouped with AtADF6, exhibit widespread expression across different tissues. It is noteworthy that MsADF9 demonstrates lower expression in stems compared to other tissues (Figure 5). These observations imply a significant role for these genes in the development of alfalfa, and the similarities in expression patterns between MsADF and AtADF genes suggest potential functional analogies.

ADFs play a pivotal role in plants’ response to external and internal stimuli by reorganizing the microfilament cytoskeleton, which alters cell morphology and serves as a key player in stress signaling pathways (Wang et al., 2011). Drought and salt are the most prevalent and severe abiotic stress for plant growth. In many species, the expression of ADF genes is induced by drought and salinity, and some ADF genes have been confirmed to having the potential to enhance plant resistance to stress (Sun et al., 2023a). In Arabidopsis, the expression of AtADF1 was rapidly induced by salt stress, and transgenic Arabidopsis overexpressing AtADF1 exhibited significantly increased survival rates under salt stress compared to the wild type (Wang et al., 2021). Drought stress can induce the expression of AtADF5, which in turn regulates the reorganization of microfilament structure through its F-actin bundling activity, thereby controlling stomatal movement and enhancing the plant’s ability to adapt to drought stress (Qian et al., 2019). The heterologous expression of OsADF3 of rice, a gene exhibited significantly upregulation under various abiotic stress, in Arabidopsis has been demonstrated to enhance germination rate, primary root length, and seedling survival rate under conditions of drought stress (Huang et al., 2012). Overexpression of ZmADF5 in maize resulted in a reduction in stomatal aperture, a decrease in water loss rate, an enhancement in ROS scavenging capacity, and an improvement in drought resistance in the plants (Liu et al., 2024). The enhancement of drought resistance by GmADF13 is achieved through the modulation of osmoregulatory substance accumulation, the regulation of enzyme activities, and the regulation of stress tolerance-related gene expression (Wang et al., 2024). In this study, many MsADF genes were identified as being up-regulated under conditions of drought and salt stress. For instance, in the underground part, the expression levels of MsADF4, 5, 6, 8, and 9 increased by more than four-fold in response to drought stress (Figure 6A); in the aboveground part, the expression levels of MsADF7 and 8 increased by fourteen-fold and twelve-fold, respectively, under salt stress (Figure 6B). Concurrently, under salt and drought stress, the expression levels of MsADF2/3, 4, and 6 were up-regulated in both the aboveground and underground parts (Figure 6). The identification of these genes offers significant references for subsequent functional research. However, in the underground part, the expression level of MsADF7 was down-regulated under salt stress (Figure 6A). This phenomenon is analogous to the repression of TaADF20 expression in wheat under cold stress (Xu et al., 2021). This phenomenon can be explained by the antagonistic relationships among ADF family genes. For instance, AtADF9 has been shown to exert an antagonistic effect on AtADF1 by modulating its degradation of actin. Conversely, when these proteins are ectopically expressed in tobacco cells, a contrasting effect is observed (Tholl et al., 2011).

The cis-acting elements within gene promoters are closely associated with gene expression patterns in response to different stresses (Cao et al., 2021). Huang et al. (2012) conducted a comprehensive analysis of the promoter structure and expression patterns of all 11 rice ADFs, revealing the presence of stress-related cis-acting elements within the 1-kb promoter regions. This finding suggests that certain OsADF genes are induced by diverse environmental stresses, including low temperature, drought, abscisic acid (ABA), and salt (Huang et al., 2012). Compared to other genes, the MsADF7 promoter sequence exhibits the least number and types of stress-responsive cis-acting elements (Figure 4). This characteristic may uniquely determine the expression pattern and response mechanism of MsADF7 to environmental stress. However, under specific time points of drought or salt stress, the expression level of MsADF7 is found to be up-regulated in the aboveground part (Figure 6B), suggesting that MsADF7 may play a role in the cross-talk of different signaling pathways under drought and salt stress (Yang et al., 2022). These findings underscore the complexity of the MsADF regulatory mechanism. Furthermore, the expression level of MsADF1 exhibited a continuous downward trend, reaching an extremely low and almost undetectable level after 24 hours. The down-regulation of gene expression may serve as a signal for plants to perceive and respond to drought stress, thereby participating in signal transmission and response processes to help plants adapt to adverse environments. Additionally, this study identified that certain genes are involved in the expression of salt and drought response, demonstrating varied reactions. For instance, under salt stress, the expression of MsADF1, 7, and 9 was up-regulated in the aboveground part, while their expression was down-regulated or did not differ significantly in the underground part (Figure 6), suggesting that their biological functions are location-specific. These findings suggest that the MsADF gene family may play a pivotal role in plants’ response to diverse abiotic factors and may serve as crucial regulatory factors for plants to cope with environmental stress. Further investigation into the functions and regulatory mechanisms of these genes is anticipated to provide invaluable theoretical and practical guidance for enhancing crop stress resistance.





Conclusion

The present study identified a total of nine MsADF genes in the alfalfa genome. A phylogenetic analysis indicated that they could be classified into four groups, with members of the same group exhibiting analogous gene structure characteristics and conserved motifs. A number of cis-acting elements related to hormone- and stress- responsiveness were identified within their promoter region. Furthermore, gene expression profiles demonstrated that these MsADF genes exhibited disparate expression patterns in different organs. The RT-qPCR analysis demonstrated that the majority of the MsADF genes exhibited varying degrees of induction in response to salt and drought stress. Of particular note is the dramatic induction observed in MsADF1, 2/3, 6, and 9. These genes represent promising candidates for further investigation into the molecular mechanisms underlying alfalfa stress resistance, as well as for the breeding of new alfalfa cultivars with enhanced stress tolerance. Such insights could potentially inform the genetic improvement of alfalfa resistance to abiotic stresses.
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Introduction

Hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR) is a key enzyme in the terpenoid biosynthetic pathway, playing a crucial role in plant stress responses. However, the HMGR gene family in Asparagus taliensis, a traditional Chinese medicinal herb with high steroidal saponin content and strong stress tolerance, remains poorly understood. This study investigates the stress response mechanisms of the HMGR gene family in A. taliensis under abiotic stress conditions.





Methods

A comprehensive genome-wide analysis of the HMGR gene family in A. taliensis was conducted. The analysis included chromosomal localization, phylogenetic tree construction, linear analysis, gene structure characterization, motif distribution, cis-acting elements, and protein structure. Candidate AtaHMGR10 gene were overexpressed in Arabidopsis thaliana to analyze phenotypic changes under osmotic and salt stress, including seed germination rate and primary root length. Physiological parameters were also analyzed, and gene expression was validated using qPCR under drought, osmotic, and salt stress conditions.





Results

A total of 18 HMGR gene family members were identified in A. taliensis. The functions and evolution of AtaHMGR genes are conserved. AtaHMGR10 was selected as a promising candidate due to its unique expression profile. Docking analysis revealed that AtaHMGR10 has conserved motifs for binding both HMG-CoA and NADPH/NADH, showing equal affinity for both. Overexpression of AtaHMGR10 in transgenic A. thaliana enhanced tolerance to abiotic stresses, as evidenced by higher germination rates, improved primary root length, increased chlorophyll and proline levels, enhanced peroxidase (POD) and catalase (CAT) activities, and reduced malondialdehyde (MDA) content compared to non-transgenic plants under stress conditions.





Discussion

These findings highlight the role of AtaHMGR10 in enhancing plant stress tolerance, particularly in combating drought, osmotic, and salt stress. This understanding of its potential function provides avenues for improving crop resilience to abiotic stress through future gene modification.
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1 Introduction

Abiotic stresses such as drought, cold and high salinity impact growth, development as well as distribution of plants. To counter these challenges, plants have developed a variety of adaptive mechanisms at the molecular, cellular, physiological, and biochemical levels. Among these, terpenoids, especially steroidal saponins are key secondary metabolites that have critical roles against stresses. In Angiosperm plants, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) as basic five carbon unit for biosynthesis of terpenoids (e.g. steroidal compounds and phytohormones) are synthesized by two different pathways: the mevalonate (MVA) pathway in the cytoplasm and the 2-C-methyl-D-erythritol-4-phosphate pathway (MEP) in plastids (Kuravadi et al., 2015; Pandreka et al., 2015). HMGR, which is a rate-limiting enzyme in the MVA pathway (Segatto et al., 2014), catalyzes the conversion of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) to MVA using two molecules of nicotinamide adenine dinucleotide phosphate (NADPH) or nicotinamide adenine dinucleotide (NADH) as reducing agents (Bach, 1986; Segatto et al., 2014). The MVA pathway is responsible for producing terpenoids e.g., artemisinin-a natural antimalarial drug isolated from the Chinese medicinal plant Artemisia annua (Li et al., 2023).

Recent research have underscored the pivotal functions of the HMGR in catalyzing terpenoids synthesis across a variety of plant species. In Azadirachta indica, overexpression of AiHMGR2 directly correlated with the production of azadirachtin, a terpenoid with notable pesticidal properties (Bhambhani et al., 2017). Overexpression of AaHMGR in Artemisia annua resulted in increased artemisinin content (Li et al., 2024), while overexpression of OkHMGR in Ocimum kilimandscharicum enhanced the production of aromatic terpenoids (Bansal et al., 2018). Similarly, in hybrid Populus, elevated expression of PtHMGR led to increased terpenoid levels, enhancing the plant’s resistance to stress (Wei et al., 2019). These findings demonstrate the roles of HMGR genes in the biosynthesis of terpenoids and isoprenoids for plants’ adaptation to diverse environmental signals.

Environmental stresses and developmental signals (e.g., phytohormones) profoundly affect plant physiology. HMGR genes are normally upregulated under such conditions, enhancing stress-related biosynthesis of metabolites. For example, SmHMGR2 and SmHMGR3 were positively regulated by phytohormonal stimulations (Ma et al., 2012). MdHMGR4 demonstrated a root-specific expression pattern in apple and its expression was significantly enhanced by phytohormonal treatments (Lv and Zhang, 2017). In rice, drought treatment upregulated OsHMGR genes, facilitating phytosterol synthesis, thereby enhancing the plant’s resistance to drought conditions (Kumar et al., 2015, 2018). Overexpression of MdHMGR5 in apple increased plant tolerance to oxidative stress by enhancing reactive oxygen species (ROSs) scavenging abilities in transgenic plants (Zhang et al., 2020). Similarly, overexpression of PtHMGR in Populus led to remarkable decrease in membrane damage under drought stress (Wei et al., 2020). Moreover, the expression of HMGRs were positively regulated by hormonal treatment, as demonstrated in grapes where VvHMGR1 maintained high expression levels potentially linked to growth and stress-related phytohormones synthesis and signaling (Zheng et al., 2021). Additionally, PtHMGR5 is reported to be involved in the increased tolerance to drought in Populus (Ma et al., 2023). β-Sitosterol, its precursors of biosynthesis was catalyzed by EkHMGR, was reported to enhance plant drought tolerance (Wang et al., 2024), therefore HMGRs have been applied to enhance plant stress tolerance by transgenic approaches. Previous studies have shown that overexpression of HMGR enhances resistance to abiotic stresses in various plant species. However, little is known about Asparagus taliensis, a species of the genus Asparagus (Asparagaceae) endemic to Yunnan, China, which has traditionally been used as herbal medicine due to the presence of steroidal saponins, which have anti-inflammatory properties, ability to induce cancer cells apoptosis and modulation of immune responses (Podolak et al., 2010; Sparg et al., 2004).

Asparagus L. contains more than 200 species distributed across the old world, with southern Africa being the cradle center and southwestern China, regarded as the diversity center of dioecious Asparagus species (Wu et al., 2024) among which 8 dioecious species including, A. taliensis are endemic in Yunnan province of China (Saha et al., 2015). The phylogenetic study showed that in the dioecious Asparagus species of Eurasia, A. taliensis clustered with Asparagus conchinchinensis into a small clade, suggesting a closer phylogenic relationship (Bentz et al., 2024a). A. taliensis exhibits strong tolerance to environmental stresses, such as drought and cold, as it grows well in the low precipitation winters of Yunnan. The tuber roots of A. taliensis, which are used for medicinal purposes, are larger than those of A. cochinchinensis, making it an alternative plant for A. cochinchinensis replacement planted in wide regions of China for higher yields. It is also regarded as an ideal germplasm for breeding of A. cochinchinensis through interspecific hybridization due to their closer phylogenetic relationship. Based on our assembled and annotated A. taliensis genome (unpublished), this study involved a comprehensive analysis of the HMGR gene family in A. taliensis, and the AtaHMGR10 was predicted as a candidate of significant interest due to its unique expression profile, the potential function inferred from its conserved motifs for the binding HMG-CoA and NADPH/NADH, as well as the equivalent binding abilities of both NADPH and NADH by Alphafold3 docking analysis respectively. Furthermore, the overexpression of AtaHMGR10 in transgenic A. thaliana significantly improved tolerance to both drought and salt treatments. Overall, our research provides critical insights to the HMGR gene family in A. taliensis, contributing to the understanding of its evolutionary and functional roles in enhancing abiotic stress tolerances. This study also offers a valuable gene source for improving germplasm in Asparagus species, promoting the biosynthesis of medicinal terpenoids in microbial hosts using synthetic biology methods, and enhancing stress tolerance in crops through genetic modification.




2 Materials and methods



2.1 Plant materials

The seeds of A. taliensis were collected from a cultivation field in Luxi County, Yunnan, China, and the germinated seedlings were transplanted in the field of Yunnan Agricultural University. The 4-month-old seedlings, were treated with 200 μmol/ml jasmonic acid (MeJA) for 72 hrs. Non-MeJA-treated seedlings (control) and MeJA-treated seedlings (12 hr, 24 hr, 36 hr, 48 hr, 60 hr, and 72 hr), along with fresh roots (Rs), stems (Ss) and flowering twigs (Fs) from two-year-old field plants, were sampled with three biological replicates for each. The samples were immediately frozen in liquid nitrogen and stored at -80°C for subsequent RNA extraction and RNA sequencing analysis, as reported in our previous study (Wu et al., 2024).

A. thaliana was used as the transgenic host (wildtype, WT) and the AtaHMGR10 transgenic Arabidopsis plants were generated with the floral dip method (Zhang et al., 2006). The transgenic and WT A. thaliana seeds were surface-sterilized with 75% (v/v) ethanol for 1 minute, rinsed five times with sterile water, and sown on 1/2 Murashige and Skoog (MS) medium (Solarbio, Beijing, China) (pH 5.8). After undergoing vernalization for two days at 4°C, seeds were cultured for seedling preparation in a controlled environment chamber under a 14-hour light at 24°C/10-hour dark at 22°C, maintaining a relative humidity of 60%-70%. The seedlings were transplanted into pods and grown under the same germination conditions as above. Six-week-old WT and transgenic A. thaliana lines were selected and exposed to drought, salt, and osmotic stresses respectively. Plant samples were collected, frozen in liquid nitrogen, and stored at -80°C or directly used for phenotypical observations, as well as physiological, biochemical, and molecular detections.




2.2 Genome-wide identification of HMGR genes in A. taliensis

Based on our assembled and annotated genome of A. taliensis (unpublished), the HMGR family members were predicted through hmmsearch with HMMER (v3.0) software (Finn et al., 2011) using the HMGR Hidden Markov Model (PF00368), downloaded from the Pfam database (Blum et al., 2021) as well as the homologous search by BLASTP with BLAST (v2.11.0+), using query of 12 function confirmed HMGR genes from various plants (e.g. A. thaliana and Oryza sativa), with filtering critical standard set as: similarity > 40%, coverage > 80% and e-values <1e-6 (McGinnis and Madden, 2004). The conserved domains in the resulted HMGR proteins were further confirmed through comparison with the database of InterPro (Lu et al., 2020). The physicochemical properties of the predicted AtaHMGR members were analyzed using TBtools software (v2.142) (Chen et al., 2023). Subcellular localization of HMGR proteins was predicted using the web tools of WoLF PSORT (Horton et al., 2007).




2.3 Analysis of chromosome localization and synteny of AtaHMGRs

Chromosomal localization of the AtaHMGR genes was performed using the MapGene2Chrom (MG2C) tool (http://mg2c.iask.in/mg2c_v2.1/). The calculation of non-synonymous (Ka) and synonymous (Ks) substitutions, along with their ratios (Ka/Ks), were computed using kakscalculator2 (https://github.com/kullrich/kakscalculator2). Additionally, synteny analysis for the AtaHMGR family members were conducted with the MCScanX tool (Wang et al., 2013), and outputs were visualized with Circos software (https://github.com/node/circos).




2.4 Phylogenetic analysis of HMGR proteins

Genomic sequences of A. thaliana (GCA_028009825.2), Nymphaea colorata (GCF_008831285.2), Dioscorea zingiberensis (GCA_026586065.1), Asparagus racemosus (GCA_037177215.1), Asparagus setaceus (GCA_012295165.1), and Asparagus officinalis (GCF_001876935.1) were retrieved from the NCBI genome database. Multiple sequence alignments of candidate HMGR proteins were performed using the MUSCLE algorithm with default parameters (Edgar, 2004). A phylogenetic tree was then constructed with MEGA-X software (Kumar et al., 2018b), using the maximum likelihood method with 1000 bootstrap replicates to estimate evolutionary distances. The resulting phylogenetic tree was visualized and refined using the iTOL online tool (Letunic and Bork, 2021).




2.5 Gene structure, conserved motif and cis-acting element analysis of AtaHMGRs

Conserved motifs were analyzed employing the Multiple Expectation Maximization for Motif Elicitation (MEME Suite) (Bailey et al., 2015). The maximum number of motifs considered was limited to 20 motifs, width of motifs: 6-100, with default parameters. Information on the exon-intron structure for AtaHMGRs was derived from genomic annotated GFF files as well as the manual corrections by BAM file resulted from RNAseq mapping by Hisat2 (Thakur, 2024). Cis-elements of promoter, extending 2000 bp upstream from the start codon (ATG), were predicted using the PlantCARE database (Lescot et al., 2002).




2.6 Analysis folding structures, substrates docking of AtaHMGRs

The secondary structure of proteins was predicted using the online tool SOPMA (Geourjon and Deleage, 1995). Folding of the 3D structures for AtaHMGRs as well as their substrate binding sites were conducted using the Alphafold3 (https://alphafoldserver.com/) (Callaway, 2024; Abramson et al., 2024) or SWISS-MODEL (https://swissmodel.expasy.org/), and the resulting 3D structure of 18 AtaHMGRs were visualized using PyMOL (Schrodinger, 2015).




2.7 Expression profiles analysis of AtaHMGRs

The expression patterns of AtaHMGRs were assessed in three distinct tissues (Fs, Rs, and Ss) of two-year-old field-grown A. taliensis, as well as in four-month-old seedlings grown in pots with or without MeJA treatments. The MeJA-treated seedlings were compared to untreated controls at seven different time points (0, 12, 24, 36, 48, 60, and 72 hours). The total RNAs were extracted by RNAPrep pure plant kit (TianGen, Beijing, China), then reverse transcribed to cDNA using GoScript™ Reverse Transcription Mix, Random Primer kit (Promega, Beijing China) according to the manufacturer’s protocols. The cDNA (~10 μg) was sequenced using the Illumina Genome Analyzer II platform (Illumina, San Diego, USA) with libraries of 300 bp cDNA insertions with 150 bp pair-end (PE) model. All resulted RNAseq data were evaluated with FastQC (https://github.com/topics/fastqc), then filtered with Fastp v0.23.4 (https://github.com/OpenGene/fastp) to get clean data. The clean reads were mapped to the genome of A. taliensis using hisat2 (v2.2.1) (Kim et al., 2015) resulting in BAM files. Expression quantification was performed through scripts of FeatureCounts (Liao et al., 2014) to obtain matrix of TPM (standardized expression units of transcripts per kilobase of exon model per million mapped reads). The expression profiles were visualized using the TBtools software.




2.8 Cloning, vector construction and Arabidopsis transformation of AtaHMGR10

Total RNA of A. taliensis was isolated with the RNA Easy Fast Plant Tissue Kit, and the quality and concentration were assessed using the KRIRO K5600 (Kaiao Biotech, Beijing, China). cDNA was obtained using the FastKing gDNA dispelling RT SuperMix. The full coding sequence (CDS) of AtaHMGR10 was amplified with the primers AtaHMGR10-1F and AtaHMGR10-1R and cloned into T-vector. After the sequence correction was confirmed by Sanger sequencing, the CDS of AtaHMGR10, was reamplified with primers AtaHMGR10-2F and AtaHMGR10-2R, and cloned into the pBWA(V)HS vector to obtain expression vector with AtaHMGR10 controlled by a CaMV 35S promoter. The constructed expression vector, was introduced into Agrobacterium tumefaciens GV3101, then subsequently transformed into A. thaliana Col-0 plants via the floral dip method (Narusaka et al., 2012). Screening for hygromycin resistance (20 mg/L) was conducted to select hygromycin resistant plants, and transgenic Arabidopsis plants were further confirmed by PCR amplification with primers AtaHMGR10-1F and AtaHMGR10-1R. All primers used in this study are listed in Supplementary Table S1, and the transgenic Arabidopsis plants were cultivated until second generation of transgenic plant (T2) seeds and harvested for further phenotypical observations.




2.9 Subcellular localization of AtaHMGR10 in tobacco protoplasts

For detection of AtaHMGR10 subcellular location, pBWA(V)HS -GFP vector was used to construct a fused AtaHMGR10-GFP expression vector. In detail, the coding region of AtaHMGR10 (excluding the stop codon) was amplified by PCR from cDNA with primers of AtaHMGR10-3F and AtaHMGR10-3R (listed in Supplementary Table S1), cloned into the pBWA(V)HS-GFP vector with double digestion of both BgI II and Spe I, resulting in pBWA(V)HS-AtaHMGR10-GFP vector. Protoplasts were isolated from Nicotiana tabacum leaves and underwent polyethylene glycol (PEG)-mediated transformation (Antolín-Llovera et al., 2011). The procedure began by carefully peeling the upper epidermal layer of the leaves and immersing it in an enzymatic solution containing 1.5% cellulase R10, 0.4% macerozyme R10, 0.4 M mannitol, 20 mM KCl, and 10 mM MES-KOH (pH 5.8), which was gently agitated for 10 minutes in the dark. Subsequently, the mixture was filtered through a nylon mesh and washed twice using W5 solution (154 mM NaCl, 125 mM CaCl2, 2 mM KH2PO4, 2 mM MES, 5 mM glucose, pH 5.7-5.8). The protoplasts were then resuspended in MMG solution (0.4 M mannitol, 15 mM MgCl2·6H2O, 4 mM MES-KOH, pH 5.7-5.8) to achieve a density of ~ 2×105 cells/mL. For the transformation process, 10 µg of plasmid DNAs was mixed with 100 µL of the protoplast suspension, followed by adding 110 µL of PEG solution (40% PEG4000, 0.2 M mannitol, 100 mM CaCl2). This mixture was incubated at room temperature for 10-15 minutes in the dark, and then diluted with 1 mL of W5 solution. After centrifugation at 300 rpm for 3 minutes, the collected pellets were washed once or twice with 1 mL of W5 solution, resuspended in the same 1 mL W5 solution, and incubated at 25°C for 18-24 hours. GFP fluorescence signals were observed and images were captured using a confocal scanning microscope (C2-ER, Nikon, Japan).




2.10 Drought, osmotic, salt stress treatments and statistical analysis

AtaHMGR10 transgenic A. thaliana seeds (lines OE-1 and OE-3 of T2 generation) were utilized to assess the germination rates under salt and osmotic stress. All experiments were performed in triplicate. Both WT and transgenic A. thaliana seeds were surface-sterilized and plated on 1/2 MS medium supplemented with 0 & 50 mM NaCl, and 0 & 200 mM mannitol, respectively. The plates were then incubated in a growth chamber, and germination rates were determined after 9 days.

The plants of WT and transgenic A. thaliana, aged six weeks, were exposed to drought for 0, 5, and 10 days, with subsequent re-watering for 6 days. Leaves were sampled to assess drought impacts. To gauge the salt and osmotic stress responses, leaves were also sampled at 0, 3, 6, 12, 24, and 36 hours following exposure to 50 mM NaCl and 10% PEG 6000 treatments respectively. These intervals were selected to monitor the immediate stress response dynamics. Biochemical analyses of total chlorophyll, MDA, proline, and POD & CAT activities were conducted using a Boxbio reagent kit (Boxbio Science & Technology, Beijing, China), following the protocols of the manufacturer.

Data collection was facilitated using Microsoft Excel, and statistical analysis was conducted using two-way ANOVA through GraphPad Prism version 10.1.2. This analysis method is consistent with standard practices for evaluating interactive effects in biological experiments. The results were presented as mean ± standard deviation (SD) from three biological replicates. Statistical significance was defined as *P < 0.05 and **P < 0.01 when compared to the control.




2.11 Quantitative real-time PCR analysis

The extracted total RNA was reverse transcribed into cDNA using Hifair® II 1st Strand cDNA Synthesis Kit (11119ES60, Yeasen, China). qRT-PCR assays were conducted using ChamQ Universal SYBR qPCR Master Mix(Q711, Vazyme, China) with a QuantStudio 5 Real-Time PCR System (Applied Biosystems). A 20 μL PCR system includes: 10.0 μL 2×ChamQ Universal SYBR qPCR Master Mix, 0.4 μL for each primer (10 μM), 2 μL templates cDNA and 7.2 μL H2O. PCR thermocycle parameters were performed as following: 95°C for 30 s; 40 cycles of 95°C for 10 s, 60°C for 30 s, and 95°C for 15 s, 60°C for 60 s, 95°C for 15 s. The assay was set up with three biological replicates each, employing the 2−ΔΔCt method to calculate relative expression levels. The primers for qRT-PCR detections were listed in Supplementary Table S1.





3 Results



3.1 Genome-wide identification and characterization of AtaHMGR genes in A. taliensis

18 members of HMGR gene family, designated AtaHMGR1–AtaHMGR18 including their chromosomal position, were identified in A. taliensis, and these identified family members were further analyzed for their amino acid (AA) composition, molecular weight (MW), theoretical isoelectric point (pI), aliphatic index, grand average of hydropathicity (GRAVY), instability index, subcellular localization, and other physiochemical characteristics (Supplementary Table S2). The results showed that the gene lengths among the 18 AtaHMGRs ranged from 516 bp (AtaHMGR6) to 7,017 bp (AtaHMGR10), and coding DNA sequences (CDSs) ranged from 276 bp (AtaHMGR2) to 1,722 bp (AtaHMGR8). Protein lengths ranged from 91 AAs (AtaHMGR2) to 573 AAs (AtaHMGR8) with averaging 280 AAs. Four proteins (AtaHMGR8, AtaHMGR10, AtaHMGR11, and AtaHMGR18) exceeded 500 AAs. Molecular weights ranged from 9,653.31 Da (AtaHMGR2) to 61,010.1 Da (AtaHMGR10 and AtaHMGR11), with those of AtaHMGR8, AtaHMGR10, AtaHMGR11, and AtaHMGR18 surpassing 50 kDa, indicating potential basic catalytic roles in MVA pathway with intricate cellular functions. The PI values ranged from 5.14 (AtaHMGR9) to 9.85 (AtaHMGR12), with most above 7, hinting at a predominance of basic amino acids compositions in this family. The instability index varied from 38.1 (AtaHMGR15) to 66.4 (AtaHMGR12) with proteins under 40 considered stable, while GRAVY values varied from -0.181 (AtaHMGR6) to 0.659 (AtaHMGR14), and the aliphatic index showed values between 79.77 (AtaHMGR7) and 117.73 (AtaHMGR14), with 11 proteins having an index above 90, indicative of high diversities of thermal stability as well as membrane binding abilities of AtaHMGRs. Predictive subcellular localization analyses from WoLF PSORT web showed that 5/18 AtaHMGRs were localized to the plasma membrane, 4/18 in the vascular membrane, 3/18 in the cytosol and 2/18 were located in the chloroplast (CP), endoplasmic reticulum (ER) and mitochondrion (MT) respectively suggesting the expression, location and functional diversity of AtaHMGRs.




3.2 Chromosomal location and synteny analyses of AtaHMGRs

The resulting chromosomal locations of HMGRs in A. taliensis showed that the 18 AtaHMGR genes were distributed across 8 chromosomes (Chrs) (Supplementary Figures S1, S2A). Chr05 harbors 5 genes of AtaHMGRs, accounting for 27.78%, while Chr 01, 03, and 08 each has 2 genes accounting for 33.3%, in contrast, Chr 02, 04, 06 and 07 has only a single gene each (22%). No AtaHMGR genes were located on Chr 09 and 10, while three of these genes (AtaHMGR16, AtaHMGR17 and AtaHMGR18, accounting for 16.6%) were located on contigs which were not anchored into Chrs (Supplementary Figure S1).

To elucidate the possible phylogenetic relationships and evolutionary dynamics across angiosperm species, six representative species, includes one basal angiosperm species, N. colorata, one representative dicot species, A. thaliana, and four saponin-producing monocot species (i.e., D. zingiberensis, A. setaceus, A. racemosus and A. officinalis) were selected for collinear analysis alongside A. taliensis. The results showed that A. taliensis shares only one collinear gene pair each with N. colorata and A. thaliana; however, multiple collinear gene pairs were found in steroidal saponins producing species having five orthologous gene pairs with D. zingiberensis, A. racemosus and A. officinalis respectively, but had four orthologous gene pairs with A. setaceus (Supplementary Figure S2B, Supplementary Table S3). Interestingly, A. taliensis exhibits an elevated number of synteny connections with saponins producing species indicting AtaHMGRs play roles in steroidal saponins biosynthesis and accumulation. A. taliensis maintains certain levels of collinearity with N. colorata and A. thaliana (no steroidal saponins production), possibly reflecting older divergence events before the monocot evolution. The observed synteny among such divergent angiosperm taxa suggests that some HMGR gene family members are highly conserved across extensive evolutionary events, fulfilling pivotal roles in terpenoids (e.g., cholesterol, brassinosteroids (BRs) and volatile terpenes) metabolism that have persisted through the course of angiosperm evolution. This study also showed that the orthologous gene pairs of AtaHMGR to selected species have either a one-to-many or many-to-one homology models, specifically, three AtaHMGR genes (AtaHMGR8, AtaHMGR10, and AtaHMGR11) displayed collinear associations with more orthologous gene pairs in steroidal saponins producing monocot species (Supplementary Tables S3, S4). However, the study showed no collinear relations for the remained 15 AtaHMGR genes, suggesting that these genes may have been newly duplicated after the species generation of A. taliensis. Based on the multiple gene duplication events observed in current study also suggest the closer phylogenetic ties among the examined saponins producing species in this study.

Gene repetition events in A. taliensis were further analyzed using the MCScanX tools (Wang et al., 2012). The results revealed 40 gene pairs exhibiting gene duplication during the evolutionary history (Supplementary Figure S2A, Supplementary Table S4). Eight genes (AtaHMGR1, AtaHMGR5, AtaHMGR7, AtaHMGR8, AtaHMGR10, AtaHMGR12, AtaHMGR16, and AtaHMGR17) arose from WGD/segmental duplications. The AtaHMGR11 may have resulted from proximal segmental duplication, typically involving gene duplication in neighboring chromosomal regions. In contrast, nine genes (AtaHMGR2, AtaHMGR3, AtaHMGR4, AtaHMGR6, AtaHMGR9, AtaHMGR13, AtaHMGR14, AtaHMGR15, and AtaHMGR18) underwent dispersed duplication model. The analysis of the nonsynonymous-to-synonymous substitution rate ratio (Ka/Ks) provided insights into the evolutionary dynamics and selective pressures affecting these genes. The Ka/Ks ratios, calculated by A. taliensis comparison to the HMGR orthologs in six selected species (Supplementary Table S4) were below 1, consistent with purifying selection and indicative of the evolutionary preservation of these genes.

In summary, these HMGR family member genes likely retain conservative functions across angiosperm taxa indicating that these genes keep the same ancestral roles of terpenoids synthesis even throughout long historical replication, following variations, truncked coding and even removal for environmental adaptation.




3.3 Phylogenetic analysis of HMGR family genes

To reveal the evolutionary relationships of the HMGR proteins, a total of 30 HMGR protein sequences were used to construct a phylogenetic tree (Supplementary Table S5). The phylogenetic tree, rooted with NcHMGR1 from N.colorata, categorized the HMGR gene family into two major groups: Group I and Group II (Figure 1).Within Group I, A. taliensis HMGR members, AtaHMGR10 and AtaHMGR11, formed a distinct cluster, whereas the remaining 16 AtaHMGR genes were grouped in Group II. This distribution suggests that the HMGR gene family in A. taliensis may have undergone divergent evolutionary pathways, with AtaHMGR10 and AtaHMGR11 potentially representing a lineage distinct from the other genes. Furthermore, HMGR genes from steroidal saponins producing species (A. officinalis, A. setaceus, A. racemosus and D. zingiberensis) were distributed across both Group I and Group II. This cross-group pattern indicates that HMGR genes in these species may have experienced multiple independent evolutionary events or been influenced by varying selective pressures, contributing to the phylogenetic diversity observed within the gene family.

[image: Circular phylogenetic tree diagram showing two groups labeled Group I and Group II. Branches represent different species highlighted in various colors, such as brown, green, and red, indicating specific species like *Arabidopsis thaliana* and *Nymphaea colorata*. Some branches have bootstrap values greater than seventy percent, indicated by gray dots.]
Figure 1 | Phylogenetic relationship of HMGR proteins among selected plant species including: A. taliensis, A. thaliana, N. colorata, A. racemosus, A. officinalis, D. zingiberensis, and A. setaceus constructed with MEGA-X. Bootstrap confidence values are symbolized by dark dots, with values of 70 or above indicating substantial statistical support. The size of each circle is directly proportional to its bootstrap value, reflecting the relative confidence in the phylogenetic inference of each clade.




3.4 Conserved motifs analysis of AtaHMGRs

The present study delineates the structural variations of the HMGR gene family members in A. taliensis, based on the comprehensive evaluation of conserved motifs. A significant phylogenetic relationship among the 18 genes of the AtaHMGR family were discerned (Figure 2A). A total of 20 conserved motifs, labeled motifs 1–20 (Figure 2B) were identified, which are variably present across these gene coding proteins. The results also showed that 5 conserved motifs are predominantly observed: motif 1 annotated to a NAD(H)/NADP(H), named as NAD(P)H, binding site (with conserved motif DAMGMNM, same as below), motif 2 to another NAD(P)H binding site (GTVGGGT), motif 3 to a HMG-CoA binding site (EMPVGFVQLP), motif 4 to another HMG-CoA binding site (TTEGCLVA) and motif 5 to a transmembrane helix (ILAIVSLVASLIYLLSFFGIAFVQS) (Figure 2C). Interestingly, the results also showed that the motif 3 (EMPVGFVQI) differs with an individual amino acid residue where tyrosine (Y) was replaced by phenylalanine (F) in comparison with the previously reported sequence (EMPVGYVQI) (Liu et al., 2018). This variation is within the permissible range for the binding ability of HMG-CoA in AtaHMGR functionality, considering the similar biochemical properties of the substituted aromatic amino acids residues.

[image: Phylogenetic tree showing the relationship between various AtaHMGR proteins. Conserved motifs are shown in colored blocks beside each protein, with a legend indicating motif numbers and colors. Sequence logos for motifs one to five display amino acid conservation and binding sites, including NAD(P)H and HMG-CoA sites, with a transmembrane helix in motif five.]
Figure 2 | Phylogenetic and conserved motif analysis of HMGR members. (A) The phylogenetic tree of the 18 AtaHMGRs; (B) The distribution of the conserved motifs indicated by different colors; (C) Five conserved motif logos including a transmembrane helix, HMG-CoA binding sites and NAD(P)H binding sites.

AtaHMGR family members clustering on identical phylogenetic branches typically share motif compositions, suggesting functional conservation. The number of motifs across the A. taliensis HMGRs ranges from 2 to 12. Notably, most AtaHMGR proteins cover over 7 motifs, implying sophisticated architecture for fully functional enzymatic activities. The four genes AtaHMGR8, AtaHMGR10, AtaHMGR11, and AtaHMGR18 are distinguished by their protein structures with 12 specific motifs, which may form the core functional elements for maintained HMGR activities. The HMGRs (AtaHMGR8/10/11/18) structure includes motifs 1 through 5, may be crucial for classical HMGR enzymatic functions and other 14 genes without coding sequences of these core motifs of NAD(P)H binding indicates pseudogenes or nova functionalized coding HMGR genes due to adaptation (Figures 2, 3).

[image: Diagram depicting AtaHMGR gene structure, cis-acting elements, and heatmap. (A) Gene structure: UTRs in yellow, introns in gray, exons in green. (B) Cis-acting elements categorized by color: green for plant growth, yellow for phytohormone responsiveness, pink for stress responsiveness. (C) Heatmap detailing various cis-acting elements and their presence across different AtaHMGR genes, with intensity variation indicated in green.]
Figure 3 | Gene structure and cis-regulatory elements analysis of AtaHMGRs. (A) Exon-intron structure of 18 AtaHMGRs. Green boxes indicate exons, grey lines indicate introns, and yellow boxes indicate UTRs; (B) Cis-acting element distribution patterns on 2 kb upstream promoter regions of AtaHMGRs; (C) The relative cis-element abundance heatmap of AtaHMGR gene family, each cell in the grid corresponds to the presence and quantitative abundance of specific cis-elements associated with plant growth, phytohormone, and stress responsiveness, scaled from 0 (no abundance) to 1 (maximum abundance) using TBtools software. Row scaling was applied with a zero-to-one scale method to normalize the data across all genes.

In summary, the conserved motifs in the AtaHMGR gene family serve as key structural indicators, reflecting the evolutionary lineage and metabolic specialization within A. taliensis. The variation in motif presence across the gene family highlights a diverse range of enzymatic functionalities, possibly correlating with adaptation to specific physiological factors or environmental niches.




3.5 Gene structure and promoter cis-regulatory element analysis of AtaHMGRs

Analysis of HMGR gene structure for exon/intron organization revealed that the number of introns per gene varied from 1 to 6, with 44.44% having three exons (Figure 3A). Generally, family members of the same group share similar exon/intron patterns, suggesting that phylogenetic relationships within gene family are highly conserved. The results showed that the AtaHMGR1, AtaHMGR3, AtaHMGR6, AtaHMGR9 and AtaHMGR16 are non-intron genes, contrasting with AtaHMGR5 and AtaHMGR12 having a higher number of exons and introns (6 exons and 5 introns respectively), suggesting these genes may represent pseudogenes or nova functionalized gene forms within this family due to DNA variation leading truncated coding without NAD(P)H binding domain(s) (Figures 2, 3). The genes with intermediate exon-intron structures, like AtaHMGR8, AtaHMGR10, AtaHMGR11, and AtaHMGR18, with 4-5 exons and 3-4 introns, might represent diversification but functional HMGRs due to evolutionary adaptations.

Cis-regulatory elements (CREs) play a pivotal role in the precise spatial and temporal regulation of gene expression. Stress-related CREs equipped plants with the abilities to swiftly adapt their physiological and metabolic status in the face of environmental stimulations, including drought, cold, salinity and extreme temperature fluctuations. Eighteen types of cis-elements were predicted from a set of 497 CREs, with phytohormone response, plant growth and development, and stress response being dominant in the promoters of AtaHMGR (Supplementary Table S6; Figure 3). The representative CREs are illustrated in Figure 3B and the results showed that AtaHMGR4 possessed the highest number of CREs, totaling 41 cis-elements, while AtaHMGR15 had the lowest ones (only 16 elements). These predicted CREs were categorized into three main groups (Figures 3B, C): (i) The first group pertains to phytohormone (166 CREs), including abscisic acid (ABA) (49, 9.86%), gibberellins (GAs) (13, 2.62%), auxin (16, 3.22%),salicylic acid (SA) (10, 2.01%), and MeJA-responsiveness (78, 15.69%). Predominantly, AtaHMGRs show significant responses to ABA and MeJA consistent with its stress tolerance roles for changes of terpenoids biosynthesis (ii) The second group is associated with plant growth, development, and metabolism (241 CREs), including light-responsive elements (215, 43.26%), circadian control (6, 1.21%), meristem expression (6, 1.21%), endosperm expression (6, 1.21%), zein (seed storage protein) metabolism (5, 1.01%), flavonoid biosynthesis (2, 0.4%), and cell cycle regulation (1, 0.2%). (iii)The third group focuses on stress responsiveness (90 CREs), with categories such as anaerobic induction (26, 5.23%), low-temperature responsiveness (19, 3.82%), MYB related drought inducibility (18, 3.62%), anoxic specific inducibility (16, 3.22%), defense and stress responsiveness (8, 1.61%), and wound responsiveness (3, 0.6%). The CREs for anaerobic induction are notably prevalent, followed by low-temperature responsiveness, MYB related drought inducibility, and anoxic-specific inducibility.




3.6 Protein structure analysis of AtaHMGRs

The analysis of the secondary structures revealed that the 18 AtaHMGR proteins had α-helices, extended chains, random coils, and β-turns (Supplementary Table S7). The secondary structures of AtaHMGRs were categorized into three groups based on their predominant structural components: (i) Group I, including ten proteins (AtaHMGR1, AtaHMGR4, AtaHMGR7, AtaHMGR8, AtaHMGR9, AtaHMGR10, AtaHMGR11, AtaHMGR16, AtaHMGR17 and AtaHMGR18), were dominated by α-helices compositions, followed by random coils, extended strands, and β-turns, (ii) Group II contained six proteins (AtaHMGR2, AtaHMGR3, AtaHMGR5, AtaHMGR6, AtaHMGR12 and AtaHMGR13), with random coils being the most significant feature, followed by the α-helices, extended strands, and β-turns, (iii) Group III comprised of two proteins (AtaHMGR14 and AtaHMGR15) which were characterized by extended strands as the predominant element, followed by random coils, β-turns and α-helices. The 3D structures of the related AtaHMGR proteins were generated using online modeling described in the method and materials (Figure 4; Supplementary Figure S3). Each model was assessed for its quality and reliability based on parameters such as GMQE scores and sequence identity percentages, ensuring the accuracy of predictions. The structural analysis revealed AtaHMGR8, AtaHMGR10, AtaHMGR11, and AtaHMGR18, which were grouped together based on phylogenetic analyses (Figure 2), showed similar folding patterns and 3D structures likely reflecting their conserved catalytic functions during the evolution. Similarly, AtaHMGR14 & AtaHMGR15 as well as AtaHMGR1, AtaHMGR3 & AtaHMGR16, exhibited similar 3D structural folding.

[image: Proteins of four AtaHMGR variants are shown in separate panels, each with docking images for NADPH and NADH. Panels compare structures and binding sites with docking scores, highlighting colored molecular interactions and protein structures in varying hues for easy identification.]
Figure 4 | Molecular docking analysis of AtaHMGR proteins with substrates NADPH and NADH. (A) The 3D structures of four AtaHMGR proteins (AtaHMGR10, AtaHMGR11, AtaHMGR8, and AtaHMGR18) are shown. (B) Molecular docking results of AtaHMGR/10/11/8/18 with NADPH. (C) Molecular docking results of AtaHMGR10/10/11/8/18 with NADH. The key interaction sites in (B, C) are indicated by red dashed boxes.

Further the analyses of docking of NADH, NAD, NADPH, and NADP to AtaHMGR8/10/11/18, containing NAD(P)H binding motifs (Figure 4) respectively by AlphaFold3, and the results showed that AtaHMGR8 and HMGR18 preferred NADH, but AtaHMGR11 preferred NADPH, while both AtaHMGR10 did not distinguished NADH and NADPH as reducing agents for catalyzing MVA conversion indicating by its docking scores (the values of reduced free energy after their binding) (Figure 4; Supplementary Table S8). This comprehensive prediction of 3D structure and NADP(H) docking prediction enhances our understanding of the functional dynamics within the HMGR family of A. taliensis and lays the groundwork for future empirical studies aimed at elucidating the biochemical properties and interaction networks and possible evolutional events of these proteins.




3.7 Expression characterization of AtaHMGR genes in different tissues and MeJA treated seedings

RNAseq data were utilized to investigate the expression patterns of AtaHMGR genes in various organs (i.e., roots, stems, and leaves) of two-year-old A. taliensis plants grown in the field, as well as in four-month-old seedlings subjected to MeJA treatment in pots. These expression changes were analyzed to infer the potential biological functions of AtaHMGR genes. The detailed expression levels of each gene in different tissues and under MeJA treatments are summarized in Supplementary Table S9. The AtaHMGR gene family showed varied expressional patterns in response to MeJA, as well as the changed expressions in Rs, Ss and Fs, potentially reflecting the plant’s adaptive mechanisms to environmental stimulations resulting in changes of terpenoids biosynthesis and accumulation. Cluster analysis categorized the tissue-specific expression characteristics of AtaHMGR genes into two principal patterns (Figure 5). Cluster I included four genes: AtaHMGR8, AtaHMGR10, AtaHMGR11, and AtaHMGR18. These genes generally exhibited high and widespread expression during different stages of MeJA treatments, with the highest expression levels observed in flowers (Fs). However, their expression in roots (Rs) and stems (Ss) was significantly lower, suggesting a predominant role of these genes in floral tissues. Among them, AtaHMGR10 and AtaHMGR11 showed elevated expression in seedlings at 48 and 60 hours post-MeJA treatments, while AtaHMGR8 and AtaHMGR18 displayed slightly higher expression levels compared to AtaHMGR10 and AtaHMGR11 under similar conditions. These findings imply that AtaHMGR8 and AtaHMGR18 may play more significant roles in MeJA-mediated responses. Cluster II comprised of 14 genes that manifested minimal or no expression under both normal and MeJA inducing conditions, indicating these genes might be pseudogenes or expressed under specific, untested conditions.

[image: Clustered heatmap showing gene expression levels for AtaHMGR genes under tissue and MeJA treatments. The x-axis displays treatment conditions, and the y-axis lists gene identifiers. Expression levels range from green (low) to red (high). Two main clusters of genes are indicated, labeled I and II.]
Figure 5 | Expression profiles of AtaHMGR genes in different tissues and under MeJA treatments. F, flowering twigs; R, roots; S, stems. Time points T0, T12, T24, T36, T48, T60, and T72 indicate the treatment durations of A. taliensis plants with MeJA for 0, 12, 24, 36, 48, 60, and 72 hours, respectively.




3.8 Identification of transgenic plants

Bioinformatic analyses revealed an abundance of stress-associated cis-regulatory elements (CREs) in the AtaHMGR family members (Figure 3), indicative of their potential role in mediating plant stress responses. Distinct expression profiles of AtaHMGR genes were observed across various tissues and MeJA treatments; AtaHMGR8, AtaHMGR10, AtaHMGR11, and AtaHMGR18 showed the highest expression levels, in contrast to the minimal or undetectable expression of the other members (Figure 5). Additionally, considering the gene structure, conserved motifs, linear analysis, and protein structure of the HMGR genes, AtaHMGR10 was first chosen as a representative for comprehensive functional analyses. Transgenic A. thaliana plants expressing AtaHMGR10 were generated. We selected two T2-generation of AtaHMGR10-overexpression (OE) lines (OE-1 and OE-3) with homozygous AtaHMGR10 for subsequent analyses. To further investigate AtaHMGR10 expression in these lines, we used qRT-PCR to examine the expression levels in the transgenic A. thaliana plants, and the results showed that AtaHMGR10 in AtaHMGR10 transgenic (OEs) lines had higher expression levels (Supplementary Figure S4).




3.9 Subcellular localization of AtaHMGR10

To ascertain the subcellular positioning of AtaHMGR10, the CDS were engineered to be fused upstream with the green fluorescent protein (GFP) in the plant expression vector. This recombinant fusion gene was transiently expressed in the protoplasts of tobacco leaves (Figure 6). The results showed that AtaHMGR10 is predominant located in the endomembrane system, indicating a vital role in intracellular signaling and terpenoids precursors biosynthesis [e.g. cholesterol, stress related volatile terpenes as well as phytohormones (e.g. BRs, GAs and, ABA)].
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Figure 6 | Subcellular localization of AtaHMGR10 in tobacco protoplasts. (A) Vectors for transient expression were created by cloning the full-length coding sequence (CDS) of AtaHMGR10 into the pBWA(V)HS vector. (B) Tobacco leaf protoplasts transfected with either green fluorescent protein (GFP)-AtaHMGR10 fusion or GFP alone using the polyethylene glycol method. Green fluorescence indicates GFP signals; red indicates chlorophyll autofluorescence; and gray represents the bright field image. Merged images illustrate the overlay of all three channels. Scale bar = 10 μm.




3.10 Effect of salt and osmotic stress on seed germination in transgenic A. thaliana lines

To investigate whether AtaHMGR10 overexpression enhanced stress tolerance in A. thaliana plants, seeds of both WT and transgenic lines with homozygotes AtaHMGR10 (OE-1, OE-3 of T2 generation) were cultured on 1/2 MS media, with separate sets receiving either 50 mM NaCl or 10% PEG 6000 as simulations of stress treatments (Figure 7). Germination rates and phenotypic observations were recorded after 9 days. The germination rates of transgenic lines (OE-1 and OE-3) were significantly higher than WT under 1/2 MS medium with salt and osmotic stress treatments respectively (Figure 7D). Under osmotic stress, the primary root length of transgenic plants was longer than that of WT (Figures 7A, B, E). This indicates that heterologous expression of AtaHMGR10 improves the stress tolerance in Arabidopsis plants with root growth promotion. There was no significant difference in the primary root length between WT and transgenic plants when grown on 1/2 MS medium under salt stress (50 mM NaCl) conditions (Figures 7A, C, E). This suggests that the transgenic plants may not exhibit marked difference from WT on normal growth conditions and low salt stress with 50 mM NaCl simulation.

[image: Three panels showing petri dishes with plant seedlings under different conditions: Panel A, 1/2 MS medium; Panel B, 200 mM Mannitol; Panel C, 50 mM NaCl. Right side contains two bar graphs. Graph D shows germination rates, with OE-1 and OE-3 outperforming WT in all conditions. Graph E shows primary root length, noting significant differences in 200 mM Mannitol, with OE-variants showing increased root length compared to WT.]
Figure 7 | Germination rate and root length comparison of Arabidopsis seedlings under 1/2 MS medium, 200 mM mannitol, and 50 mM NaCl. (A–C) Phenotypes of Arabidopsis seedlings; (D) Germination rate in percentages (%); (E) Primary root length comparison of Arabidopsis seedlings under the above-mentioned conditions. *p < 0.05, **p < 0.01.




3.11 Overexpression of AtaHMGR10 confers abiotic stress tolerance with changes in growth and physiological status of transgenic Arabidopsis

To further explore the impacts of AtaHMGR10 overexpression on stress tolerance, 6-weeks WT, OE-1 and OE-3 lines were subjected to drought treatment for 0, 5, and 10 days, followed by re-watering for 6 days. Subsequently, the phenotypes of the plants were observed and the collected leaf samples were used to measure the relevant stress related physiological indicators. No observable differences were found in the growth status between WT and transgenic plants under normal growth conditions. However, after 10 days of drought treatment, WT plants exhibited more severe wilting and chlorosis as compared with the OE plants (Figure 8A). After 6 days with re-watering, majority of the WT plants died, whereas the transgenic plants gradually recovered.

[image: A series of images and graphs showing the effects on plants over time for wild type (WT) and two overexpression strains (OE-1, OE-3). Panel (A) displays plant condition at 0, 5, 10 days, and after recovery for 6 days. Panels (B) to (G) present bar charts depicting changes in total chlorophyll, malondialdehyde (MDA), proline content, catalase (CAT) activity, peroxidase (POD) activity, and relative expression. Each graph shows data for WT, OE-1, and OE-3 at different time points, with significance indicated by asterisks.]
Figure 8 | Comparative analysis of drought-induced sensitivity between WT (wild type) and transgenic Arabidopsis. (A) Phenotype comparison of WT and transgenic Arabidopsis. The labels 0 d, 5 d, and 10 d represent the drought exposure periods, while ‘R6d’ represents rewatering for 6 days following 10 days of drought stress. (B–F) Physiological changes in WT and T2 transgenic A. thaliana (OE-1 and OE-3). (B) Changes in chlorophyll contents; (C) Changes in MDA contents; (D) Changes in proline contents; (E) Changes in CAT activities; (F) Changes in POD activities; (G) Relative expression of AtaHMGR10. *p < 0.05, **p < 0.01.

The stress related physiological indicators and transcriptional responses to abiotic stresses in WT and transgenic A. thaliana lines of both OE-1 and OE-3 were illustrated. Under drought stress, a progressive reduction in total chlorophyll contents were observed in both transgenic and WT lines (Figure 8B), with transgenic lines displaying higher contents of chlorophylls, particularly at 10 days, hinting AtaHMGR10’s involvement in ameliorating chlorophyll degradation compared with the WT. The MDA levels, indicator of lipid peroxidation due to membrane damages, escalated in the WT under drought stress while remaining subdued in lines of both OE-1 and OE-3 (Figure 8C), reflecting the heightened oxidative stress resilience in OE-1 and OE-3 by AtaHMGR10 overexpression. Proline, a stress biomarker, surges in all plants under stress treatments, with OE lines showing a significant elevation (Figure 8D), suggesting superior osmotic stress adaptation of OE lines. Antioxidant enzymes activities of both catalases (CATs) and peroxidases (PODs) for removing ROSs damages of membranes were determined and resulted in initial peak activities before declining (Figures 8E, F) with the transgenic lines experiencing a more gradual increase than the WTs, help to understand the AtaHMGR10’s putative protective role against oxidative stressful injuries.

Further analyses results showed that during salt stress, chlorophyll concentrations (Figure 9I-A) underwent a modest reduction, however, but increased at 24 and 36 hours, especially in WT compared with transgenic lines. The MDA concentrations increased across all samples (Figure 9I-B), and the increase were tempered in transgenic lines. Elevated proline levels of transgenic lines (Figure 9I-C) suggest a more favorable osmotic equilibrium by AtaHMGR10 expression. CATs and PODs activities showed an initial upsurge followed by a decrease (Figures 9I-D, E), with a less decline in transgenic lines, implying an AtaHMGR10-induced antioxidant reactions resistance may be due to terpenoids biosynthesis by AtaHMGR10 overexpression. Upon exposure to PEG 6000-induced osmotic stress, all plant lines exhibit a slight initial decrease in chlorophyll contents (Figure 9II-A), which intensifies over time. The chlorophyll content in transgenic lines declined more slowly compared to the WT. The MDA levels increased (Figure 9II-B), yet, the ascent is more tempered in OE-1 and OE-3, hinting at enhanced membrane stability through AtaHMGR10 overexpression. Transgenic lines accrued significantly more proline contents (Figure 9II-C), indicating that AtaHMGR10 may facilitate augmented osmotic adaptation in transgenic lines manifesting in increased CATs and PODs enzymatic activities (Figure 9II-D, E), possibly reflecting an enhanced antioxidant defense.

[image: Graphs depict the effects of 50 mM NaCl and 10% PEG 6000 on plants over time, showing various biochemical parameters: total chlorophyll (A), MDA (B), proline content (C), CAT (D), POD activity (E), and relative expression (F). Data is compared across wild type (WT), OE-1, and OE-3 groups, indicating significant differences marked by asterisks at different time points: 0, 3, 6, 12, 24, and 36 hours.]
Figure 9 | Physiological changes in WT and T2 transgenic A. thaliana (OE-1 and OE-3) under (I) 50 mM NaCl, and (II) 10% PEG 6000 treatments. (IA, IIA) chlorophyll contents; (IB, IIB) MDA contents; (IC, IIC) proline contents; (ID, IID) CAT activities; (IE, IIE) POD activities. (IF, IIF) Relative expression of AtaHMGR10. *p < 0.05, **p < 0.01.

In summary, under drought, salinity, and osmotic stress, A. thaliana OE lines, OE-1 and OE-3, demonstrated increased tolerance compared to the WT. This tolerance was evident from the OE lines having more stable chlorophyll levels during stress stimulations, indicating the transgenes protective effect on photosynthetic apparatus. MDA assays indicated lower lipid peroxidation in the transgenic lines under all stress conditions, highlighting AtaHMGR10’s role in enhancing membrane stability and antioxidant protection. Elevated activities of antioxidant enzymatic activities of both PODs and CATs in the transgenic lines further supported a bolstered detoxification mechanism against ROSs-induced damages. Significantly higher proline accumulation in OE-1 and OE-3 suggests AtaHMGR10’s involvement in osmotic balance for cellular membrane protection.





4 Discussion

The HMGR enzyme, play key roles in MVA pathway for IPP and DMAPP accumulation, generally have key structural features, including two transmembrane helices, two HMG-CoA binding sites (EMPVGY/FVQIP and TTEGCLVA), and two NAD(P)H binding sites (DAMGMNM and GTVGGGT), as discovered by earlier research (Campos and Boronat, 1995; Darabi et al., 2012; Istvan and Deisenhofer, 2000; Leivar et al., 2005). In this study, all AtaHMGR proteins were predicted with a single transmembrane helix at the N-terminus, corresponding to motif 5 (ILAIVSLVASLIYLLSFFGIAFVQS), lacking a second transmembrane helix of the functionalized HMGRs. Most AtaHMGR proteins contained HMG-CoA binding sites (motifs 3 and 4: EMPVGFVQLP and TTEGCLVA), but lacked NAD(P)H binding sites (motifs 1 and 2: DAMGMNM and GTVGGGT). Notably, motif 3 showed an amino acid variation in its residues, with Y (tyrosine) replaced by F (phenylalanine), diverged from previous research on HMG-CoA binding sites. This divergence reflected broader diversities of plant HMGRs, where amino acid residues at HMG-CoA binding sites may vary substrate selectivity and affinities. AtaHMGR8, AtaHMGR10, AtaHMGR11 and AtaHMGR18 contained motifs 1, 2, 3, 4, and 5, highlighting potential evolutionary conservation within these genes, correlating to their functional capacities. Furthermore, some plant HMGR genes in earlier studies also showed sequence variations or even lost the domain entirely. The variations and losses in motifs across AtaHMGR genes coding proteins suggest a complex evolutionary pathway leading to pseudogenes or nova functionalized genes. These structural variations are correlate with functional shifts, influencing enzymatic activities of HMGRs, including substrate selectivity, metabolic pathways changes, expression regulation as well as subcellular localization of HMGRs. The divergence observed in motif 3’s amino acid variation aligns with previous research, indicating a broader evolutionary pattern where variations and losses in structural motifs contribute to functional diversity across plant HMGR families.

The published studies indicated that the expression levels of HMGRs varied in diverse tissues of different plants. In A. thaliana, AtHMGR1 exhibited ubiquitous expression across all organs, whereas AtHMGR2 showed specific expression in rapidly growing tissues, implying its role in regulation of growth and development, especially in stress adaptation and developing cues (Enjuto et al., 1994). Similarly, the HMGR genes in Withania somnifera, Salvia miltiorrhiza, Lithospermum erythrorhizon, apple (Malus pumila), Panax notoginseng, and Populus sp., demonstrated distinct expression patterns, primarily concentrated in specific tissues such as flowers, stems, and leaves (Ma et al., 2012; Akhtar et al., 2013; Liu et al., 2016; Wang et al., 2023). Additionally, HMGR genes in some crops were found to be expressed in specific tissues, for example, endosperm of seed, suggesting their importance in seed development and storage accumulation (Li et al., 2014). In our study, the highest expression accumulation was observed in flowering twigs (Fs) in A. taliensis, with the expression levels of Fs>Rs>Ss consistent with most of the HMGR genes in crops exhibiting higher expression levels in flowers and roots.

To explore the linear relationships within the HMGR gene family, analysis of gene duplication and selection pressure in A. taliensis were conducted. Forty segmental duplicates of gene pairs were identified in this study. Then, the Ka/Ks ratio was calculated to study the selection pressure which affects the segmental duplication of AtaHMGR gene pairs. The Ka/Ks ratio of all orthologous gene pairs were less than 1.0 (Supplementary Table S4), implying that prior to experienced purification selection pressure, gene duplication events occurred.

To further examine the evolutionary relationships of the HMGRs, comparative syntenic patterns were generated from 6 different plant species (4 monocotyledonous, 1 dicotyledonous and a base species of angiosperm). The results indicated that there were more syntenic HMGR gene pairs between A. taliensis and saponins producing monocot species (Supplementary Figure S2; Supplementary Table S4). Among the 18 HMGR genes in A. taliensis, only 3 genes (AtaHMGR8, AtaHMGR10, and AtaHMGR11) exhibited syntenic relationships with genes in all other tested species. The conserved syntenic relationships between these 3 genes and their counterparts in other species imply a shared co-evolutionary history and functional conservation. Conversely, the lack of syntenic relationships for the majority of HMGR genes in A. taliensis suggests evolutionary divergence, potentially resulting from species-specific adaptations or genetic innovations which may be due to the species of Asparagus genus radiating from the cradle center of Africa crossing the Sahara region thus adapting to aridification tolerance (Bentz et al., 2024b). Overall, this analysis provides insights into the evolutionary dynamics and functional diversification of the HMGR gene family across species of angiosperm especially the genus Asparagus.

The promoters of the AtaHMGRs contained abundant cis-acting elements responsive to light, hormones, and abiotic stresses (Figure 3). It is demonstrated that HMGR members expression are related to the plant abiotic stress responses (Wei et al., 2020; Ma et al., 2023; Zhang et al., 2020). Therefore, we speculate that the AtaHMGR genes may be associated with tolerance to abiotic stresses.

Comprehensive expression analysis of the A. taliensis HMGR gene family led to the identification of four AtaHMGR genes (AtaHMGR8, AtaHMGR10, AtaHMGR11, AtaHMGR18) that were associated with plant stress resistance due to the induced expression of MeJA, particularly, AtaHMGR10 was chosen as the first candidate for functional analyses. The subcellular localization of the AtaHMGR10, predominantly within the endomembrane system, suggested a vital role in intracellular signaling and transport processes, essential under stress conditions for terpenoids biosynthesis. Further investigations were conducted to assess its effects on plant stress tolerance through overexpression experiment of AtaHMGR10 in A. thaliana with improvements in the stress tolerance of transgenic lines to drought, salt and osmotic stresses (Figures 8, 9) partially supports the above-mentioned proposal.

Under drought and salt stress, plants were induced to accumulate excessive ROSs, causing lipid peroxidation and subsequent MDA production. In response, plant typically establish a complex antioxidant system by enhancing the activities of enzymes such as PODs, and CATs to maintain redox homeostasis and improve the plant’s capability to scavenge ROSs (AbdElgawad et al., 2016; Sánchez-McSweeney et al., 2021; Zhang et al., 2020; Ma et al., 2023; Hu et al., 2022). Under conditions of drought, salt, and osmotic stress, the levels of total chlorophylls, MDA, proline, along with the enzymatic activities of PODs & CATs, were altered in transgenic A. thaliana lines overexpressing AtaHMGR10. These lines exhibited higher chlorophylls and proline levels, lower MDA concentrations, and increased activities of PODs and CATs compared to the WT (Figure 9).

This study provides significant insights into the function of HMGR gene family in A. taliensis, leading to potential applications in future breeding of crops tolerance improvements as well as medicine terpenoids synthesis in microbial host by genetic modification.




5 Conclusions

A total of 18 AtaHMGR genes were identified from A. taliensis, and their chromosome localization, phylogenetic tree, linear analysis, gene structure, motif distribution, cis-acting elements, and protein structure were characterized. The function and evolution of plant HMGR genes are conserved, which allows HMGR to serve as a marker for assessing phylogenetic relationships among species. Further functional characterization of AtaHMGR10, its coding enzymes with same binding abilities to both NADH and NADPH, in Arabidopsis has demonstrated a significant enhancement in abiotic stress tolerance, particularly to drought, osmotic, and salt stresses. This study sheds light on the role of AtaHMGRs in enhancing our understanding of their potential functions and providing ways for improving crop abiotic stress resilience by gene modification in the future.
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Introduction

Maize ranks among the most essential crops globally, yet its growth and yield are significantly hindered by salt stress, posing challenges to agricultural productivity. To utilize saline-alkali soils more effectively and enrich maize germplasm resources, identifying salt-tolerant genes in maize is essential.





Methods

In this study, we used a salt-tolerant maize inbred line, SPL02, and a salt-sensitive maize inbred line, Mo17. We treated both lines with 180 mmol/L sodium chloride (NaCl) for 0 days, 3 days, 6 days, and 9 days at the three-leaf growth stage (V3). Through comprehensive morphological, physiological, and transcriptomic analyses, we assessed salt stress effects and identified hub genes and pathways associated with salt tolerance.





Results

Our analysis identified 25,383 expressed genes, with substantial differences in gene expression patterns across the salt treatment stages. We found 8,971 differentially expressed genes (DEGs)—7,111 unique to SPL02 and 4,791 unique to Mo17—indicating dynamic gene expression changes under salt stress. In SPL02, the DEGs are primarily associated with the MAPK signaling pathway, phenylpropanoid biosynthesis, and hormone signaling under salt treatment conditions. In Mo17, salt stress responses are primarily mediated through the abscisic acid-activated signaling pathway and hormone response. Additionally, our weighted gene co-expression network analysis (WGCNA) pinpointed five hub genes that likely play central roles in mediating salt tolerance. These genes are associated with functions including phosphate import ATP-binding protein, glycosyltransferase, and WRKY transcription factors.





Discussion

This study offers valuable insights into the complex regulatory networks governing the maize response to salt stress and identifies five hub genes and pathways for further investigation. These findings contribute valuable knowledge for enhancing agricultural resilience and sustainability in saline-affected environments.
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Introduction

Salt stress is a major abiotic constraint across the globe that adversely affects the growth, development, and yield of crops (Liu and Wang, 2021). Soil salinity has affected more than 7% of the total land area (1,125 million hectares) worldwide (Qu et al., 2024). A recent report by the Food and Agriculture Organization of the United Nations (FAO) in 2021 claims that the global area of agricultural land exceeds 833 million hectares, which is expected to further rise (Zhou and Li, 2024). It is estimated that more than half of arable land worldwide will be salinized by 2050 (Pincay and Cantos, 2024). China has been the country with the largest area of salinity-affected soils, with 211 million hectares (Zhou and Li, 2024). Salt stress has severely impeded agricultural growth as salinized land continues to expand. Salt stress is a significant barrier to achieving global food security (Farooq et al., 2015).

Plants grown under salt stress face a range of challenges that impact their growth and survival. This stress leads to osmotic stress, ionic toxicity, and complex secondary effects (Zhu, 2016). However, osmotic stress and sodium ion (Na+) toxicity are considered the principal components of the plant (Munns, 2002). Sodium chloride (NaCl) is widely studied among researchers on osmotic, ionic, and oxidative stress under saline conditions due to its high solubility and ubiquitous distribution (Zhu et al., 2023). Plants in high-salinity environments will cause osmotic stress by reducing water absorption, and plant roots will also sustain ion toxicity by absorbing a large amount of Na+ and Cl− ions (Rahman et al., 2021). These can severely impact crop yields by interfering with normal plant growth and development. To manage salt stress, plants utilize a range of adaptive mechanisms, such as limiting the amount of salt absorbed by the roots and regulating its distribution within tissues and cells to prevent toxic accumulation in the cytosol of functional leaves (Munns, 2005; Loescher et al., 2011). Understanding these molecular mechanisms is crucial for improving salt tolerance in plants, and substantial research efforts are focused on elucidating how these processes can be enhanced to boost crop resilience to saline conditions.

Maize (Zea mays L.) is an important C4 crop in the Poaceae family and exhibits moderate sensitivity to salt stress (Huqe et al., 2021). The seedling stage of maize is particularly vulnerable to salt stress compared to other developmental stages (Luo et al., 2021). Accumulation of salt can hinder maize growth, and high salt concentrations can be toxic, leading to decreased production (Ali Turan et al., 2009). Salt stress adversely affects maize seedlings by slowing their growth, reducing survival rates, and damaging the photosynthetic system, which impact later development and overall yield (Chen et al., 2019). Additionally, salt stress disrupts metabolic pathways, including signal transduction, energy metabolism, and hormone synthesis (Xu et al., 2021). Different genotypes of maize exhibit variable responses to salt stress, as evidenced by changes in morphology, photosynthesis, carbon metabolism, and endogenous hormone levels, which indicate varying degrees of damage. Overall, salt stress leads to ionic imbalances, increased osmotic pressure, and oxidative stress in crops. The mechanism of maize response to salt stress has been widely studied using transcriptomic profiling. The transcriptome in a narrow sense usually refers to mRNA as the object of study, which exhibits distinct spatial and temporal constraints. These constraints result in variations in gene expression across various cell types, environmental conditions, and developmental phases within the same species (Li et al., 2022b). Several studies have investigated the regulation process of different maize inbred lines to salt stress. For instance, a salt-sensitive maize inbred line, RILbro-W22, was compared with a salt-tolerant inbred line, RILpur-W22 (Wang et al., 2023). Comparisons between salt-sensitive and salt-tolerant maize inbred lines have highlighted significant differences in gene expression profiles. A total of 3,160 differentially expressed genes (DEGs) were identified, primarily enriched in processes such as redox, monomer metabolism, catalytic activity, plasma membrane functions, and metabolic regulation. Such findings underscore the effectiveness of contrasting inbred lines with varying salt tolerances to uncover the mechanisms driving salt stress resilience. In a study that examined the impact of salt stress on maize (Zhu et al., 2023), transcriptomic analysis revealed 11,074 DEGs, highlighting the plant’s robust molecular adjustments to salinity. These findings suggest that maize establishes a form of stress memory, enabling it to better cope with recurring salt stress. Key protective components, such as proline, and critical physiological processes, particularly photosynthesis, play essential roles in the development and maintenance of this adaptive memory. These mechanisms underscore the plant’s ability to enhance its resilience to challenging saline environments. Since there could be expression of different genes at different phases of salt stress, this would allow for early- and late-response gene identification. Early-response genes may be associated with signaling and early response; later genes may be linked with metabolic adaptation genes and growth recovery genes (Ashapkin et al., 2020). In addition, weighted gene co-expression network analysis (WGCNA) is a fast and efficient method for identifying functionally relevant genes within co-expression modules (Niemira et al., 2020). It has been widely applied across various crops to uncover candidate genes linked to abiotic responses (Li et al., 2022c; Wu et al., 2022; Chen et al., 2024). Salt stress is a significant challenge to maize production (Auti et al., 2023). Previous research has identified various mechanisms through which maize responds to salinity, including ion homeostasis, osmotic adjustment, and the activation of specific stress-responsive genes (Cao et al., 2023). Studies have shown that maize varieties vary widely in their salt tolerance, with some varieties exhibiting better growth and yield stability under saline conditions. A growing body of work has focused on identifying key genes and pathways involved in salt stress tolerance, such as the Salt Overly Sensitive (SOS) pathway (Li et al., 2023b), which regulates ion transport, and transcription factors like WRKYs and NACs (Singh et al., 2024; Wagan et al., 2024), which mediate stress responses. Despite these advancements, the genetic and molecular basis of salt tolerance in maize remains complex and not fully understood.

In this study, we aimed to gain further insights into the response mechanisms of maize to salt stress and to identify hub genes associated with salt tolerance. We selected two inbred maize lines, SPL02 and Mo17, and treated them with salt at the three-leaf (V3) growth stage. Through transcriptomic analysis, we investigated DEGs and their expression patterns under salt stress to reveal the pathways involved in the stress response. In addition, we integrated transcriptomic data with phenotypic indicators using WGCNA to identify coordinated gene expression patterns and identified some hub genes that may have a strong influence on maize salt stress. These findings provide a deeper understanding of the genetic and molecular pathways driving maize’s resilience to salt stress, establishing a solid theoretical foundation for molecular marker-assisted breeding and contributing to agricultural advancement by offering valuable insights into the mechanisms underlying salt tolerance, which can be applied to improve breeding strategies, enhancing resilience to saline conditions, and supporting global food security.





Materials and methods




Plant material and treatments

A salt-tolerant inbred line, SPL02, and a salt-sensitive inbred line, Mo17, were provided by the Shanghai Academy of Agricultural Science (Shanghai, China). Two maize inbred lines were sown in the artificial climate chamber (day/night temperature of 28°C/18°C, humidity of 55%, and 12 hours of darkness/12 hours of light) in a seedling tray equipped with vermiculite and perlite. Hoagland nutrient solution was used to maintain a water level of 2 cm (3 L). During the V3 stage, the seedlings were divided into two groups: one group was the control (CK) group, and the other group was the salt treatment (T) group. The T group was irrigated with 180 mmol/L (10.52 g/L) NaCl solution containing nutrient solution, and the CK group was irrigated with Hoagland nutrient solution, maintaining a water level of 2 cm (3 L) in the tray. Two maize inbred lines were subjected to NaCl treatment for 0 days, 3 days, 6 days, and 9 days, referred to as 0 days after treatment (DAT), 3 DAT, 6 DAT, and 9 DAT, respectively.





Morphological and physiological characterization

The physiological and phenotypic indicators of the seedlings were determined at 0 DAT, 3 DAT, 6 DAT, and 9 DAT. The following were measured: plant height, root length, fresh weight of whole seedlings, and chlorophyll content [soil plant analysis development (SPAD)]. 1) Determination of plant height, root length, and root number: the plant height and length of the main root of seedlings were measured using a straight ruler (Chen et al., 2020). 2) Determination of fresh weight: maize seedlings were carefully removed from the pots, the vermiculite attached to the roots was rinsed off with water, and the excess water on the surface was absorbed with filter paper. The aboveground and underground parts were then weighed on a balance (Chen et al., 2020). 3) Determination of SPAD: leaves from the bottom of the plant were counted to identify the second fully expanded leaf. The SPAD value was measured using a SPAD meter (SPAD-502, Konica Minolta, Tokyo, Japan) on the selected leaves (Dong et al., 2019). The calculation formula is as follows:

[image: The formula shown is: SII equals the difference between A sub T and B sub T, divided by the difference between A sub CK and B sub CK.]	

In the formula, SII is the salt injury index of physiological and phenotypic traits, AT is the day after NaCl treatment phenotypic value, BT is the day before NaCl treatment (0 days) phenotypic value, ACK is the day after control phenotypic value, and BCK is the day before the control (0 days) phenotypic value.





Total RNA extraction, library preparation and assembly, and analysis

For transcriptomic analysis, complete seedling tissue samples were collected at 0 DAT, 3 DAT, 6 DAT, and 9 DAT. At each time point, seedlings from two maize inbred lines were carefully harvested, and the roots were immediately rinsed with distilled water to remove soil particles. To prevent RNA degradation, samples were wrapped in tin foil, rapidly frozen in liquid nitrogen, and then stored in an ultra-low temperature freezer at −80°C for long-term preservation. At the onset of salt stress, plants undergo a series of physiological and molecular responses. However, these changes are not immediately detectable, and previous studies have not observed significant differences between the control and salt-treated groups at this time point. Therefore, only samples from the CK group were collected at 0 DAT, with each sample comprising three biological replicates.

Total RNA was extracted from 21 tolerant and 21 sensitive maize seedling tissue samples using TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA), following the manufacturer’s instructions. RNA quality was assessed using the 5300 Bioanalyzer (Agilent, Santa Clara, CA, USA) and quantified using the ND-2000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Only high-quality RNA samples (OD260/280 = 1.8–2.2, OD260/230 ≥ 2.0, RQN ≥ 6.5, 28S:18S ≥ 1.0, and ≥1 μg) were used for sequencing library construction. RNA sequencing (RNA-seq) libraries were prepared using the Illumina® Stranded mRNA Prep, Ligation Kit (San Diego, CA, USA), where mRNA was isolated via poly(A) selection with oligo(dT) beads and fragmented. The fragmented RNA was reverse-transcribed into double-stranded cDNA, which was then end-repaired, phosphorylated, and ligated with adapters. Size selection was performed for cDNA fragments of 300–400 bp using magnetic beads, followed by PCR amplification for 10–15 cycles. Libraries were quantified using Qubit 4.0, and sequencing was performed on the NovaSeq 6000 platform (Illumina, USA) by Shanghai Majorbio Bio-pharm Technology Co., Ltd., Shanghai, China. The raw paired-end reads were trimmed and quality-controlled by fastp (Chen et al., 2018) with default parameters. Then, clean reads were separately aligned to Zm-Mo17-REFERENCE-CAU-2.0.fa (https://maizegdb.org) reference genome, the expression levels were quantified, and the reads were converted into fragments per kilobase of transcript sequence per million base pairs sequenced (FPKM) (Li and Dewey, 2011) with orientation mode using the HISAT2 (Li et al., 2009; Kim et al., 2015) software. The mapped reads of each sample were assembled by StringTie (Pertea et al., 2015) in a reference-based approach. The mapping results returned a read count for each transcript. RSEM (Li and Dewey, 2011) was used to qualify gene abundances. Genes with an FPKM value ≥1 were considered to be expressed to ensure consistent and meaningful analyses; FPKM values were normalized and analyzed. FPKM values, which were already adjusted for sequencing depth and gene length, were further normalized using min–max scaling to a 0–1 range. This additional normalization was performed using the formula:

[image: Formula showing the equation for normalized value: (FPKM value minus minimum FPKM) divided by (maximum FPKM minus minimum FPKM).]	

Normalized expression values were used to assess gene expression levels and identify patterns using hierarchical clustering and K-means clustering methods in the MeV (V4.9) software and gene expression heatmap using the pheatmap R package.





Differentially expressed genes and protein–protein interaction

The DESeq2 (1.26.0) (Wang et al., 2009) R package was then used to normalize the read counts, and a differential expression analysis was performed based on the negative binomial distribution for its estimation model (Anders and Huber, 2010). To control the false discovery rate (FDR), Benjamini and Hochberg’s method (Yoav Benjamini, 1995) was used to calculate adjusted p-values, and the significance threshold for the adjusted p-values was set to α = 0.05. Further screening of DEGs from expressed genes requires genes considered significantly differentially expressed to meet both |log2 (fold change)| ≥ 1.5 and p-value ≤ 0.01.

Protein–protein interactions (PPIs) were analyzed by the STRING database (https://string-db.org/) (Szklarczyk et al., 2015) using the proteins by sequences as input, and a confidence score >0.4 and p < 0.05 were set as the cutoff criteria.





Identification and functional annotation of differentially expressed genes

To gain deeper insights into the functional roles of DEGs in maize seedlings under salt stress at various time intervals, Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed. The KEGG database by the online tool KEGG Orthology-Based Annotation System (KOBAS 3.0, http://KOBAS.cbi.pku.edu.cn) (Bu et al., 2021) was utilized for KEGG pathway enrichment analysis. The criterion for substantially enriched KEGG pathways was a p-value < 0.05. GO classification was conducted to identify significantly enriched terms (p-value < 0.05) for biological process (BP), molecular process (MP), and cellular component (CC). These were further identified using the PlantRegMap online tool (http://plantregmap.cbi.pku.edu.cn/go_result.php, accessed on 27 May 2022). Furthermore, REVIGO (http://revigo.irb.hr/) (Supek et al., 2011) was used to visualize the top significantly enriched GO terms (p-value < 0.001).





Weighted gene co-expression network analysis

Co-expression networks were constructed via the WGCNA package in R (Langfelder and Horvath, 2008) from the RNA-seq data of SPL02 and Mo17 co-expression DEGs in the salt treatment group. FPKM values were normalized, and an adjacency matrix was constructed. The soft-thresholding power (β) was selected using the pickSoftThreshold function to achieve a scale-free topology (Zhang et al., 2005). A power of 12 was chosen. An adjacency matrix was constructed and transformed into a topological overlap matrix (TOM) to measure network interconnectedness (Yip and Horvath, 2007). Genes were clustered based on TOM dissimilarity, and modules were detected using dynamic tree cutting. Modules with similar expression profiles were merged based on the hierarchical clustering of module eigengenes. Module eigengenes (MEs) were calculated as the first principal component of each module. The relationship between MEs and external traits was evaluated using Pearson’s correlations, with significant modules further analyzed for biological significance. Gene significance (GS) was defined as the absolute value of the correlation between the gene expression profile and the trait of interest. Module membership (MM) was calculated as the correlation between the gene expression profile and the module eigengene. Scatter plots of MM versus GS were generated to identify hub genes within significant modules. Module-specific gene networks generated by WGCNA were visualized using the cytoHubba plugin in Cytoscape 3.9.1 (Shannon et al., 2003).





Real-time quantitative PCR

Real-time quantitative PCR (qRT-PCR) was conducted to validate the expression patterns of the hub
genes. Total RNA was isolated utilizing TRIzol® reagent (Invitrogen), and
PrimeScript™ RT reagent kit with gDNA Eraser kit (Takara, Mountain View, CA, USA) was used to eliminate genomic DNA contamination and synthesize cDNA. Quantitative PCR was conducted using the TB Green® Premix Ex Taq™ II Kit (Takara) on an ABI 7500 Real-Time PCR Detection System (Applied Biosystems, Foster City, CA, USA). The thermal cycling conditions were as follows: pre-denaturation at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 34 s. The melting curve program included 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. The relative transcription levels of selected genes were calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001). qRT-PCR primers are listed in Supplementary Table S3.






Results




Morphological and physiological analyses of SPL02 and Mo17 seedlings’ response to salt stress

We studied the morphological and physiological responses of two maize inbred lines, SPL02 and Mo17; no visible phenotypic differences were observed between the two lines in the CK group. However, by 6 DAT and 9 DAT, Mo17 seedlings exhibited higher susceptibility and slower growth compared to SPL02, which displayed only minor phenotypic stress (Figure 1A).

[image: Growth comparison of maize seedlings SPL02 and Mo17 over time under control (CK) and treatment (T) conditions at 0, 3, 6, and 9 days after treatment (DAT). Top: SPL02; Bottom: Mo17. Histograms (B-E) show statistical significance in plant height, root length, fresh weight, and SPAD readings between SPL02 and Mo17 at 3, 6, and 9 DAT, with significant differences indicated by asterisks.]
Figure 1 | Phenotypic and physiological responses to salt stress in two maize inbred lines with NaCl treatment and control at different times. (A) Phenotypic comparison of seedling stage plants between maize inbred line SPL02 and maize inbred line Mo17. DAT represents the days after salt treatment; CK represents the control conditions; T represents the salt treatment conditions; bar = 7 cm. (B) SII of plant height at 3 DAT, 6 DAT, and 9 DAT. (C) SII of root length at 3 DAT, 6 DAT, and 9 DAT. (D) SII of fresh weight at 3 DAT, 6 DAT, and 9 DAT. (E) SII of chlorophyll content (SPAD) at 3 DAT, 6 DAT, and 9 DAT. Note: Values are mean ± SD for each measurement. *, **, and *** indicate significance level at p < 0.05, p < 0.01, and p < 0.001, respectively.

This observation revealed that SPL02 possesses a better salt tolerance than Mo17. To understand the phenotypic and physiological responses to NaCl treatment, we analyzed the salt injury index (SII) across various traits. The SII of plant height decreased significantly with increased salt treatment duration in both SPL02 and Mo17 (Figure 1B). Specifically, the SII of plant height in SPL02 decreased by 86.5%, 79.5%, and 74.3% at 3 DAT, 6 DAT, and 9 DAT, respectively, while in Mo17, it decreased by 80.6%, 59.7%, and 48.0% at the same time points. Plant height exhibited a notable decline at 6 DAT and 9 DAT in Mo17. Similarly, the SII of root length showed a marked decline with prolonged salt treatment (Figure 1C). Over time, the SII of root length continued to decrease, with Mo17 displaying a more pronounced reduction. The SII of fresh weight also dropped sharply with increased salt concentration (Figure 1D). The SII of fresh weight in SPL02 declined by 79.6%, 72.4%, and 68.4% at 3 DAT, 6 DAT, and 9 DAT, respectively, while in Mo17, it decreased by 72.4%, 49.4%, and 43.3% at the same time points. Fresh weight showed a significant decline at 6 DAT and 9 DAT in Mo17. Lastly, the SII of SPAD decreased with salt treatment (Figure 1E). With extended salt treatment, the SII of SPAD declined, with Mo17 showing a more significant decrease. These results indicate that SPL02 maintains better overall performance under salt stress compared to Mo17, demonstrating its superior salt tolerance.





Illumina paired-end sequencing and assembly of maize transcriptomes

We conducted an experiment involving the salt-tolerant inbred line SPL02 and the salt-sensitive
inbred line Mo17 under varying durations of the CK and T conditions to elucidate the regulatory
mechanisms underlying the response of maize seedlings to salt stress. We collected samples at 0 DAT, 3 DAT, 6 DAT, and 9 DAT, with each time point including three biological replicates for RNA sequencing. In total, we obtained 316.89 Gb of raw data. The effective data volume per sample ranged from 6.45 to 8.42 Gb, with Q30 base distribution values between 94.95% and 95.55% and an average GC content ranging from 48.98% to 55.35% (Supplementary Table S1).

The clean reads were mapped to the Mo17 maize reference genome (Zm-Mo17-REFERENCE-CAU-2.0.fa), with 42,580 genes identified. Pearson’s correlation coefficients revealed an average correlation of 0.92 among the three biological replicates within each sample across the two maize lines, indicating strong consistency (Supplementary Figure S1). Furthermore, principal component analysis (PCA) of the expressed genes revealed that the first two principal components (PCs) accounted for 79.47% of the total variance, with PC1 explaining 58.07% and clearly distinguishing between different salt treatment durations, while PC2 accounted for 21.4% and differentiated between SPL02 and Mo17 (Supplementary Figure S2). These results validate the reliability and robustness of the transcriptomic data, providing a solid foundation for subsequent analyses.





Expression trends of genes at different time points

Among the 42,580 protein-coding genes identified, 25,383 genes with an FPKM value of ≥1 were considered expressed genes. The actively expressed genes were subsequently grouped into 14 clusters within each of the two maize inbred lines, with each cluster representing distinct expression categories across the experimental conditions: CK, T, and CK+T (shared response). Genes highly expressed in the CK category support normal growth and development. Genes highly expressed in the T category primarily mediate adaptation to salt stress. Genes within the CK+T category play dual roles in growth and stress response, highlighting their functional versatility. A total of 23,241 expressed genes were detected in SPL02 (Figure 2A). Specifically, 5,085 highly expressed genes belonged to CK, 4,243 highly expressed genes belonged to T, and 13,913 highly expressed genes belonged to CK+T. It was observed that the number of expressed genes in SPL02 declined as the duration of salt treatment increased.

[image: Two heat maps labeled A and B display data with blue to red gradients, indicating values from 0 to 1. They are divided into sections: CK, T, and CK+T, with respective clusters (C1 to C14) and corresponding numbers. Vertical yellow lines separate different sample groups (e.g., S_CK0, M_T9). Each map compares normalized values visually across clusters.]
Figure 2 | Clustered heatmap of gene expression patterns in SPL02 and Mo17. The FPKM value normalized by the maximum value of all FPKM values of expressed genes across all seven phases is shown for each gene. The expressed genes are clustered into 14 clusters. The sequence of clusters is shown on the left. The number of genes in each cluster is shown on the right. (A) Clustered heatmap of gene expression under CK, T, and CK+T expression categories in SPL02. (B) Clustered heatmap of gene expression under CK, T, and CK+T expression categories in Mo17.

In contrast, a total of 22,926 expressed genes were detected in Mo17 (Figure 2B). The proportions were as follows: 3,028 expressed genes with high expression under CK, 5,939 expressed genes with high expression under T, and 13,779 expressed genes with high expression under CK+T. Notably, Mo17 had a higher number of expressed genes under salt treatment compared to SPL02, and this number increased with the duration of exposure, particularly evident at 3 DAT, 6 DAT, and 9 DAT. These findings underscore the dynamic nature of gene expression in response to salt stress, revealing distinct responses between SPL02 and Mo17. The differential expression patterns observed over time offer valuable insights into the mechanisms of salt tolerance in maize.





Dynamic expression of differentially expressed genes and protein–protein interaction analysis

DEGs were identified based on their FPKM values, with criteria of |log2 FC| ≥ 1.5 and a p-value ≤ 0.01. A total of 8,971 DEGs were identified between the two maize inbred lines (Table 1). Specifically, 7,111 genes were uniquely expressed in SPL02, representing 79.26% of the DEGs, while 4,791 genes were uniquely expressed in Mo17, accounting for 53.40% of the DEGs. Additionally, 2,931 DEGs were commonly expressed in both inbred lines (Supplementary Figure S3).


Table 1 | Comparison of DEGs between two inbred lines at different time points.
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To comprehend the expression trends of DEGs in two inbred lines at various time points following salt treatment, DEGs were partitioned into seven clusters. In DEG expression clusters of SPL02 (Figure 3A), 3,897 genes showed heightened expression in the CK group, constituting 55% of DEGs; 3,214 genes showed heightened expression in the T group, accounting for 45% of DEGs. In DEG expression clusters of Mo17 (Figure 3B), 2,756 genes exhibited high expression levels in the CK group, constituting 57.52% of the DEGs; 2,035 genes showed heightened expression in the T group, accounting for 42.47% of DEGs. In addition, as the salt treatment time prolonged, the number of genes expressed increased in Mo17, while it decreased in SPL02.
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Figure 3 | Clustered heatmap of DEG expression patterns in SPL02 and Mo17. The FPKM value normalized by the maximum value of all FPKM values of expressed genes across all seven phases is shown for each gene. The expressed genes are clustered into seven clusters. The clustering sequence and the number of genes contained in each cluster are shown on the left. (A) Clustered heatmap of DEGs under CK and T categories in SPL02. (B) Clustered heatmap of DEGs under CK and T categories in Mo17.

Through a review of studies related to salt tolerance in maize (Sun et al., 2018; Xie et al., 2019; Zhao et al., 2019; Sandhu et al., 2020; Kong et al., 2021; Li et al., 2021; Zhang et al., 2021b, 2023; Cao et al., 2022), 89 genes were identified as being co-expressed with SPL02 and Mo17 DEGs. Further protein–protein interaction analysis was conducted on these 89 genes to investigate the signal transduction of salt stress in maize seedlings. This analysis revealed 25 genes organized into six distinct protein interaction groups (Figure 4; Supplementary Table S2). The first group includes proteins related to ammonium transporters, potassium outward rectifying channels, sodium/hydrogen exchangers, and ribosomal proteins. The second group consists of proteins associated with 2C-type protein phosphatase and pyrabactin resistance-like proteins. The third group contains proteins linked to phosphoenolpyruvate carboxykinase. The fourth group features proteins related to putative calcium-binding proteins. The fifth group includes proteins within the RNA-binding family. The sixth group encompasses proteins involved in salt stress response and ethylene signaling.
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Figure 4 | The protein interaction network of two maize inbred lines’ DEGs related to salt stress. DEGs, differentially expressed genes.





Functional enrichment analysis of differentially expressed genes

To reveal the relationship between DEGs and salt stress in maize, KEGG and GO enrichment analyses were conducted for each cluster to elucidate the functional roles of these DEGs. Pathways with a p-value < 0.05 and containing more than three genes were considered significant. From these, the top 20 KEGG pathways and the top 30 GO terms were selected for detailed analysis. The GO terms and KEGG pathways highlighted key roles in maize adaptation to salt stress, which are essential for maintaining cellular homeostasis and regulating energy processes.

In SPL02, KEGG enrichment results revealed that in the CK group, significant pathways included those involved in the biosynthesis of secondary metabolites, carbon metabolism, glycolysis/gluconeogenesis, metabolic pathways, and cysteine and methionine metabolism. In contrast, significant enrichment was observed in pathways related to secondary metabolites in the T group, the MAPK signaling pathway in plants, and phenylpropanoid biosynthesis (Figure 5A). GO enrichment analysis showed that pathways related to signal transduction and organic metabolic processes were significantly enriched in the CK group. Following salt treatment, pathways associated with responses to abiotic stimuli, hormone signaling, organic substances, and oxygen-containing compounds were notably enriched (Figure 5B).
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Figure 5 | KEGG pathway and GO term enrichment analyses of Mo17 and SPL02 exposed to different treatment stages. (A) KEGG pathway enrichment of SPL02. (B) GO enrichment of SPL02 in seven clusters. The p-value indicates the significance of GO terms. (C) KEGG pathway enrichment of Mo17. (D) GO enrichment of Mo17 in seven clusters. The p-value indicates the significance of GO terms. KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.

Similarly, in Mo17, KEGG pathways were analyzed for enrichment (Figure 5C). The analysis revealed significant enrichment in pathways related to the biosynthesis of secondary metabolites, biosynthesis of amino acids, the MAPK signaling pathway in plants, and general metabolic pathways in the CK group. Significant enrichment was observed in pathways associated with the biosynthesis of secondary metabolites and metabolic pathways in the T group. GO enrichment analysis indicated that, in the CK group, salicylic acid metabolic processes and responses to osmotic stress were significantly enriched. Significant enrichment was observed in pathways related to the abscisic acid-activated signaling pathway, hormone responses, and salt stress responses in the T group (Figure 5D).

These comprehensive analyses offer valuable insights into the transcriptional dynamics and molecular mechanisms underlying salt stress responses in SPL02 and Mo17. This information is crucial for understanding the genetic and biochemical pathways that contribute to salt tolerance in maize, offering potential targets for enhancing salt resistance through molecular breeding strategies.

Among the seven gene expression clusters across two maize inbred lines, 597 genes were identified to be highly expressed in the T group in both lines (Supplementary Figure S4). To further investigate the functional roles of these genes, a GO enrichment analysis was conducted. The top GO terms with high significance (p < 0.001) were further analyzed using REVIGO to provide a more concise visualization. Key biological processes related to salt stress identified through this analysis included response to abiotic stimulus, response to osmotic stress, response to salt stress, and hyperosmotic salinity response (Figure 6A). In terms of molecular functions, DNA-binding transcription factor activity and oxidoreductase activity were prominently identified as significant (Supplementary Figure S5). These results highlight the critical biological processes and molecular functions associated with maize’s response to salt stress, providing a clearer understanding of the underlying mechanisms and pathways involved in salt tolerance.

[image: Panel A shows a scatter plot with yellow circles representing various biological processes, plotted in a semantic space. Each circle’s size reflects plot size, with color indicating log10 p-values. Panel B is a dot plot showing the top 15 KEGG enrichment pathways, where the circle size represents the number of genes involved, and the red-blue color gradient indicates p-values.]
Figure 6 | GO term and KEGG pathway enrichment assigned to the salt treatment (T) for 597 differential genes between SPL02 and Mo17. (A) GO categories for biological process. (B) Top 15 KEGG enrichment pathways. KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.

Similarly, KEGG enrichment analyses were conducted for 597 genes. The top 15 KEGG pathways were selected for detailed analysis (Figure 6B). The KEGG pathway enrichment analyses revealed that the metabolic pathway category has the most associated genes. This suggests that a broad range of genes are involved in general metabolic processes, which are critical for maintaining cellular function and energy balance under salt stress. In addition to metabolic pathways, other notable pathways, such as biosynthesis of secondary metabolites, plant hormone signal transduction, phenylpropanoid biosynthesis, and MAPK signaling pathway - plant, also show significant enrichment. These pathways are essential for regulating the plant’s stress response through signaling mechanisms.





Identification of key modules possessing candidate genes via WGCNA

To explore the relationship between DEGs responding to alkaline salt stress and physiological and phenotypic indicators across the two maize inbred lines, we conducted a WGCNA. We focused on 597 candidate genes identified in the T group in both inbred lines for this analysis.

The initial step involved selecting an appropriate power value (β) to ensure optimal network connectivity. By testing various β values, we found that a β of 12 achieved an R2 value greater than 0.8 and a sufficiently high mean connectivity, making it the final choice for our analysis (Figure 7A). We then categorized these genes into five distinct modules based on their expression patterns: green (60 genes), blue (106 genes), brown (246 genes), turquoise (149 genes), and gray (35 genes) (Figures 7B, C). To assess the relevance of these modules to salt stress, we performed Pearson’s correlation analysis. The blue module showed significant positive correlations with plant height (PH) (R = 0.54, p = 2e−04), root length (RL) (R = 0.47, p = 0.002), and fresh weight (FW) (R = 0.49, p = 0.001) (Figure 7D). Notably, genes in the blue module were more highly expressed during salt treatment in Mo17 compared to SPL02, reflecting the differing salt stress responses observed in the two inbred lines (Figure 7E). These results underscore the importance of the blue module genes in mediating salt tolerance-related traits. Therefore, we decided to further investigate the genes within the blue module to gain deeper insights into their roles in maize’s response to salt stress.
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Figure 7 | (A) Plots of the soft threshold vs. scale independence and mean connectivity. (B) Module clustering; different colors represent different modules. (C) Number of genes in each module. (D) Module trait relationship; each row corresponds to a module, while each column corresponds to the salt tolerance physiological and phenotypic indicators. The left panel shows the modules, while the right panel shows positive (red, 1) and negative (green, −1) correlations. (E) Module eigengenes’ expression patterns of the modules at different salt stress developmental stages in two maize inbred lines.

The GO enrichment analysis of the blue module revealed several significant findings. Notably, the biological processes associated with this module include genes related to key functions such as defense response (GO:0006952), response to osmotic stress (GO:0006970), response to water deprivation (GO:0009414), response to salt stress (GO:0009651), response to abscisic acid (GO:0009737), and hyperosmotic salinity response (GO:0042538) (Figure 8A). In terms of molecular functions, the genes in the blue module are linked to glutamate decarboxylase activity (GO:0004351) and oxidoreductase activity (GO:0016491) (Supplementary Figure S6). The top 10 KEGG pathway enrichment analysis reveals that the metabolic pathways, biosynthesis of secondary metabolites, linoleic acid metabolism, phenylpropanoid biosynthesis, plant hormone signal transduction, and MAPK signaling pathway category have the most associated genes (Figure 8B). Recent findings suggest that genes within the blue module are potentially critical for the response of maize seedlings to salt stress and may play significant roles in salt tolerance. To identify hub genes within this module, we visualized gene networks using Cytoscape 3.9.1. This analysis identified five major hub genes: phosphate import ATP-binding protein (PstB1), glycosyltransferase, WRKY transcription factor WRKY71, lipoxygenase 2.3 (chloroplastic), and peroxisomal membrane protein 11-5 (Figure 9; Table 2; Supplementary Table S4). To explore the relationship between the hub genes and KEGG pathways, we analyzed the interaction of the five hub genes with the genes with enrichment in the top 10 KEGG pathways in the blue module. We performed a protein–protein interaction analysis and organized the results into three distinct protein interaction groups. The results indicate that Zm00014ba260500 (protein annotation: A0A1D6H2L2, Putative WRKY transcription factor 40) interacts with Zm00014ba373230 (protein annotation: WRKY92, Putative WRKY DNA-binding domain superfamily protein isoform 1), which is enriched in the MAPK signaling pathway - plant. Additionally, Zm00014ba233550 (protein annotation: LOX10, Lipoxygenase) interacts with 10 proteins, and these gene interactions are significantly enriched in the KEGG pathways of metabolic pathways, linoleic acid metabolism, alpha-linolenic acid metabolism, biosynthesis of secondary metabolites, MAPK signaling pathway - plant, and photosynthesis (Figure 10; Supplementary Table S5). These hub genes are likely to influence salt tolerance either directly or indirectly, highlighting their crucial roles in the mechanisms of salt tolerance in maize.
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Figure 8 | GO term and KEGG pathway enrichment for blue module. (A) GO categories for biological process, blue module. (B) KEGG enrichment pathways, blue module. KEGG, Kyoto Encyclopedia of Genes and Genomes; GO, Gene Ontology.
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Figure 9 | Gene network for the blue module.


Table 2 | Five hub genes identified in the blue module of WGCNA.

[image: Table with three columns: Gene-ID, Weight, and Annotation. Gene-IDs include Zm00014ba252960, Zm00014ba364880, Zm00014ba260500, Zm00014ba233550, Zm00014ba293420. Weights range from 0.26329 to 0.11994. Annotations list specific proteins or enzymes in Zea mays, such as phosphate import ATP-binding protein and glycosyltransferase. WGCNA, weighted gene co-expression network analysis, is mentioned below the table.]
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Figure 10 | The protein interaction network of top 10 KEGG pathways in blue module and hub genes. KEGG, Kyoto Encyclopedia of Genes and Genomes.

To assess the reliability of gene expression profiles and determine the consistency of WGCNA results with experimental data, we validated five hub genes using qRT-PCR under both CK and T conditions. The results of qRT-PCR exhibited similar expression patterns as the RNA-seq results (Figure 11). Based on these results, we confirmed that RNA-seq was highly consistent with qRT-PCR.
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Figure 11 | Expression pattern analysis of five hub genes by RNA-seq and qRT-PCR. The y-axis shows the mRNA levels. The scale on the left indicates gene expression level based on RNA-seq. The scale on the right indicates relative expression based on qRT-PCR. The x-axis indicates the phases of control and salt treatment. The blue lines correspond to RNA-seq, while the red lines correspond to qRT-PCR.






Discussion




Morphological and physiological responses in two inbred lines under salt stress

Salt stress is a well-documented abiotic factor that disrupts plant growth, affecting physiological and biochemical activities, including chlorophyll content and ion homeostasis (Affenzeller et al., 2009; Shahzad et al., 2019). In this study, we assessed the salt tolerance in SPL02 and Mo17 under different salt treatment durations. SPL02 maintained robust growth across 3 DAT, 6 DAT, and 9 DAT, while Mo17 exhibited reduced growth, particularly after extended exposure. These findings align with previous studies, demonstrating that salt-sensitive lines experience greater growth inhibition and physiological disruptions under salt stress (Chen et al., 2019; Zhang et al., 2021b). By analyzing phenotypic traits across treatment periods, we observed that SPL02 consistently exhibited higher indices, underscoring its enhanced salt tolerance. These metrics reflect SPL02’s ability to maintain cellular integrity and mitigate ion leakage, which is a response often used to assess membrane stability under salt stress (Chen et al., 2013). It is worth noting that under T conditions, SII of plant height and SII of fresh weight were significantly lower than other indicators. These findings align with previous studies (Kumar et al., 2021), indicating that the accumulation of salt will cause dehydration of plant cells, resulting in a decrease in cell expansion capacity, thereby affecting fresh weight and inhibiting plant growth (Sadiq et al., 2024; Xu et al., 2024). This study supports the observation that morphological and physiological differences play critical roles in the contrasting salt stress responses between salt-tolerant and salt-sensitive maize.





Dynamic change of expression genes and DEGs

Plants adjust gene expression dynamically, transitioning from initial responses to long-term adaptations (Waadt et al., 2022). Salt tolerance in plants is a quantitative trait governed by the interplay of multiple genes, contributing to the complexity of salt tolerance mechanisms (Foolad and Jones, 1993). Gene expression revealed more expressed genes in SPL02 than in Mo17, suggesting that SPL02’s gene regulation in response to salt stress is more intricate. These dynamic gene expression changes across 14 gene clusters in both SPL02 and Mo17 suggest distinct molecular mechanisms and stress-response strategies tailored to salt tolerance in each inbred line. Salt stress initiates an immediate osmotic response due to high NaCl concentration, followed by ionic stress as Na+ levels in the cytoplasm approach toxicity (Wang et al., 2020). Notably, at 3 DAT, SPL02 and Mo17 displayed heightened expression of many expressed genes, indicating the activation of initial stress responses. Within 24–72 hours post-NaCl exposure, plants respond to near-toxic Na+ levels, progressively activating mechanisms like Na+ exclusion and tissue tolerance to mitigate ionic stress (Munns and Tester, 2008). SPL02 has more expressed genes in 6 DAT than in 9 DAT, while Mo17 has more expressed genes in 9 DAT than in 6 DAT. Interestingly, by 7 DAT, plant biomass increased, indicating adaptability to continued salt exposure. Studies have shown that plants treated with salt for this duration exhibit strong recovery during the post-treatment phase, possibly due to protective mechanisms activated in response to salt exposure (Kawasaki et al., 2001; Chun et al., 2021). Additionally, increased stomatal conductance over a 7–21-day period suggests regained water regulation capacity, a critical aspect of salt stress adaptation (Li et al., 2023a).

Differences in DEGs between the salt-tolerant SPL02 and the salt-sensitive Mo17 reflect underlying genetic diversity, varying response mechanisms, baseline expression levels, and differences in stress-response prioritization. The majority of DEGs were unique to each inbred line, highlighting the role of genetic background in shaping salt stress adaptation (Wu et al., 2021). SPL02 exhibited a larger number of DEGs than Mo17, suggesting that its broader gene activation may contribute to its enhanced salt tolerance. Additionally, in both lines, more DEGs were upregulated than downregulated, indicating an overall adaptive gene expression shift in response to high-salt environments (Yoo et al., 2023). Under CK conditions, both lines displayed a greater number of DEGs than under T conditions, likely due to environmental and developmental cues that drive a wide range of gene expression (Sicilia et al., 2019). Over the course of salt exposure, a distinct divergence emerged: SPL02’s DEG count decreased as it achieved homeostasis, while Mo17’s increased, suggesting continued difficulty in stabilizing cellular processes. SPL02’s early activation of stress responses may facilitate a stabilized gene expression profile over time, while Mo17, with delayed activation, continued to increase DEG expression as it struggled to cope with ongoing stress.





Functional annotation of the DEG expression patterns under salt stress

PPI analysis provided further insights, identifying six main protein groups critical for signal transduction and adaptive stress responses. The first group, including sodium/hydrogen exchangers and ammonium transporters, is key for intracellular ion regulation, essential for cellular osmoregulation and mitigation of ion toxicity (Zhu, 2001; Maathuis et al., 2014). The second group is involved in abscisic acid (ABA) signaling, which coordinates responses to both drought and salt stress. Interacting with phosphatases that modulate ABA receptor activity, these proteins enhance downstream stress responses and promote salt tolerance (Park et al., 2009; Fujita et al., 2011). The third group, containing phosphoenolpyruvate carboxykinase homologs (Pck2 and Pck1), supports gluconeogenesis, aiding energy production and metabolic balance under stress conditions to sustain physiological functions (Walker et al., 2014). The fourth group consists of calcium-signaling proteins, which act as secondary messengers under salt stress. This interaction supports calcium-dependent signaling processes, which are essential for activating stress-responsive genes and proteins (Reddy et al., 2011). The fifth group includes RNA-binding proteins, such as pre-mRNA-splicing factor prp45, and proteins with RNA-recognition motifs (RRM/RBD/RNP), involved in post-transcriptional regulation processes like mRNA splicing, stability, and translation, allowing precise gene expression adjustments in response to salt stress and ensuring the production of key stress-response proteins (Glisovic et al., 2008). Finally, ethylene-signaling proteins make up the sixth group, contributing to a hormone-driven pathway that modulates responses to environmental stress. These interactions suggest a synergistic role in enhancing salt tolerance (Kazan, 2015). Together, these protein groups underscore the complexity of maize’s response to salt stress, in which multiple signaling pathways work in concert to enable resilience in high-salt conditions. Each group contributes unique functions that highlight promising targets for genetic and biotechnological interventions aimed at improving maize’s salt tolerance—particularly through pathways involved in ion regulation, ABA and ethylene signaling, and metabolic adjustments. The findings of this study thus establish a foundation for future research to explore the molecular basis of salt tolerance and guide the development of salt-tolerant maize varieties, supporting agricultural productivity in increasingly saline environments.

The functional annotation of DEGs provides valuable insights into the molecular mechanisms underlying salt stress responses in maize (Li et al., 2017). Under CK conditions, SPL02 showed significant enrichment in KEGG pathways involved in secondary metabolite biosynthesis, carbon metabolism, and glycolysis/gluconeogenesis; Mo17 showed significant enrichment in KEGG pathways related to secondary metabolite biosynthesis, amino acid metabolism, and MAPK signaling. These metabolic activities may support basic growth and physiological functions, enhancing the vitality of plants under non-stressed conditions (Reshi et al., 2023). Under T conditions, SPL02 showed significant enrichment in pathways involved in secondary metabolites, MAPK signaling, and phenylpropanoid biosynthesis. Similarly, Mo17 showed significant enrichment in secondary metabolite biosynthesis and metabolic pathways. The activation of these pathways indicates a shift toward metabolic processes that facilitate the production of osmoprotectants, antioxidants, and signaling molecules, all critical for building salt tolerance (Wu et al., 2021; Jia et al., 2022; Sun et al., 2024).

GO enrichment analysis further highlighted the dynamic changes in biological processes associated with salt stress response in two maize inbred lines. Under CK conditions, SPL02 showed enrichment in signal transduction and organic metabolic processes, reflecting normal growth and functions (Shiade et al., 2024). Under T conditions, however, SPL02 associated with abiotic stimulus responses, hormone signaling, and osmotic stress responses became more prominent, signaling a shift in plant physiological processes to manage salt stress. These hormone-related changes play a key role in adapting to environmental challenges, affecting both growth and stress resilience (Yue et al., 2022). Salt treatment can cause changes in osmotic pressure within plant cells, affecting cellular water balance and ion homeostasis, ultimately impacting plant growth and development (Zhu, 2016). Osmotic stress, in particular, exerts a strong effect on growth rates during the initial stages of salt exposure, sometimes more significantly than ionic toxicity (Ren et al., 2020). Mo17 exhibited similar trends, with enrichment in genes related to osmotic stress response, hormone signaling, and salt stress responses under T conditions, suggesting a shared activation of certain stress-responsive pathways across both inbred lines, despite specific differences in genotype response.

Furthermore, the identification of 597 shared, highly expressed DEGs under T conditions across both SPL02 and Mo17 highlights their likely significance in maize’s salt tolerance mechanisms. These shared DEGs likely form core components of the salt stress signaling pathways. When confronted with salt stress, plants activate several adaptive mechanisms, such as osmotic regulation, ion exclusion, and antioxidant defenses, to mitigate harmful effects (Zhu, 2001). DEGs involved in ion transport, osmotic control, and stress signaling are key to understanding the differences in salt tolerance observed across different maize genotypes (Shabala and Cuin, 2008). The enrichment of GO terms associated with abiotic stress, osmotic stress, and defense responses emphasizes the critical role of these genes in orchestrating an adaptive response to salt conditions.





Identification of key gene modules associated with salt stress response in maize using WGCNA

Applying WGCNA to examine maize’s response to salt stress has yielded significant insights into the genetic framework of stress tolerance. By analyzing 597 candidate genes identified in the T group, we were able to uncover gene modules with synergistic expression patterns, shedding light on key gene networks. The DEGs within the blue module particularly highlight its importance in salt stress adaptation.

Notably, the ME expression in the blue module increased in Mo17 but decreased in SPL02 at 6 DAT. This differential expression pattern may reflect each line’s unique adaptive strategies under prolonged salt stress. GO enrichment analysis identified several reactions and signaling pathways that play crucial roles in plant adaptation to salt stress. When maize is exposed to high salinity, defense mechanisms are activated, involving metabolic, gene expression, and physiological adjustments to enhance stress resilience (Ding et al., 2009). Osmotic stress notably affects the physiological function of maize roots, often limiting root growth and adversely impacting overall plant development (Hu et al., 2022). Additionally, salt stress induces water deficiency responses, including reduced growth and altered stomatal morphology in leaves (Li et al., 2022a). In response, maize releases ABA, a hormone crucial for stress resistance, which helps mitigate the detrimental effects of salt stress and maintains growth stability (Li et al., 2024). Adaptation to high-salinity environments requires further regulation of ion balance and metabolic pathways to prevent growth suppression (Ding et al., 2023). Together, these mechanisms underscore the plant’s ability to adjust physiologically to salt stress.

Maize exhibits significant genetic variation in salt tolerance, with some inbred lines showing improved resistance through mechanisms like ion transport and antioxidative responses (Zhang et al., 2022; Fang et al., 2024). However, compared to crops like rice, barley, and sorghum, maize’s salt tolerance remains limited due to its less efficient salt exclusion and slower osmotic adjustment processes (Pour-Aboughadareh et al., 2021; Atta et al., 2023; Vennam et al., 2024). Rice has more advanced mechanisms, such as the regulation of sodium transport via OsHKT1;5 and OsSOS1 and the accumulation of compatible solutes like glycine betaine, offering higher salt tolerance (Al Nayef et al., 2020; Ponce et al., 2021). Barley and sorghum, both more tolerant than maize, use genes like HvHKT1 and HvSOS1 for sodium ion regulation and better root architecture to manage salt stress (Thabet and Alqudah, 2023; Peduzzi et al., 2024). While maize shows promise for salt tolerance improvement through breeding, it still lags behind other crops in its overall ability to cope with high salinity (Vennam et al., 2024). The identification of key genes and pathways involved in salt tolerance provides valuable insights for improving maize’s resilience to saline environments. In this study, we identified five hub genes: Zm00014ba252960, Zm00014ba364880, Zm00014ba260500, Zm00014ba233550, and Zm00014ba293420. These gene annotations suggest that they play crucial roles in maize’s salt stress response. Phosphate import ATP-binding protein PstB1 indirectly supports stress signaling by ensuring phosphate supply (Poirier and Bucher, 2002). Phosphate is essential for energy metabolism and cellular functions during salt stress, and the upregulation of transporters like PstB1 helps maintain nutrient balance and enhances stress resilience (Kawa et al., 2016). Zm00014ba364880 Glycosyltransferases help protect cells from salt-induced osmotic stress by glycosylating compounds and modifying cell wall components, which supports cellular integrity. They are also involved in regulating plant hormone synthesis and metabolism, contributing to adaptive responses to salt stress (Zhang et al., 2021a). Studies have demonstrated that the expression of the WRKY transcription factor WRKY71 is induced by salt stress, significantly influencing the physiological responses of plants. Under such stress conditions, WRKY71 enhances the plant’s salt tolerance by regulating the expression of downstream salt-responsive genes (Bakshi and Oelmüller, 2014; He et al., 2024). As a key player in the modulation of stress-responsive genes, WRKY71 orchestrates defense mechanisms that bolster the plant’s resilience to adverse environmental conditions (Rushton et al., 2010). Lipoxygenase 2.3 (chloroplastic) is involved in lipid metabolism and the production of signaling molecules like jasmonic acid, which help modulate ion homeostasis and oxidative stress during salt stress. It plays a key role in activating stress responses and aiding plant adaptation to environmental stressors (Feussner and Wasternack, 2002). Additionally, peroxisomal membrane protein 11-5 plays a crucial role in the metabolism of reactive oxygen species (ROS), which is essential for maintaining cellular redox homeostasis and protecting cells from oxidative damage (Hu et al., 2012). Together, these functional annotations and hub gene identifications provide a comprehensive view of the molecular mechanisms underlying salt stress tolerance in maize.

We have identified several KEGG pathways related to salt stress, such as MAPK signaling, phenylpropanoid biosynthesis, and hormone signaling pathways, which are crucial for maize’s response to salt stress. Five hub genes play key roles in these pathways. Zm00014ba252960 (PstB1) is a phosphate import ATP-binding protein responsible for phosphate uptake, which influences energy status and secondary metabolism (Nogia and Pati, 2021). The availability of phosphate impacts MAPK signaling and phenylpropanoid biosynthesis, which are essential for stress responses (Yang et al., 2021). Zm00014ba364880 (glycosyltransferase) is involved in modifying secondary metabolites, including those in the phenylpropanoid biosynthesis pathway. It adds sugar groups to metabolites, affecting their solubility, storage, and bioactivity (Gharabli et al., 2023). This enzyme’s activity is regulated by the transcription factor WRKY, which also indirectly influences MAPK signaling and hormone signaling through its modulation of glycosyltransferase activity (Miao et al., 2023). Zm00014ba260500 (WRKY71) is a transcription factor that regulates genes in the phenylpropanoid biosynthesis pathway, producing metabolites like flavonoids and lignins, which are important for plant defense under stress (Phukan et al., 2016). WRKY is regulated by MAPK signaling, making it a central hub for integrating stress responses with metabolic processes (Luo et al., 2023; Tang et al., 2023). Zm00014ba233550 (LOX2.3), involved in the lipoxygenase pathway, produces jasmonic acid (JA), a critical hormone in stress responses (Singh et al., 2022). MAPK signaling activates LOX2.3, which in turn drives the production of jasmonic acid, impacting defense mechanisms and stress responses (Zhao et al., 2014). Zm00014ba293420 (PMP11-5) is involved in peroxisomal functions, such as fatty acid metabolism, ROS detoxification, and hormone metabolism. Although PMP11-5 is not directly involved in MAPK signaling, it indirectly regulates these pathways by controlling ROS levels, lipid metabolism, and hormone synthesis, particularly jasmonates, which are important for stress responses (Su et al., 2019; Sandalio et al., 2021). These interactions may be indirect and are part of a complex network of signaling and metabolism, where hormones, nutritional status, stress signals, and transcription factors converge. Further experimental evidence would be needed to clarify these potential indirect interactions. The roles of these genes in processes such as phosphate transport, cell wall modification, transcriptional regulation, lipid signaling, and ROS metabolism underscore the intricate network of responses that enable maize to manage salt stress effectively. This knowledge expands our understanding of the genetic and biochemical basis for salt tolerance and identifies potential targets for future research aimed at developing salt-tolerant maize varieties through genetic or biotechnological interventions. The qRT-PCR analysis results provide robust evidence for the differential expression of these genes under salt stress, further confirming their potential roles in maize’s salt tolerance mechanisms. Identifying hub genes linked to salt tolerance bridges genomic discoveries and the development of salt-tolerant maize varieties. These genes can be incorporated into marker-assisted selection (MAS) to expedite breeding efforts for enhanced salinity resilience. Specifically, genes such as PstB1, WRKY71, and lipoxygenase 2.3 can be targeted through gene editing and transgenic approaches to further bolster salt tolerance, expanding the genetic pool. Combining modern techniques with traditional breeding enables more efficient development of resilient maize varieties with stable yields, ensuring broad applicability in breeding programs.

To further advance the application of these findings, future research could focus on functional validation studies for the identified hub genes. Investigating their role in salt tolerance through transgenic maize lines would provide a more comprehensive understanding of their specific contributions. Additionally, exploring the interactions between these genes and environmental factors such as soil composition or soil water salinity would provide deeper insights into the molecular mechanisms underlying salt tolerance. Such studies could pave the way for more targeted breeding strategies to enhance crop resilience under saline conditions.






Conclusion

This study provides a comprehensive analysis of salt stress responses in the seedling stage of two maize inbred lines, SPL02 and Mo17. Transcriptomic analysis identified 8,971 DEGs, which were organized into seven clusters, each enriched in pathways relevant to salt tolerance. GO enrichment analysis highlighted processes involved in abiotic stress response, hormone signaling, osmotic regulation, and abscisic acid signaling, while KEGG pathway analysis revealed roles for secondary metabolite biosynthesis, carbon metabolism, MAPK signaling, and phenylpropanoid biosynthesis. These pathways suggest essential roles in maize’s adaptive response to salt stress. A further WGCNA of 597 selected genes identified five modules, with the blue module showing a positive correlation with salt tolerance traits. The hub genes in this module, including PstB1, glycosyltransferase, WRKY71, lipoxygenase 2.3, and peroxisomal membrane protein 11-5, were identified as potential regulators in maize’s salt stress response. Our findings provide insights into the molecular mechanisms of salt tolerance, identifying hub genes and pathways that may guide breeding strategies to enhance salt resilience in maize cultivars.
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Dirigent (DIR) proteins are key regulators of lignin and lignan biosynthesis and play critical roles in plant hormone responses, abiotic stress tolerance, and growth and development. This study identified and characterized 47 PeDIR genes in Moso bamboo, classifying them into three groups. Phylogenetic and comparative analyses revealed strong evolutionary conservation, with the Moso bamboo PeDIR genes being most closely related to those in rice and maize. DIR proteins within each subfamily exhibited high conservation in motif composition, domain structure, and 3D configuration. Subcellular localization and protein interaction studies further elucidated PeDIR gene functions. Specifically, PeDIR02 primarily localized to the cell membrane and was shown to be unable to form homodimers in yeast two-hybrid (Y2H) assays. Transcriptome and expression analyses revealed the involvement of PeDIR genes in rapid shoot growth, indicating roles in lignin biosynthesis and cell wall modification. Transcriptome and qRT-PCR data also demonstrated the responsiveness of these genes to hormones and abiotic stresses, such as drought and salinity. This study constructed the first comprehensive regulatory network between transcription factors (TFs) and PeDIR genes, identifying ERF, DOF, and MYB TFs as key synergistic regulators of PeDIR gene expression.
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1 Introduction

Moso bamboo (Phyllostachys edulis), the most extensively cultivated species in the Bambusoideae subfamily, holds substantial ecological and economic significance in China and Asia (Peng et al., 2013; Li et al., 2015; Yu et al., 2019; Huang et al., 2022). However, its rapid growth and development are often constrained by environmental factors such as salinity, drought, and low temperatures. These factors not only reduce timber production and shoot yield but also threaten the overall stability of Moso bamboo forests (Liu et al., 2019; Ramakrishnan et al., 2020). Understanding the genetic mechanisms underlying stress resistance is therefore crucial for developing more resilient bamboo varieties.

Dirigent (DIR) proteins, first discovered in weeping forsythia (Forsythia suspense), play key roles in lignin and lignan biosynthesis (Davin et al., 1997; Gang et al., 1999; Burlat et al., 2001). Through their highly conserved dirigent domain, DIR proteins precisely capture and orient E-coumaryl alcohol radical intermediates, enabling stereoselective coupling of lignin and lignan precursor compounds in the presence of auxiliary oxidative enzymes (Gang et al., 1999; Burlat et al., 2001). During lignin and lignan biosynthesis, they mediate site-specific radical coupling reactions, guiding the formation of specific stereoisomers, such as (+)-pinoresinol and (−)-pinoresinol, through a spatial orientation template (Kim et al., 2002; Dalisay et al., 2015). Lignans, a class of secondary metabolites widely distributed in plants, exhibit notable antifungal activity by inhibiting pathogen growth and spread, thereby enhancing plant resistance to external stresses (Harmatha and Dinan, 2003; Zhang et al., 2022a). Lignin, a major component of plant cell walls, provides structural support, participates in plant defense mechanisms, regulates growth and development, and exhibits antifungal activity, further enhancing plant resistance to external stresses. The DIR gene family has been characterized in various plants, including Arabidopsis thaliana (Paniagua et al., 2017), Oryza sativa (rice) (Liao et al., 2017), Solanum tuberosum (Jia et al., 2023), Picea spp (Ralph et al., 2006), and Gossypium spp (Zhengwen et al., 2021), and is categorized into six subfamilies: DIR-a, DIR-b/d, DIR-c, DIR-e, DIR-g, and DIR-f (Luo et al., 2022). Among these, the DIR-a subfamily comprises proteins responsible for stereoselective lignin and lignan formation, referred to as dirigent genes. The functions of other subfamilies remain unclear and are termed DIR-like genes (Ralph et al., 2006, 2007).

DIR proteins are found in many vascular plants and play critical roles in growth, development, and resistance to environmental stresses and diseases (Jin-long et al., 2012; Thamil Arasan et al., 2013). Their defining feature is the highly conserved dirigent domain, which facilitates substrate binding and is essential for specific biochemical reactions (Pickel et al., 2012). Most DIR proteins have a dirigent domain with a three-dimensional structure composed of β-sheets (Li et al., 2024a). Some DIR proteins possess two tandem dirigent domains, while others have an additional jacalin domain (Kim et al., 2015; Gong et al., 2023; Jiang et al., 2024). At the genomic level, DIR genes exhibit structural diversity. Most DIR genes lack introns, but a subset contains one or two introns (Dong et al., 2021; Zhang et al., 2022a).

Research indicates that DIR proteins have diverse roles in plants, including tolerance to abiotic stresses and responses to environmental challenges (Chen et al., 2024). Notably, DIR genes often show significant responses to stress-related hormone induction and abiotic stress conditions. For example, in sugarcane, ScDIR11 and SHDIR16 expression are significantly upregulated by salicylic acid (SA) and jasmonic acid (JA) treatments and exhibit transcriptional increases under salinity, drought, and hydrogen peroxide (H2O2) stress (Jin-long et al., 2012). In soybeans, GmDIR22 expression is significantly upregulated in response to gibberellins (GA), SA, methyl jasmonate (MeJA), and abscisic acid (ABA) (Li et al., 2017).

Similarly, in peppers, CaDIR2, CaDIR3, CaDIR6, CaDIR7, and CaDIR11 are upregulated in response to MeJA, SA, NaCl, and mannitol treatments. Notably, the absence of CaDIR7 reduces root vitality, defense capabilities, and resistance to salinity and diseases (Khan et al., 2018). In eggplants, several DIR genes, such as SmDIR3, SmDIR6, SmDIR12, and SmDIR22, are downregulated under high temperatures, with varying expression levels at different stages. SmDIR5 and SmDIR22 are repressed under low temperatures, and SmDIR22 expression decreases under salt stress (Zhang et al., 2022a). Furthermore, DIR genes in pear (Cheng et al., 2018), alfalfa (Song and Peng, 2019), and tobacco (Li et al., 2024b) strongly respond to diverse hormones and abiotic stresses. DIR genes also contribute to plant growth and development. For example, the ESB1 protein with a dirigent domain aids in Casparian strip formation and maintains root barrier integrity (Hosmani et al., 2013).

Understanding the roles of PeDIR genes is crucial for revealing Moso bamboo’s defense mechanisms against abiotic stresses and hormone signaling (Saddique et al., 2024). This study systematically analyzed PeDIR gene structures, phylogenetic relationships, promoter elements, and collinearity across the genome using bioinformatics tools. A regulatory network linking PeDIR genes with upstream transcription factors (TFs) was established. This study also explored PeDIR gene expression under hormone treatments, abiotic stresses, and rapid growth, providing insights into their roles in hormone and stress responses in Moso bamboo. These findings lay a foundation for deeper investigation into the functional roles of PeDIR genes in stress responses.




2 Materials and methods



2.1 Identification and physicochemical properties of PeDIR genes

Moso bamboo genome data were obtained from the National Center for Gene Research (http://server.ncgr.ac.cn/bamboo/index.php). The DIR protein domain HMM profile (PF03018) was downloaded from the Pfam database (http://pfam.xfam.org/) and used to search the bamboo genome with an e-value threshold of ≤1e-10 (Finn et al., 2011). Protein domains were confirmed using the NCBI-CDD database, leading to the identification of PeDIR family members (Letunic et al., 2011; Finn et al., 2015). The molecular weight, theoretical isoelectric point, and hydrophobicity of PeDIR proteins were analyzed using the Expasy ProtParam tool (https://web.expasy.org/protparam/) (Wilkins et al., 1999).




2.2 Phylogenetic and synteny analysis of PeDIR genes

DIR protein sequences from Moso bamboo, rice, Zea mays (maize), and Brachypodium distachyon were identified using HMMER3 to search their respective local protein databases. Phylogenetic trees were constructed for both intra- and interspecies analyses using MEGA 11.0. The maximum likelihood method was employed, with 1,000 bootstrap trials to assess tree reliability (Tamura et al., 2021). TBtools was used to align Moso bamboo protein sequences with those from rice, maize, and B. distachyon. Chromosomal location data from the four species were combined, and MCScanX was used to identify both intraspecies and interspecies syntenic relationships within the PeDIR gene family. The results were visualized using Circos (Wang et al., 2012).




2.3 Gene structure and motif analysis of PeDIR genes

The conserved sequence patterns of PeDIR proteins were analyzed using the MEME suite (http://meme-suite.org/) (Bailey et al., 2015). The intron-exon structures of PeDIR genes were extracted from the GFF annotation file of the Moso bamboo genome. Using TBtools, the evolutionary relationships, motif patterns, and gene structures of PeDIR genes were integrated and visualized.




2.4 Cis−regulatory elements and construction of PeDIR gene regulatory networks

Cis-acting elements within the 1.5 kb upstream promoter regions of PeDIR genes were identified using PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al., 2002). The types and distributions of regulatory elements were visualized with TBtools. Potential transcription factor (TF) binding sites (TFBS) in the 1.5 kb upstream regions of PeDIR genes were predicted via PlantPAN (http://plantpan.itps.ncku.edu.tw/plantpan4/index.html) (Chow et al., 2024). TFBS with correlation coefficients above 0.95 were selected for further study. A gene regulatory network based on the identified TFBS was constructed using Cytoscape, and a dynamic network heatmap depicting interactions between PeDIR genes and upstream TFs was created using the Omicshare platform (http://www.omicshare.com).




2.5 Secondary and tertiary structure prediction of PeDIR proteins

Conserved domains in PeDIR proteins were identified using the CDD-search website (https://www.ncbi.nlm.nih.gov/cdd) and visualized using IBS 2.0 (Xie et al., 2022). Homology modeling of PeDIR proteins was conducted via SWISS-MODEL (https://swissmodel.expasy.org/) (Waterhouse et al., 2018). The 3D structures were refined and optimized using Discovery Studio for improved visualization.




2.6 Expression and time-series analysis of PeDIR genes based on RNA-seq data

Transcriptome data for Moso bamboo under various treatments were obtained from NCBI to examine PeDIR gene expression. The treatments included: (i) seedling roots treated with gibberellin (GA) and naphthalene acetic acid (NAA) (PRJNA413166), (ii) roots treated with abscisic acid (ABA) and salicylic acid (SA) (PRJNA715101), and (iii) roots under drought and high-salinity stress (PRJNA413166). Transcript per million (TPM) values were log2-transformed, and heatmaps of PeDIR gene expression levels were created using TBtools (Zhijun et al., 2022; Guo et al., 2024). Additionally, temporal expression patterns of PeDIR genes across different shoot heights of Moso bamboo were analyzed using several publicly available transcriptome datasets (PRJNA414226). Short Time-series Expression Miner (STEM) was employed to identify expression trends during the rapid growth stages of bamboo shoots. A trend significance threshold of p-value < 0.05 was applied (Ernst and Bar-Joseph, 2006).




2.7 Plant materials and experimental treatments

Moso bamboo seeds were sourced from Guilin, Guangxi, China. The seeds were grown in a controlled chamber maintained at 25°C and 70% relative humidity for one month. For hormone treatments, seedling leaves were sprayed with 100 μM ABA or SA solutions and sampled at 0, 3, 6, 12, 24, and 48 hours. Drought stress was induced by exposing the roots to 30% PEG for 3 or 6 hours, while salinity stress was applied by treating the roots with 200 mM NaCl for the same durations. Root samples were collected after each treatment. Untreated samples at 0 hours served as controls. Three biological replicates were collected randomly (Huang et al., 2021).




2.8 RNA extraction, reverse transcription, and quantitative reverse-transcription PCR

Total RNA was extracted using the FastPure Plant Total RNA Extraction Kit (Vazyme, China). cDNA synthesis was performed using the HiScript® III 1st Strand cDNA Synthesis Kit. Primers were designed using Beacon Designer 7.0. qRT-PCR was performed on a CFX-96 Real-Time System with three technical replicates per sample. Threshold cycle (CT) values were calculated using the 2^-ΔΔCT method and are presented as mean ± standard deviation (SD). Statistical significance was determined by one-way ANOVA, and data visualization was performed with GraphPad Prism 7 (Livak and Schmittgen, 2001).




2.9 Subcellular localization experiments

Subcellular localization predictions for PeDIR proteins were performed using WoLF PSORT (https://wolfpsort.hgc.jp/) (Horton et al., 2007). To confirm this prediction, the full-length CDS of PeDIR02 was amplified using seamless PCR. The fragments were inserted into the pCAMBIA1300-35S-GFP vector containing the GFP (green fluorescent protein) reporter gene under the 35S promoter. Recombinant plasmids were transformed into Agrobacterium tumefaciens strain GV3101 and infiltrated into the abaxial leaves of 5-week-old Nicotiana benthamiana plants. The GFP signals were analyzed with a confocal microscope to validate the predicted subcellular localization (Zhang et al., 2022b).




2.10 Yeast two-hybrid assay of PeDIR proteins

The CDS of PeDIR02 was amplified via PCR and cloned into the pGBKT7 and pGADT7 vectors. Yeast two-hybrid (Y2H) experiments were performed using the Matchmaker GAL4 system. Recombinant plasmids were introduced into the AH109 yeast strain and confirmed on SD/-Leu/-Trp medium. Protein interactions were assessed by growing yeast on SD/-Ade/-His/-Trp/-Leu/X-α-Gal medium at 28°C for 3 days. Positive interactions were indicated by colony growth and blue coloration from X-α-Gal breakdown (Ma et al., 2021). The primers used in this study are listed in Supplementary Tables S1 and S2.





3 Results



3.1 Identification, characterization, and phylogenetic analysis of PeDIR genes

A total of 47 PeDIR members were identified from the Moso bamboo genome database and were sequentially named PeDIR01 to PeDIR47 based on their scaffold arrangements (Table 1). The amino acid lengths of these proteins range from 88 for PeDIR47 to 360 for PeDIR14. Their molecular weights vary from 9,934.39 Da for PeDIR47 to 37,524.82 Da for PeDIR14. The predicted isoelectric points range from 4.58 for PeDIR05 to 10.65 for PeDIR16. Hydrophilicity analysis revealed that 17 PeDIR proteins are hydrophilic, while the remaining members are hydrophobic. Subcellular localization predictions indicate that PeDIR proteins are distributed across various subcellular structures, with the majority localized to the cell membrane (31), followed by the chloroplast (7) and the cell wall (5).


Table 1 | Gene information of DIR members in Moso bamboo.
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3.2 Phylogenetic relationships and collinearity analysis of PeDIR genes

To explore the evolutionary relationships within the DIR gene family among Poaceae species, rice, maize, and B. distachyon were selected as representative species. An interspecies phylogenetic tree was constructed using clustering data from 53 OsDIR, 53 ZmDIR, 48 BdDIR (Supplementary Table S3), and 47 PeDIR proteins (Table 1). The analysis grouped the DIR genes into three distinct classes. The first class contained the most PeDIR proteins (22), followed by the second class with 10, and the third class with only 4 (Figure 1). The distribution of PeDIR proteins across subfamilies showed high similarity to DIR members from other Poaceae species, indicating strong conservation of DIR genes during Poaceae evolution.

[image: Circular phylogenetic tree illustrating relationships among different DIR family members, divided into three clades: Clade I in pink, Clade II in blue, and Clade III in green. Labels indicate species and gene identifiers, with some highlighted in red.]
Figure 1 | Phylogenetic tree of DIR proteins from Oryza sativa (Os, rice), Zea mays (Zm, maize), Brachypodium distachyon (Bd), and (Phyllostachys edulis) (Pe, Moso bamboo).

To further investigate the evolutionary dynamics of PeDIR genes, intra- and interspecies synteny analyses were performed. According to the Moso bamboo genome annotation, the 47 PeDIR genes are distributed across 16 scaffolds, with scaffold 13 containing the highest number of PeDIR genes (9). Intraspecies synteny analysis revealed 10 pairs of duplicated PeDIR genes (Figure 2A). Orthologous gene analysis with other Poaceae species identified 22 gene pairs shared between Moso bamboo and rice, 24 pairs with maize, and 12 pairs with B. distachyon (Figures 2B–D). These findings suggest that Moso bamboo shares closer evolutionary and phylogenetic relationships with maize and rice, while its relationship with B. distachyon is comparatively more distant.
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Figure 2 | Synteny analysis of PeDIR genes. (A) Chromosomal distribution and interchromosomal relationships among PeDIR genes. (B–D) Interspecies collinearity analysis of DIR genes (blue for Moso bamboo, green for rice, orange for maize, and red for Brachypodium distachyon).




3.3 Gene structure and motifs of PeDIR Genes

Intraspecies clustering analysis of PeDIR proteins revealed that Moso bamboo’s DIR genes can be grouped into three subfamilies (I, II, III), each exhibiting significant differences in gene structure. Most PeDIR genes contain 2–4 exons, except for PeDIR31, PeDIR34, PeDIR38, and PeDIR41 in subfamily III, which are intronless. The remaining PeDIR genes have 1–3 introns. Additionally, most PeDIR genes, particularly those in subfamily I, lack 5’ and 3’ untranslated regions (UTRs), whereas members of subfamilies II and III generally retain complete UTR structures (Figure 3A). Motif analysis revealed that subfamily I members commonly contain motifs 1–5, while subfamily II members are characterized by motifs 1, 4, and 5 only (Figures 3B, C). Notably, motif 6 is uniquely present in subfamily III. These findings underscore significant differences in motif distribution and number among the subfamilies. Such differences are consistent with their gene structural characteristics, suggesting that PeDIR genes have undergone structural and functional diversification during evolution.
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Figure 3 | Gene structure and conserved motifs of PeDIR genes. (A) Gene structure of PeDIR genes, showing introns (black lines), exons (yellow rectangles), and untranslated regions (UTRs, green rectangles). (B) Conserved motifs of PeDIR genes, with motifs 1–6 represented by colored boxes. (C) Sequence logos of motifs 1–6.




3.4 Promoter analysis of PeDIR genes

The analysis of cis-acting elements in the 1500 bp promoter regions of PeDIR genes identified three primary categories: elements responsive to hormones, stress, and growth and development (Figure 4A). Hormone-responsive elements accounted for 41.2% and predominantly included ABRE (ABA response), TGACG and CGTCA (MeJA response), TCA-element (SA response), and GARE (GA response). Among these, ABRE, TGACG, and CGTCA were the most abundant, representing 37%, 25%, and 25%, respectively. Additionally, PeDIR genes contained a considerable number of stress-responsive elements, with STRE being the most prevalent, accounting for 52.2% of all stress-responsive elements. Growth and development elements, such as G-box and CAT-box, were also identified (Figures 4B, C). These findings suggest that PeDIR genes may play a significant role in the rapid growth of Moso bamboo, as well as in hormone responses and abiotic stress regulation.

[image: Chart with three panels displaying gene expression data. Panel A shows a heat map of gene presence across various samples. Panel B is a stacked bar chart categorizing gene functions by hormone, stress, and growth. Panel C includes pie charts indicating the percentage distribution of gene categories like growth, hormone, stress, and various motifs.]
Figure 4 | Cis-acting elements in the promoter regions of PeDIR genes. (A) Number of cis-acting elements identified in each PeDIR gene. (B) Distribution of the three primary types of cis-acting elements in PeDIR genes. (C) Statistical analysis of the different types of cis-acting elements.




3.5 Transcriptome expression profile of PeDIR genes in response to hormonal and abiotic stresses

To further explore the expression profiles of PeDIR genes under hormonal influence, transcriptome data from four different treatments (ABA, GA3, NAA, and SA) were analyzed. The results revealed distinct expression patterns among PeDIR genes in response to various hormone treatments. For instance, under ABA treatment, PeDIR07, PeDIR08, and PeDIR28 displayed upregulation, whereas PeDIR09, PeDIR12, PeDIR20, PeDIR27, and PeDIR37 were downregulated (Figure 5A). In contrast, under GA3 and SA treatments, PeDIR08, PeDIR09, PeDIR12, PeDIR20, and PeDIR37 were significantly upregulated (Figures 5B, C). Additionally, during NAA treatment, PeDIR02, PeDIR09, and PeDIR12 showed increased expression levels (Figure 5D).

[image: Six circular heat maps labeled A to F display data distributions with a color gradient from blue to red indicating values from 0 to 8. Each chart contains categories such as "PdRHR" and "CKX", and subcategories around a central point. The color variations across segments suggest differences in data concentration or frequency for each variable.]
Figure 5 | Heatmap of PeDIR genes expression levels under different stress treatments. (A–D) represent treatments with NAA, GA₃, ABA, and SA, respectively. (E, F) represent high-salinity and drought treatments, respectively.

Based on available transcriptome data, the expression of PeDIR genes during drought and salinity stresses was also examined. The results revealed significant expression changes in certain genes in response to these stresses. Overall, most genes exhibited relatively stable expression levels before and after treatments. However, under salinity stress, PeDIR09, PeDIR12, PeDIR20, and PeDIR43 were notably upregulated. In contrast, under drought stress, PeDIR12, PeDIR20, and PeDIR43 were significantly downregulated (Figures 5E, F). These findings suggest that these genes likely play specific regulatory roles in Moso bamboo’s responses to salinity and drought stresses.




3.6 Short time-series expression miner of PeDIR genes

The expression profiles of PeDIR genes in Moso bamboo shoots at varying heights (0.2–7 m) were also analyzed using STEM software. The analysis identified five PeDIR genes (PeDIR02, PeDIR03, PeDIR09, PeDIR27, and PeDIR44), highlighted in red in profile 3, as significantly expressed (Figure 6A). These genes exhibited a marked upregulation of expression at heights between 0.2 and 2 m, followed by relatively stable expression levels from 2 to 7 m (Figure 6B). These findings suggest that these genes are closely associated with the regulation of rapid growth in Moso bamboo. They likely contribute to critical processes such as lignin biosynthesis and cell wall structure modulation during early shoot development.

[image: Trend analysis chart with nine profiles, each displaying unique line patterns numbered zero to eight. One profile is highlighted in red with a p-value of 0.00049. Below, a line graph labeled "Profile 9" shows the expression of five genes (PeDIR02, PeDIR03, PeDIR09, PeDIR27, PeDIR44) over time points from 0.25 to 7 hours. Each gene displays distinct trends.]
Figure 6 | STEM analysis of PeDIR genes at different growth heights. (A) Red boxes indicate significantly expressed genes. All 10 profiles are shown in the top-left corner, with P-values displayed in the bottom-left corner. (B) Expression levels of significantly expressed PeDIR genes in Profile 9.




3.7 qRT-PCR analysis of PeDIR genes

To further validate the expression profiles of PeDIR genes under different hormonal conditions, the expression responses of nine PeDIR genes were analyzed by qRT-PCR following ABA and SA treatments. During ABA treatment, PeDIR02, PeDIR11, PeDIR12, and PeDIR37 were consistently downregulated across all time points, while PeDIR08 and PeDIR20 initially exhibited downregulation followed by upregulation. PeDIR26 and PeDIR37 displayed fluctuating expression patterns (Figure 7A). Under SA treatment, most PeDIR genes were downregulated at all time points, except for PeDIR08 and PeDIR20, which were downregulated during the early stages but significantly upregulated between 24 and 48 hours (Figure 7B).

[image: Graphs display the relative expression of PeDIR genes under different conditions over time. Panel A shows expression with ABA treatment compared to mock. Panel B shows expression with SA treatment compared to mock. Each graph indicates time points from zero to forty-eight hours and includes standard error bars, with significant differences marked by asterisks.]
Figure 7 | Expression pattern analysis of PeDIR genes under ABA (A) and SA (B) treatments. Asterisks indicate significant differences compared to the control (*P ≤ 0.05; **P ≤ 0.01).

Under drought and high-salinity stresses, qRT-PCR analysis confirmed the expression profiles of PeDIR genes, which strongly correlated with the transcriptome data. Specifically, PeDIR08 and PeDIR09 exhibited significantly reduced expression levels after 6 hours of treatment. In contrast, PeDIR20 and PeDIR43 were notably upregulated under both drought and high-salinity stresses, with PeDIR20 showing a marked increase, particularly 6 hours after salinity stress treatment (Figure 8A). Additionally, PeDIR12 and PeDIR26 were consistently downregulated under both stress conditions, whereas PeDIR34 and PeDIR41 were upregulated specifically under high-salinity stress (Figure 8B). These findings highlight the diverse expression profiles of PeDIR genes under drought and salinity stresses, underscoring the complex regulatory roles of this gene family in Moso bamboo’s abiotic stress responses.

[image: Bar charts showing relative expression of PeDIR genes at 0, 3, and 6 hours in two panels. Panel A displays expression in blue, while Panel B shows expression in green. Significant differences are indicated by asterisks.]
Figure 8 | Expression pattern analysis of PeDIR genes under drought (A) and high-salinity (B) treatments. Asterisks indicate significant differences compared to the control (*P ≤ 0.05; **P ≤ 0.01).




3.8 Secondary and tertiary structure prediction of PeDIR proteins

To better understand the structural basis underlying the functional diversity of PeDIR proteins, domain prediction analysis was performed. This analysis revealed that all PeDIR proteins contain a Dirigent domain. Additionally, PeDIR12, PeDIR20, and PeDIR43 possess an additional Jacalin domain. Based on these domain differences, the PeDIR protein family can be categorized into two types: Type I, which contains only the Dirigent domain (e.g., PeDIR02), and Type II, which contains both Dirigent and Jacalin domains (e.g., PeDIR20) (Figure 9A). To further investigate the spatial characteristics of these domains, representative members from each type were selected for tertiary structure prediction and modeling (Figure 9B). The results revealed structural similarities between the Dirigent and Jacalin domains, both of which are composed of multiple β-strands. Specifically, the Dirigent domain consists of eight antiparallel β-strands arranged in a barrel-like structure. Notably, PeDIR20, which possesses both Dirigent and Jacalin domains, is hypothesized to exhibit functional properties characteristic of both the DIR and JRL families.

[image: Diagram showing protein structures. Part A: Linear representation of PeDIR02 and PeDIR20 proteins. PeDIR02 has a Dirigent domain in blue. PeDIR20 has a Dirigent domain and a Jacalin domain in red. Part B: Three-dimensional models show PeDIR02 with a blue Dirigent structure and PeDIR20 with blue Dirigent and red Jacalin structures.]
Figure 9 | Secondary and tertiary structures of PeDIR02 and PeDIR20 proteins. (A) Conserved domains of PeDIR02 and PeDIR20. (B) Three-dimensional structures of PeDIR02 and PeDIR20.




3.9 Subcellular localization and homodimer detection of PeDIR proteins

To examine the subcellular localization of PeDIR02 proteins, the coding sequence (CDS) of PeDIR02 was fused with GFP, and its expression in tobacco epidermal cells was transiently driven by the CaMV35S promoter. GFP alone was used as a control. The results showed that PeDIR02 was primarily localized to the cell membrane, with minor distributions in the cytoplasm and nucleus (Figure 10). To test the self-interaction of PeDIR02 proteins, the genes were cloned into appropriate vectors and introduced into a yeast strain. Growth on SD/-Trp/-Leu medium confirmed successful transformation. However, on SD/-Trp/-Leu/-His/-Ade + X-α-Gal medium, PeDIR02 did not exhibit normal growth or a blue color reaction, indicating the absence of self-interaction (Figure 11).

[image: Fluorescent microscopy images showing plant leaf cells. The top row displays 35S::GFP: green fluorescence for GFP, red for nucleus markers, brightfield, and a merged view. The second row shows 35S::PeDIR02-GFP with similar labeling: green for GFP expression, red for nucleus markers, brightfield, and a merged image. Each row highlights differences in GFP expression patterns.]
Figure 10 | Subcellular localization of PeDIR02 in tobacco leaves. GFP, green fluorescent protein.

[image: Yeast growth assay image showing three rows for positive control, negative control, and BD-PeDIR02+AD-PeDIR02 under dilution factors 10^-1, 10^-2, and 10^-3 on SD-Trp-Leu and SD-Trp-Leu-His-Ade+x-α-gal media. The positive control shows growth in all conditions, while the negative control and BD-PeDIR02+AD-PeDIR02 show limited or no growth, indicating absence of interaction on selective media.]
Figure 11 | Confirmation of homodimer structures of PeDIR02 in yeast two-hybrid (Y2H) assays.




3.10 Regulatory network construction of PeDIR genes

To investigate the transcriptional regulation of PeDIR genes, a putative regulatory network involving transcription factors (TFs) was constructed. Twenty-eight TFs, primarily from the DOF, MYB, ERF, and WRKY families, were identified as regulators of 10 PeDIR genes. Among these, PeDIR43, PeDIR44, and PeDIR47 showed strong associations with multiple TFs, underscoring their central roles within the network (Figure 12A; Supplementary Table S4). Analysis of dynamic interactions between key TFs and PeDIR genes revealed that all TFs act as positive regulators of their target genes. Notably, aside from MYB1 and MYB3, significant positive correlations were observed among the TFs, indicating coordinated regulation of PeDIR gene expression (Figure 12B). These results suggest that the PeDIR gene family is collectively regulated by multiple TFs, contributing to Moso bamboo’s adaptation to environmental stresses and its growth processes.

[image: Diagram A shows a network of gene interactions with red nodes indicating PeDIR genes and blue nodes showing various other genes linked by lines. Diagram B presents a heatmap with a color scale from red to blue, denoting positive and negative correlations among genes. Red lines connect PeDIR genes in the heatmap, illustrating their interactions.]
Figure 12 | Regulatory network of upstream transcription factors for PeDIR genes. (A) Predicted regulatory network of upstream transcription factors for PeDIR genes. (B) Correlation heatmap between PeDIR genes and transcription factors.





4 Discussion

The DIR gene family is widely involved in the biosynthesis of lignin and lignans and is almost ubiquitously present in vascular plants. This family has been identified in various monocots, including rice (49 members) (Liao et al., 2017), Setaria italica (38 members) (Gong et al., 2023), and Schisandra chinensis (34 members) (Dong et al., 2021). In this study, we identified a total of 47 PeDIR members in Moso bamboo. This number is comparable to other Poaceae species but significantly higher than in dicots such as Arabidopsis thaliana (25 members) (Paniagua et al., 2017), Solanum melongena (24 members) (Zhang et al., 2022a), and Isatis indigotica (19 members) (Li et al., 2014). These differences suggest that the DIR gene family may have undergone lineage-specific expansion in monocots.

Structurally, most PeDIR genes contain 2–5 introns, whereas DIR genes in dicots like Arabidopsis and poplar (Populus trichocarpa) have simpler structures, often lacking introns (Paniagua et al., 2017; Li et al., 2021). Furthermore, PeDIR and OsDIR genes are arranged in clusters within their genomes, a feature not observed in Arabidopsis. These structural differences support the hypothesis that the DIR gene family underwent distinct expansion mechanisms following the divergence of monocots and dicots. Gene duplication events, including tandem duplications, segmental duplications, and whole-genome duplications, have facilitated the formation of new genes and regulatory pathways, enabling plants to adapt to diverse environments (Freeling, 2009; Xuan et al., 2024).

In this study, 67.6% of PeDIR genes were located in tandemly duplicated regions, similar to the 72.6% observed in rice (Paniagua et al., 2017; Li et al., 2021), indicating that tandem duplication may have played a significant role in the expansion of DIR genes in monocots. Synteny analysis with other Poaceae species revealed extensive collinearity between Moso bamboo and rice or maize, but fewer syntenic relationships with B. distachyon. This suggests that PeDIR genes in Moso bamboo share closer phylogenetic relationships with those in rice and maize than with B. distachyon. These findings are consistent with previous studies on PeHAK and PeCPP genes (Guo et al., 2024; Tan et al., 2024).

Phylogenetic analysis classified the PeDIR genes into three subfamilies: DIR-b/d, DIR-a, and DIR-e. Motif and gene structure analyses further supported this classification, indicating potential functional differentiation among the subfamilies. Previous studies have shown that DIR-a genes play critical roles in the stereoselective coupling of lignin and lignan intermediates, thereby contributing to lignin biosynthesis (Gasper et al., 2016; Corbin et al., 2018).

To explore the structural and functional characteristics of PeDIR genes, three-dimensional models of two representative DIR proteins, PeDIR02 and PeDIR20, were constructed. PeDIR02, a member of the DIR-b/d subfamily, forms a single barrel-like structure composed of eight antiparallel β-strands. In contrast, PeDIR20, classified under the DIR-a subfamily, contains both a Dirigent domain and a Jacalin domain, forming two distinct barrel-like structures. Previous studies have shown that DIR proteins often function by forming homodimers or trimers (Halls et al., 2004; Kim et al., 2012). Yeast two-hybrid assays revealed that PeDIR02 cannot self-interact to form dimers, indicating that it does not function as a homodimer. Subcellular localization analysis showed that PeDIR proteins are primarily located on the cell membrane, with minor distributions in chloroplasts and the cytoplasm. Experimental validation confirmed that PeDIR02 is predominantly localized on the cell membrane. This result aligns with the subcellular localization of SiDIR proteins in foxtail millet (Gong et al., 2023), suggesting that PeDIR proteins may primarily function at the cell membrane. These insights provide valuable information on the functional mechanisms of DIR proteins in Moso bamboo, laying a foundation for further studies.

DIR genes play crucial roles in growth, development, and environmental adaptation, particularly in hormone and abiotic stress responses (Cai-Qiu et al., 2010; Peng et al., 2013). While DIR gene expression patterns vary across species, numerous studies have reported their regulation under hormonal treatments and abiotic stresses in plants such as potato (Jia et al., 2023), tomato (FengQiong et al., 2022), and barley (Luo et al., 2022). This study found that 22 PeDIR genes responded to at least two hormones, with two genes consistently upregulated under SA treatment and four genes significantly upregulated under ABA treatment. These findings align with those in rice, where hormone-responsive DIR genes are similarly regulated (Liao et al., 2017). Notably, PeDIR08 and PeDIR20 were significantly upregulated in the later stages of ABA and SA treatments, suggesting that these genes play key roles in hormonal response pathways in Moso bamboo.

Under abiotic stress conditions, PeDIR genes exhibited diverse expression patterns in response to drought and salinity stresses. Most PeDIR genes were upregulated under these stresses, with PeDIR20 and PeDIR43 showing particularly significant upregulation. Interestingly, both PeDIR20 and PeDIR43 belong to the DIR-a subfamily, which is closely associated with lignin and lignan biosynthesis. This association likely enhances protective functions under stress conditions (Cheng et al., 2018; Li et al., 2022). These findings suggest that DIR-a subfamily members, especially PeDIR20 and PeDIR43, may play critical roles in enhancing stress tolerance in Moso bamboo, contributing to its growth stability under adverse conditions.

To investigate the regulatory mechanisms of the PeDIR gene family, this study constructed and analyzed a transcriptional regulatory network for PeDIR genes. Cis-regulatory element analysis identified numerous elements associated with hormone responses (e.g., ABRE, TGACG, CGTCA, and TCA-element), abiotic stresses (e.g., STRE and MBS), and growth and development (e.g., G-box and P-box) (Kumari et al., 2025). Predictions of the transcriptional regulatory network indicated that transcription factors such as ERF, DOF, and MYB play key roles in regulating PeDIR gene expression, with evidence of positive synergistic interactions. ERF and MYB transcription factors have been shown to play critical roles in abiotic stress responses, such as drought, salinity, and cold (Xiaoxiao et al., 2022; Ziming et al., 2024). Similarly, the DOF family has been reported to positively regulate hormone signaling and abiotic stress responses in plants such as wheat (Yue et al., 2020). In Moso bamboo, these positive regulatory transcription factors likely interact with cis-elements in the promoters of PeDIR genes, coordinating their expression under hormone signaling and abiotic stress conditions to enhance environmental adaptability and regulate growth and development.

This study significantly advances our understanding of the DIR gene family in Moso bamboo, particularly highlighting the roles of specific genes such as PeDIR08 and PeDIR20 in rapid shoot growth and stress responses. The findings provide a valuable foundation for developing bamboo varieties capable of thriving in challenging environmental conditions, such as drought and high salinity. By enhancing the expression of these genes, it may be possible to improve bamboo’s growth rate and stress resistance, leading to more sustainable and efficient cultivation practices. Additionally, these insights offer a comparative framework for understanding the functions of DIR genes in other plant species and inform strategies for improving stress tolerance in crops.

Future research on the PeDIR gene family in Moso bamboo should focus on quantifying lignin to elucidate its role in cell wall development, analyzing hormone interactions to uncover regulatory mechanisms, and conducting pathway analyses to explore the complex signaling networks involving DIR genes, hormones, and stress responses. These studies will provide valuable insights into the functional roles of DIR genes and help enhance bamboo’s resilience and productivity.




5 Conclusion

This study comprehensively identified and characterized the PeDIR gene family in Moso bamboo, identifying a total of 47 members. Detailed analyses were performed on their gene structures, phylogenetic relationships, promoter cis-acting elements, and transcription factor regulatory networks. PeDIR genes demonstrated significant roles in rapid shoot growth, hormonal responses (e.g., ABA and SA), and abiotic stress responses (e.g., drought and salinity). These findings provide a crucial foundation for understanding the functions of PeDIR genes in growth and stress adaptation. Future research could leverage gene editing and biotechnological approaches to optimize the expression of key PeDIR genes, paving the way for the development of bamboo varieties with enhanced stress resistance and adaptability to climate change.
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Introduction

Isatidis Folium, derived from the dried leaves of Isatis indigotica Fort, has been used for centuries as a traditional Chinese herb with antibacterial and antiviral properties. However, both the cultivation conditions and the growth status of Isatis indigotica Fort have been negatively affected by climatic and environmental degradation, which has made it challenging to accurately assess the quality of Isatidis Folium. The current quality control system for Isatidis Folium lacks precision and comprehensive identification indices, and importantly, the cultivation process has not been integrated into this system.





Methods

In this study, we proposed a novel method to distinguish between different stress subtypes in Isatis indigotica Fort based on biophoton emission and attempted to explore the potential relationship between the biophoton characteristics of fresh Isatis indigotica Fort leaves and the quality of Isatidis Folium. The delayed luminescence (DL) and spontaneous photon emission (SPE) characteristics of fresh Isatis indigotica Fort leaves under different stress conditions were detected using a biophoton detection system. An attempt was made to differentiate samples subjected to various stress treatments using biophoton characteristic parameters. Additionally, the content of active ingredients was determined by ultra-high performance liquid chromatography, and the inhibitory activity against Escherichia coli and Staphylococcus aureus was evaluated to identify the quality of Isatidis Folium. Several physiological indicators of fresh Isatis indigotica Fort leaves, including the photosynthetic pigment content, relative electrical conductivity, and reactive oxygen species production rate were also determined.





Result

The differences in physiological indices, active ingredient content, and inhibitory activity indicated that the stress conditions significantly inhibited the growth status of Isatis indigotica Fort leaves and the herbal quality. Meanwhile, biophoton characteristic parameters were obtained that could accurately and efficiently distinguish fresh Isatis indigotica Fort leaves between different stress subtypes: initial intensity of DL and counts per second of SPE. Both characteristic parameters were highly correlated with the physiological indicators and quality of Isatidis Folium.





Discussion

This study has preliminarily demonstrated the feasibility of utilizing biophoton detection technology for the quality evaluation of Isatidis Folium during cultivation for the first time and provided an improved method for distinguishing samples of various qualities.





Keywords: Isatis indigotica Fort, Isatidis Folium, biophoton emission, stress condition, quality evaluation, active ingredient content, antibacterial activity




1 Introduction

The traditional Chinese herb, Isatidis Folium, belongs to the cruciferous plant Isatis indigotica Fort [Brassicaceae], specifically the leaf part of the entire plant, which has been extensively utilized in Eastern countries for centuries. Isatis indigotica Fort has been officially recognized as the only source of Isatidis Folium since the 1985 edition of the Chinese Pharmacopoeia. Isatis indigotica Fort primarily produced in the Yellow River basin north of the Yangtze River (Chen et al., 2022). It is cold-resistant, warmth-favoring, and relatively drought-tolerant, but does not tolerate waterlogging (Commission, C. P, 2020). Isatidis Folium has the effects of clearing heat, detoxicating, cooling blood, and eliminating spots. It has been proven to have various pharmacological activities including antibacterial, anti-inflammatory, anti-endotoxin, and anticancer effects (Chung et al., 2024), and is frequently used to alleviate the symptoms of colds, fevers, sore throats, viral hepatitis, and epidemic encephalitis B in clinical (Wu et al., 2018; Chen et al., 2022). Previous studies have shown that Isatidis Folium primarily contains active ingredients such as alkaloids (Liu et al., 2018; Ji et al., 2013; Xiong et al., 2022; Yuan et al., 2023), flavonoids (Jiang et al., 2015; Yu et al., 2018), organic acids (Mao, 2018; Yan et al., 2024), and polysaccharides (Guo et al., 2016). Among these, alkaloids, especially indole alkaloids, have been extensively studied and have been found to have significant biological activities, and are often used as quality control indicators for Isatidis Folium. Indole alkaloids mainly include indigo, indirubin, and tryptanthrin (Xu et al., 2021). Indirubin is the main active ingredient of Isatidis Folium (Chen et al., 2022), which has been demonstrated to have excellent antibacterial, anti-inflammatory, anti-leukemic, and immune-enhancing activities (Wu et al., 2016; Chuang et al., 2024). Indigo has been proven to be liver-protective, anti-inflammatory, and antimicrobial (Zhang et al., 2020). Tryptanthrin is an alkaloid with an indole-quinazoline structure that has pharmacological activities including antibacterial, antiviral, anti-inflammatory, and anticancer (Alam et al., 2025).

The quality control of Isatidis Folium is challenging due to the influence of several factors, including its origin, germplasm, the growing environment, and the harvest season. Environmental factors are the core external factors affecting the formation of herbal quality and are crucial for the efficacy of Chinese herbs. Isatis tinctoria Fort is susceptible to external conditions such as soil, moisture, salinity, etc., which can affect the quality of Isatidis Folium. Due to the current global warming, soil desertification, and increased salinization, salt stress and drought are the two major abiotic stresses on herbal plants, significantly limiting the quality of Chinese herbs. Additionally, the use of artificial organic pesticides and fertilizers has increased the levels of organic phosphorus, organic nitrogen, heavy metal ions, microorganisms, and other residues in Isatidis Folium, which can result in a reduction in herbal quality (Gao and Dong, 2010). Fourteen batches of Isatidis Folium and corresponding tablets from different origins and environments were investigated and the results showed that Isatidis Folium samples had high ash content and significantly insufficient active ingredient content (La and Hu, 2009). This indicates that the quality of Isatidis Folium products in the market is inconsistent and below the required standard. As a result, traditional Chinese herbal preparations based on Isatidis Folium, such as Qinghuo tablets, Xiaowen Jiedu oral liquid, and Fufangdaqingye mixture, failed to meet the required quality standards. Therefore, the clinical efficacy would be negatively affected.

According to the Chinese Pharmacopoeia 2020, the indirubin content of Isatidis Folium should be determined using high-performance liquid chromatography (HPLC) as the quality evaluation method (Commission, C. P, 2020). Currently, reverse-phase high-performance liquid chromatography (RP-HPLC) is the primary method used to quantify the primary active ingredients in Isatidis Folium (Xiao et al., 2015). In related literature, the Box-Behnken response surface method was used to optimize the indices and strategies for the determination of the quality standard content of Isatidis Folium in the Chinese Pharmacopoeia, and the contents of indigo and indirubin were simultaneously quantified by HPLC, which provided a new method for the quality control of Isatidis Folium and tablets (Wang et al., 2024). The contents of 4-hydroxyquinazoline, 2,4-hydroxyquinazoline, syringic acid, tryptanthrin, indigo, and indirubin of Isatidis Folium were quantified based on the multi-component content determination, and the quality evaluation method based on HPLC fingerprinting was then established (Li et al., 2019). Due to the extreme complexity of the chemical composition of Chinese herbs, it is tough to base quality control on a clear study of all the components. The current quality measurement therefore typically relies more on some ingredients with significant pharmacological activity (Sun et al., 2021), which is still the most common and universal consensus in herbal quality control. Pharmacological activity testing can directly reflect the potential efficacy of certain aspects of Chinese herbs and is the more widely used and recognized quality identification method. However, it is more cumbersome and time-consuming than quantification of medicinal composition, and is also difficult to explore all the efficacy completely. Therefore, it is crucial to reinforce the quality control of Isatidis Folium and establish a simpler quality evaluation method that agrees with the holistic view of traditional Chinese medicine and is tailored to the specific attributes of Isatidis Folium. This will help enhance the quality evaluation system for this Chinese herb.

Biophoton emission is a universal phenomenon in living organisms (Zhou, 2019). It is believed to be generated during the transition from high-energy to low-energy states of biological molecules and conveys intricate information about the internal dynamics of the living system (Popp et al., 1988; Gu, 2012). It changes with the physiological state of the organism and is highly sensitive to various physiological and biochemical conditions within the organism and the external environment. Biophoton emission can closely reflect cell division, cell death, information transfer, functional regulation, photosynthesis, and other physiological processes (Wang et al., 2015). Two different types of biophoton emission have been identified. The first is the autonomous luminescence of organisms, known as spontaneous photon emission (SPE). Its luminosity is remarkably low, with a photon emission rate of only hundreds to thousands per unit time and area, depending on the intrinsic properties of the sample tested. The other is delayed luminescence (DL), which occurs when a sample in a steady state is suddenly exposed to a stimulus such as a light source, its luminescence intensity suddenly increases, followed by a trend similar to hyperbolic decay until the luminescence intensity returns to the initial steady state. Biological samples from different sources exhibit different SPE and DL characteristics due to their inherent properties. Therefore, the biophoton characteristics of the biological samples can be used to determine the exact state and comprehensive internal information of the samples. Previous studies (Sun et al., 2021) have revealed that DL is related to the contents of anthraquinone derivatives, suggesting that the DL might be able to reflect the impact of environmental factors on the quality of Rhei Radix Et Rhizoma and be used to evaluate the quality of Chinese herbs. Before this, relevant laboratory studies were conducted on screening different varieties of fresh Chinese herbs at different growth ages using SPE analysis (Zhao et al., 2017). The research results showed that SPE can be used to characterize the active substance content in Chinese herbs of different growth ages and varieties. Therefore, this evaluation could contribute to achieving quality control for Chinese herbs in the future.

In this study, we established two types of stress models: salt stress and drought stress. The biophoton characteristics of fresh Isatis indigotica Fort leaves were subjected to systematic analysis to ascertain their behavior under different stress conditions. By combining the biophoton characteristic parameters with physiological indicators, the content of active ingredients, and minimum inhibitory concentration (MIC), we investigated the underlying reasons for the differences in the biophoton characteristics of Isatis indigotica Fort leaves and its intrinsic relationship with the quality of Isatidis Folium under varying stress conditions. We obtained the biophoton characteristic index parameters that can characterize the different attributes of Isatis indigotica Fort leaves and clarified the feasibility of the biophoton technology for the quality prediction of Isatidis Folium.




2 Materials and methods



2.1 Herbal cultivation and stress treatments

Isatis indigotica Fort was planted in planting boxes (0.4 m × 1.2 m × 0.5 m) in the herbal garden of Shandong First Medical University (116° 8’ 6” N, 116° 8’ 6” E, Jinan, Shandong Province, China) on August 20, 2022. Before sowing, the soil was turned to a depth of 30 cm, and sheep manure was applied as a base fertilizer. Then, 3-4 cm deep trenches were dug for sowing, with a spacing of 5-8 cm between plants and 15 cm between rows. A transparent thermal insulation shed was constructed outside of the boxes. No shading treatment was applied throughout the planting process and 24-hour ventilation was maintained. Drought stress and salt stress were applied to Isatis indigotica Fort and each stress condition followed the principle of a single control. Seeds were purchased from the Bozhou Changnong Chinese Medicinal Materials Planting Co., Ltd, and Isatis indigotica Fort was identified by researcher Fu Jialei, confirming that they met the identification standards as specified in the 2020 edition of the Chinese Pharmacopoeia (Commission, C. P, 2020). The technical specifications for planting, collection, storage, and primary processing were conducted by the Law of the People’s Republic of China on Traditional Chinese Medicine and other relevant regulations (Committee, N. S, 2017).



2.1.1 Salt stress treatments

After sowing, Isatis indigotica Fort was grown under the same conditions. Twenty days after the seedling emergence, four boxes of uniformly grown and healthy Isatis indigotica Fort were selected for subsequent cultivation. Four different salinity gradients of 0 mmol/L (the control group), 60 mmol/L (low salinity), 120 mmol/L, and 180 mmol/L (high salinity) were established for the salt stress treatment. Each box of Isatis indigotica Fort was fixed at approximately 50 plants after seedling and interplanting. To avoid excessive osmotic stress, the salinity was gradually increased, starting at 1/3 of the predetermined concentration for the first stress, 2/3 for the second stress, and reaching the full predetermined concentration for the third stress. Salt stress was applied once a week for one month, with each injection of twice the amount of water held by the soil (Mi et al., 2018). To maintain soil salinity at the respective gradient levels throughout the stress period, soil samples were collected daily from each treatment group and air-dried. Soil salinity was then determined using the conductivity method (Song, 2011).




2.1.2 Drought stress treatments

This experimental study was carried out from 1 September to 1 November. After seed emergence, two boxes of Isatis indigotica Fort with consistent growth status were selected for subsequent cultivation. Each box contained approximately 50 plants. Two irrigation treatments were established: the control group (adequate water supply) with a soil water content of 70-90% and drought stress with a soil relative water content of 30-50%. The control group was irrigated three to four times a week with 3 L of well water and the drought stress group was irrigated two to three times a week with 1 L. To maintain the soil water content within the set range, daily evaporation was compensated for by measuring soil moisture each evening through the gravimetric method (Ma, 2022) and adjusting water application accordingly. This approach ensured that all treatments adhered to their designated moisture conditions. The drought stress treatment lasted for two months.





2.2 Biophoton detection



2.2.1 Sample preparation

Isatis indigotica Fort plants grown under different stress conditions were utilized as the experimental samples, collected from the boxes in the herbal garden. Fresh samples were collected in the morning and afternoon to avoid exposure to the midday sun and to prevent the sampling and experiments during extreme weather conditions. This was done to ensure the natural environment was as consistent as possible when collecting experimental samples. Samples were randomly collected and immediately stored in ice boxes after collection. The fresh samples were cleaned with double distilled water, blotted dry on blotting paper, and photographed for recording. Subsequently, the samples were placed in the darkroom of the instrument for one hour for dark adaptation. Each experiment maintained a consistent time interval between sample collection and dark adaptation.




2.2.2 Measurement system and biophoton detection

Before the measurements, a constant room temperature of 20°C was established and the YPMS-2 biophoton detector (Miluna, the Netherlands) was switched on for a two-hour cooling period. This system consists of a black chamber, a photomultiplier tube (PMT), a photomultiplier tube high-voltage power supply type PMS20S (Sens-Tech), a photon counting unit C9744 (Hamamatsu Photonics K.K., Iwata, Japan), a thermoelectric cooler and a computer equipped with photon counting data software (Figure 1). The core component of this detection system is the PMT with a shutter in front of it to avoid any interference from external light. After dark adaptation, the SPE characteristics of the sample were examined. The measurement time for each detection point was set at one second, with a continuous measurement period of ten minutes and a total of 600 detection points. The DL characteristics and the excitation were conducted using a light-emitting diode (LED) (7 mm, 10 W, type LZ4-00MD00; LED Engine Inc., United States). The samples were illuminated by the LED for 15 seconds and then detected continuously for 5 minutes. Three replicate DL experiments were performed for each sample. After the DL detection, the background noise was detected for 10 min, the sample weight was weighed and the thickness was also measured. To minimize contingency effects, six independent experimental replications were conducted for each group, with all six replicates completed within a single day.

[image: Diagram showing a setup for data recording involving a black chamber with an LED light and sample inside. The chamber connects to a PMT, then to devices labeled "PMT high voltage," "Thermoelectric cooler," and "Photon counting unit," leading to a computer for data recording. A photo inset shows the actual chamber with a sample inside.]
Figure 1 | The schematic diagram of the biophoton detection system used in this study.




2.2.3 Data processing

To find the parameters representing the biophoton characteristics and then to quantitatively compare the differences under various stress conditions, we characterized the SPE properties with counts per second (CPS). In addition, to calculate the DL characteristics of the samples, all the photon counts measured during the 300 s of each decay curve were used according to the Gu parameter function (Equation 1). Six parameters were obtained from the Gu parameter equation. They are the three “Gu parameters” (A, B, C), the initial intensity (I0) of DL, the average intensity of the entire DL process (IW), and the decay time (T). The values of A, B, and C are derived while fitting the DL kinetic curves using the Gu parameter equation. While I0, IW, and T are macroscopic quantities calculated based on A, B, and C. These parameters can well express the characteristics of the DL decay curve. Subsequently, we used the least absolute shrinkage and selection operator (LASSO) to screen pivotal parameters that could be utilized to characterize the biophoton characteristics of fresh Isatis indigotica Fort leaves. The Gu parameter equation (Equation 1) and the equations for each parameter (Equations 2–5) are provided blow (Gu, 2012; Sun et al., 2017):

[image: Mathematical equation: \( I(t) = A \times \csc^{2}( \frac{t}{B} + C) \), labeled as equation 1.] 

[image: The formula depicted is "CPS equals N minus n", labeled as equation two.] 

[image: Equation: \( T = B \times \left\{ \ln \left( \sqrt{m \times \sinh C} + \sqrt{(m \times \sinh^2 C + 1)} \right) - C \right\} \).]

[image: Equation numbered four shows \( I_0 = A \times \csc^2 hC \).] 

[image: The equation shows \( I_w = \frac{A \times B}{W} \times \left[ \coth C - \coth \left( \frac{W}{B} + C \right) \right] \). There is a reference number "(5)" to the right.] 

In Equation 1, t is the time; A is an intensity parameter dependent on the sample’s nature, system structure, and illumination conditions; B is a characteristic time, related only to the nature of the sample itself; and C is a phase factor determining the initial state of the sample, which is sensitive to the I0 of the DL. In Equation 2, N is the average count rate of the sample, and n is the background count rate of the instrument without a sample. The light intensity decays to It = I0/m when the time is T. The value of the factor “m” ranges from 2 to 4 and in this study m = 3. In Equation 5, W is the total measurement time. The strength indicators I0, IW, and CPS were homogenized by multiplying the thickness and dividing by the weight of the corresponding sample.





2.3 Multi-component content determination based on ultra-high performance liquid chromatography



2.3.1 Sample preparation for content determination

After the fresh leaves were collected, they were washed with double distilled water, blotted with absorbent papers, and dried in a drying box (HAIYU) at 60°C for 24 hours. The dried leaves were then ground using an 800C multifunction grinder (Dongguan Fanta Electrical Co., Ltd.) and sieved through a 65-mesh Chinese medicine sieve (0.212 mm aperture). Finally, they were placed in centrifuge tubes and stored in a cool and dry place.

A total of 3 g of Isatidis Folium powder was accurately weighed and transferred to a beaker. 50 mL of chloroform was added and the mixture was thoroughly shaken and weighed. The sample was then heated and refluxed for 30 minutes, cooled, and reweighed and chloroform was added to make up for the loss in weight. The mixed solution was then thoroughly shaken, filtered, and concentrated to dryness. An appropriate amount of methanol-chloroform mixture (8:2, v/v) was added to dissolve the residue. The solution was then transferred to a 10 mL volumetric flask, diluted to the mark with the same solvent, and thoroughly mixed to obtain the test solution of Isatidis Folium.




2.3.2 UPLC analysis

The UPLC analysis was performed using a Waters Acquity UPLC (Waters, Milford, MA, USA) that was equipped with an ACQUITY UPLC sample organizer, a chromatographic column manager, a column temperature box with heating and cooling functions, a binary solvent manager and sample manager, a photodiode array, and an evaporative light scattering detector. The chromatographic analysis was performed using an ACQUITY UPLC BEH C18 column (150 mm × 2.1 mm, 1.7 μm) with a mobile phase of 0.1% phosphoric acid solution (A) - methanol (B). A gradient elution was used as follows: 0 min-3.5 min, 75% A-74% A; 3.5 min-5 min, 74% A-65% A; 5 min-6 min, 65% A-65% A; 6 min-10 min, 65% A-55% A; 10 min-18.5 min, 55% A-30% A; 18.5 min-25 min, 30% A-12% A; 25 min-26 min, 12% A-12% A; 26 min-26.01 min, 12% A-75% A; 26.01 min-33 min, 75% A-75% A. The detection time was 35 min. The injection volume was 10 μL and the flow rate was 0.3 mL/min. The column temperature was maintained at 35°C and the sample cell temperature was set at 25°C.





2.4 Detection of MIC



2.4.1 Activation of bacterial strains

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) were removed from the -80℃ refrigerator and streaked on solid LA culture media on an ultra-clean workbench. The bacterial strains with similar morphology to be determined were picked up with an inoculation loop and inoculated onto a liquid LB media. Bacterial strains were incubated at 37°C for 2-6 h to OD600 = 0.7, containing approximately 1-2×108 CFU/mL (calibrated with sterile 0.85% saline). The bacterial solution was diluted 100-fold to obtain a solution containing approximately 1-2 × 106 bacteria.




2.4.2 Preparation of Isatidis Folium Decoction

A sample of 40.96 g of Isatidis Folium and 200 mL of double-distilled water were placed in a casserole, soaked together for 30 min, and decocted on a 2200 W induction cooker. After cooling, the power was reduced to 800 W, and the total decoction time was 15 min. At the end of the decoction, the decoction was filtered through a 6-layer gauze. The filter residue was placed in a casserole, 200 mL of double-distilled water was added, and the above process of decoction and filtration was repeated. The two filter liquors were combined and placed in a casserole, and the power of the induction cooker was set at 2200 W for decoction. After boiling, the power was reduced to 800 W. Then the heating process was continued until the decoction volume was concentrated to 10 mL, i.e., the final concentration was 4.96 g/mL. The decoction was filtered using a 0.22 μm sterile filter membrane in an ultra-clean bench to remove bacteria and large particles and then stored in a refrigerator at 4°C.




2.4.3 Detection of MIC values

100 μL of LB medium was added to each of 8 adjacent wells of the 96-well plate respectively. 100 μL of the drug solution was added to the first well and mixed thoroughly, then 100 μL of the mixture was taken and added to the second well. The mixture of the second well was mixed thoroughly and then 100 μL of the mixture was taken and added to the third well, and so on. The mixture of the eighth well was mixed thoroughly and 100 μL of the mixture was taken and discarded. Then, 100 μL of bacterial solution was added to each of the eight wells respectively, thus creating samples to be tested with different drug concentration gradients: 1024, 512, 256, 128, 64, 32, 16, 8 μg/mL. 100 μL of LB medium and 100 μL of bacterial solution were added to the ninth well as a positive control group. 100 μL of LB medium and 100 μL of drug solution were added to the tenth well as a negative control. Four samples were prepared in parallel for four replicates. The 96-well plate was incubated in a shaker incubator at 37 ℃ for 18 h. The absorbance at 600 nm of each well was detected with an enzyme marker, and 80% of the bacterial concentration of the positive control group was used as the endpoint for determining the MIC value, and the concentration of the drug solution which was closest to this endpoint was the MIC value of Isatidis Folium.





2.5 Determination of the photosynthetic pigment content

Fresh samples were collected, washed with double distilled water, and dried with absorbent papers. The leaves were cut into pieces, avoiding the main veins, and 0.1000 g of the crushed leaves were accurately weighed and transferred to a 50 mL centrifuge tube. 15 mL of extract (a 1:1 volume mixture of ethanol and acetone) was added to the centrifuge tube. The mixture was then placed in complete darkness for 24 hours until the leaves had completely faded. During this period, the mixture was shaken two to three times. The absorbance of the extract at 474, 642, and 665 nm was later determined using a U-3900H UV/VIS spectrophotometer (Hitachi High-Tech Science Corporation, Tokyo, Japan). Three biological replicates were made for each treatment. The contents of chlorophylls and carotenoids were determined according to the method of Huang and were calculated using Equations 6–9 (Huang et al., 2013):

[image: Formula labeled as equation six, expressing \( C_a \) as \( 9.99 \times A_{665} - 0.0872 \times A_{642} \).] 

[image: Equation for chlorophyll b concentration: \( C_b = 17.7 \times A_{642} - 3.04 \times A_{665} \).] 

[image: Equation labeled (8) showing the formula: \( C_x = 4.92 \times A_{474} - 0.0255 \times C_a - 0.225 \times C_b \).] 

[image: Equation labeled as 9 shows C equal to the product of C prime and V, divided by m.] 

Ca, Cb, and Cc are the concentrations (mg/L) of chlorophyll a, chlorophyll b, and carotenoids, respectively. As represents the absorbance of the extraction solution at the corresponding wavelength. In Equation 9, C is the content (mg/g) of the photosynthetic pigment, C’ is the concentration of the corresponding photosynthetic pigment, V is the volume (L) of the extraction solution, and m is the weight (g) of the leaf samples.




2.6 Determination of the relative electrical conductivity

The freshly collected samples were washed with double distilled water and subsequently dried with absorbent papers. Ten leaf discs were quickly punched from different parts of the same leaf using a 6 mm punch, avoiding the main veins. These leaf discs were then placed in a conical flask containing 30 mL of ultrapure water (Millipore, Boston, MA, USA). This mixture was shaken on a shaker at 150 rpm for 12 h and the conductivity was then measured using a DDS-11A conductivity meter. After boiling in a water bath for 30 min and cooling to room temperature, the mixture was shaken to re-determine the conductivity. Three replicate experiments were performed for each treatment. The REC was calculated using Equation 10:

[image: Equation labeled as 10, showing E equals the fraction where the numerator is E subscript 2 minus E subscript l and the denominator is E subscript s minus E subscript l.] 

E1, E2, and E3 represent the conductivity of double distilled water, samples, and samples after boiling water bath, respectively.




2.7 Determination of mitochondrial reactive oxygen species generation rate

0.1 g of fresh samples were weighed and placed in a mortar, to which 1 mL of Tris-HCl buffer 1 (containing sucrose and EDTA) and 10 μL of PMSF solution were added. The leaf pieces were ground and homogenized, and the mixture was centrifuged at 600 rpm for 5 min at 4°C. The supernatant was transferred to a new centrifuge tube and centrifuged at 11,000 rpm for 10 min at 4°C. The precipitate was resuspended in 200 μL of Tris-HCl buffer 2 (containing potassium chloride, magnesium chloride hexahydrate, and glucose) and gently mixed with a pipette gun. 50 μL of malic acid, 50 μL of pyruvic acid, 50 μL of succinic acid, and 30 of μL DCFH-DA were added to the determination tube and the blank tube, respectively. In addition, 20 μL of mitochondrial suspension was added to the determination tube and 20 μL of Tris-HCl buffer 2 was added to the blank tube. They were mixed well and incubated at 37°C for 15 min in the dark. The Tristar²S LB 942 multifunctional enzyme labeler (Berthold, Bad Wildbad, Germany) was preheated for 30 min, and the excitation and emission wavelengths were set to 499 nm and 521 nm, respectively. Fluorescence intensity was measured at 37°C within 10 min. Three replicate experiments were performed for each treatment. The change in fluorescence intensity over time was analyzed by fitting a linear regression to calculate the slope (k). The actual rate of mitochondrial ROS production (u/s/g) was then determined using Equation 11:

[image: The equation \( v = \frac{10 \times (k_1 - k_2)}{g} \) is labeled as equation 11.] 

v represents the production rate of ROS; k1 and k2 represent the slope of the linear regression line for the data points pertaining to the fluorescence intensity of the sample in the detection tube and the blank tube over time, respectively; g represents the weight of the samples.




2.8 Data Analysis

Principal component analysis (PCA) was used to indicate the degree of discrimination between the biophoton characteristics of the control group and stress groups. The mean ± standard deviation (SD) values of the samples were statistically analyzed using GraphPad Prism 9.5.0 for Windows (GraphPad Software, La Jolla, CA, USA, www.graphpad.com). Data from samples under different stress conditions were compared using a two-tailed unpaired Student’s t-test. Spearman correlation analysis was performed to explore the potential relationships between biophoton signature parameters and active ingredient content, MIC values, and physiological indices. In all statistical tests, P ≤ 0.05 was considered statistically significant.





3 Results



3.1 Growth status of Isatis indigotica Fort leaves under different stress conditions

Figure 2 shows the fresh Isatis indigotica Fort leaves under different stress conditions. Under these stressors, the growth of leaves exhibited varying degrees of inhibition. In the salt stress groups, the increasing salinity gradually inhibited the leaf development, resulting in gradual chlorosis, marginal curling, withering, and even the emergence of sporadic necrotic spots. In the drought stress group, the leaves were small and thin, excessively soft, and wrinkled.

[image: Panel A shows four leaves labeled: Control, 60 millimoles per liter, 120 millimoles per liter, and 180 millimoles per liter. Leaves become progressively lighter and show more damage with increasing concentration. Panel B shows two leaves labeled: Control and Drought, with the drought leaf appearing more wilted and damaged.]
Figure 2 | The fresh Isatis indigotica Fort leaves under different stress conditions. (A) Salt stress. (B) Drought stress.




3.2 Biophoton characteristics of fresh Isatis indigotica Fort leaves



3.2.1 Raw biophoton data

Figure 3 shows different DL kinetic curves and SPE characteristics of Isatis indigotica Fort leaves samples under different stress conditions. Both salt and drought stresses significantly altered the SPE characteristics, which was mainly reflected in the biophoton intensity at the steady state. The biophoton intensity of samples was significantly lower in the high salinity and drought stress groups compared to the control group. In addition, the T and I0 of the DL characteristics varied with different samples, and the intensity of DL after stimulation of biological systems tended to be much higher than that of SPE at the steady state. The DL characteristics of samples exposed to both salt and drought stress treatments also significantly changed, especially the parameter I0, which shows the most obvious changes. The initial photon emission intensity of the samples under the stress treatments was approximately half that of the control group.

[image: Graphs A and B show decay curves of fluorescence counts over time, with A depicting multiple molarity levels and B comparing control and drought conditions. Graphs C and D display stable counts over time, with C showing various molarity levels and D comparing control and drought conditions. Each graph uses different markers and colors to indicate categories against background data.]
Figure 3 | Biophoton characteristics of fresh Isatis indigotica Fort leaves under different stress conditions. (A, B) DL kinetic curves of samples under salt and drought stress treatment groups, respectively. (C, D) SPE characteristics of samples under salt and drought stress treatment groups, respectively.




3.2.2 Screening of biophoton parameters

To differentiate between the control and stress groups, LASSO regression was used to screen for characteristic parameters. In LASSO regression, the range of values of the penalty coefficient is usually gradually reduced from a series of larger values, and the smaller the cross-validated mean square error, the better the model fits. As the penalty coefficients change, the more important the variable, the later the coefficients are compressed to zero. Seven relevant characteristic variables were considered in this study. Based on the training cohort data, three potential indicator parameters were identified: CPS, I0, and T. These parameters exhibited relatively high importance coefficients in the LASSO regression model (Figure 4).

[image: Panel A: Matrix showing coefficients of a sparse matrix class "dgCMatrix," including values for Intercept, CPS, IO, T, IW, A, B, and C. Panels B and C: Line graphs. Panel B plots coefficients against Log Lambda, showing multiple curves. Panel C shows a cross-validation curve with binomial deviance on the y-axis and Log Lambda on the x-axis.]
Figure 4 | LASSO regression for variable selection. (A) LASSO output characteristic coefficients. (B) LASSO coefficient path plot. It reflects the relationships between the coefficients of the variables and the value of log lambda. Each curve represents the trajectory of the coefficients of a feature as a function of λ. The horizontal axis represents the value of λ on a logarithmic scale, the vertical axis represents the coefficient of the feature, and different colors represent different features. (C) Cross-validation results of the LASSO regression. By verifying the optimal parameter (λ) in the LASSO model, the partial likelihood binomial deviation was plotted against log (λ). The dashed line was determined using the minimum criterion and the one standard error of the minimum criteria (the 1-SE criteria) in selecting the optimal log (λ) values of the features. The best lambda value from cross-validation is 0.002297955.




3.2.3 Analysis of biophoton parameters under different stress conditions

Figure 5 shows the three biophoton characteristic parameters of Isatis indigotica Fort leaves under different stress conditions. High salinity and drought stress conditions induced significant changes in the biophoton parameters. Compared to the control group, both I0 and CPS showed a highly significant decrease under these stress conditions, while the low salinity stress group had a relatively minimal effect. The variation trend of T under different stress conditions was not significant.

[image: Grouped line graphs A to F, showing various stress responses over time. Graphs A, B, and C compare different concentrations (control, 60 mmol/L, 120 mmol/L, 180 mmol/L) across 30 days, displaying variables \(I_0\), CPS, and T. Graphs D, E, and F contrast control and drought conditions over 60 days for the same variables.]
Figure 5 | Three selected biophoton characteristic parameters (I0, CPS, and T) of fresh Isatis indigotica Fort leaves under different stress conditions with stress time. (A–C) The changing trends of I0, CPS, and T in the salt stress group with stress time, respectively. (D–F) The changing trends of I0, CPS, and T in the drought stress group with stress time, respectively.

PCA was then applied to provide a focused view of the variance in the biophoton characteristic parameters (I0 and CPS) to differentiate the stress subtypes. The results indicated that the biophoton characteristics could reasonably stratify the samples between the control group and the high salinity and drought stress groups (Figure 6).

[image: Two PCA scatter plots labeled A and B. Plot A shows four groups: 120 mmol/L (red circles), 180 mmol/L (light blue triangles), 60 mmol/L (green squares), and Control (blue crosses) across dimensions capturing 76% and 24% variance. Plot B compares Control (red circles) and Drought (light blue triangles) groups, illustrating 91% and 9% variance. Each group is enclosed in a shaded polygon. The axes are labeled Dim1 and Dim2, with respective percentages of variance explained.]
Figure 6 | PCA scores obtained from the biophoton data. (A) PCA score plots of the biophoton characteristic obtained from samples at different salinities. (B) PCA score plots of the biophoton characteristic obtained from drought stress group.

A two-tailed unpaired Student’s t-test was used to compare the differences in biophoton parameters between the control group and the stress treatment groups. The analysis results indicated significant differences in both I0 and CPS between the control group and the high salinity groups. The control group showed higher I0 and CPS than the high salinity groups, as shown in Figures 7A, B. Similar results were observed under drought stress groups, where I0 and CPS were significantly lower in the drought stress group compared to the control group (Figures 7D, E). However, there were no significant differences in T between any of these groups (Figures 7C, F).

[image: Bar charts labeled A to F display various measurements comparing control conditions to three different concentrations (60, 120, and 180 mmol/L) and control versus drought conditions. Chart A shows CPS values significantly decrease with increasing concentration. Chart B shows similar trends for I0. Chart C shows no significant change in T values. Charts D, E, and F compare control to drought, showing significant reductions in CPS and I0, while T remains unchanged. Error bars and p-values indicate statistical significance.]
Figure 7 | The t-test analysis of the biophoton parameters under different stress conditions. (A–C) The t-test analysis results of I0, CPS, and T among different salt concentration. (D–F) The t-test analysis results of I0, CPS, and T in different drought stress treatment group.





3.3 The active ingredient content of Isatidis Folium

The active ingredient content in Isatidis Folium was determined by UPLC. Five peaks were identified by comparing the retention times of the samples (Figure 8B) with those of the standards (Figure 8A), including 4-hydroxyquinazoline, syringic acid, tryptanthrin, indigo, and indirubin. The precision ranged from 0.99% to 2.59% and the RSD of the reproducibility test ranged from 0.976% to 3.246%. The stability test was performed by analyzing the sample solution at six different time points after the preparation of the test sample (0, 4, 8, 12, 16, 20, and 24 hours) at room temperature, with RSDs ranging from 1.395% to 2.085%. Standard solutions at 0.5, 1, and 1.5 times the sample concentration were added to the samples, and the recovery test was then conducted according to the method described in Section “2.3.2”. The average recoveries ranged from 99.29% to 100.66% with RSDs from 1.72% to 4.32%. These results indicate the good performance and data reliability of the UPLC method.

[image: Two graphs labeled A and B display chromatograms. Graph A shows peaks numbered 1, 2, 3, 5, and 6, with peak 3 being the tallest. Graph B includes peaks numbered 1 through 10, with peak 3 being prominent, and additional notable peaks at 6 and 9. Both graphs have x-axes labeled with numerical markers and y-axes representing intensity or concentration.]
Figure 8 | The UPLC chromatograms of Isatidis Folium. (A) The standard chromatogram. (B) The sample chromatogram. 1: 4-hydroxyquinazoline; 2: syringic acid; 3: tryptanthrin; 5: indigo; 6: indirubin. However, compounds 4, 7, 8, 9, and 10 were uncertain.

Figure 9A illustrates the differences in the levels of the five active ingredients under different salinity conditions. The t-test analysis results showed that except for the content of 4-hydroxyquinazoline, the levels of both tryptanthrin, syringic acid, indigo, and indirubin in the high salinity stress groups were significantly lower than those in the control group. Although the levels of certain constituents in the low salinity group also differed to some extent from those in the control group, the variability was small and the difference was not significant compared with the control group. Figure 9B illustrates the differences in the levels of the five active ingredients under different drought stress conditions. The t-test analysis results showed that the levels of syringic acid, tryptanthrin, indigo, and indirubin were all significantly lower in the drought stress group than in the control group. According to the 2020 edition of the Chinese Pharmacopoeia, the standard content of indirubin was 0.02%. The indirubin content was 0.1% in the control group, 0.046% in the drought group, 0.095% in the low salinity stress group, and about 0.018% in the high salinity stress group. Based on the levels of these five active ingredients, it can be concluded that the quality of Isatidis Folium varies under different environmental conditions. This suggests that Isatis indigotica Fort possesses a certain tolerance to salt and drought, while the accumulation of most of the active ingredients was strongly inhibited under severe salt stress.

[image: Bar graphs titled "A" and "B" show the content of four compounds: 4-hydroxyquinazoline, syringic acid, tryptanthrin, indigo, and indirubin, measured in milligrams per gram. Graph A displays results across different concentrations (control, 60, 120, 180 mmol/L), while Graph B contrasts control and drought conditions. Statistical significance is indicated with p-values, highlighting significant differences between the groups.]
Figure 9 | The t-test analysis results of the active ingredient content in Isatidis Folium under different stress conditions. (A) Salt stress; (B) Drought stress.




3.4 Inhibitory activity of Isatidis Folium decoction against E. coli and S. aureus

Table 1 shows the inhibitory activity of the Isatidis Folium decoction against E. coli and S. aureus under different stress conditions. In the control group, the decoction of Isatidis Folium was able to significantly inhibit the growth of E. coli and S. aureus at a concentration of 128-256 μg/mL, whereas in the high salinity and drought stress groups, a concentration of 512 μg/mL was required, and especially under drought stress, a concentration of 1024 μg/mL was required to inhibit the growth of S. aureus. The MIC values of both the high salinity group and the drought group were all significantly higher than those of the control group, indicating that the antibacterial activity of Isatidis Folium was significantly reduced under more severe stresses, implying that the medicinal effects were also severely inhibited.


Table 1 | Inhibitory activity of Isatidis Folium decoction against E. coli and S. aureus.

[image: Table comparing minimum inhibitory concentrations (MIC) in micrograms per milliliter for *E. coli* and *S. aureus* under various stress conditions. For *E. coli*, MIC values range from 128 to 512 across control, drought, and salt conditions. For *S. aureus*, MIC values range from 128 to 1024. Stress conditions include control, drought, and salt for both species.]



3.5 Effects of different stress conditions on photosynthetic pigment content

As the salt stress progressed, the total chlorophyll and carotenoid contents of the control group all showed increasing trends, whereas the high salinity groups showed clear decreasing trends. At the same time, those of the high salinity groups were all lower than those of the control and the low salinity groups (Figures 10A–C). The contents of photosynthetic pigments in the low salinity group showed no difference compared to the control group in the early stage of stress, but the continuous accumulation of salt led to a decreasing trend in the later stage of stress. Based on the t-test analysis, in the later stage of stress, the contents of photosynthetic pigments of the control group were all significantly higher than those of the high salinity groups, as shown in Figure 11A. In addition, at the later stage of stress, the contents of photosynthetic pigments of the low salinity group were also lower than those of the control group, but the decreasing trend was relatively insignificant compared to those of the high salt stress groups. Under drought stress, the contents of photosynthetic pigments in both control and drought groups showed continuously increasing trends, but those of the control group were always significantly higher than those of the drought stress group (Figures 10D–F). Figure 11B shows the t-test analysis results that the contents of photosynthetic pigments were significantly different between the drought group and the control group, with the control group having significantly higher levels.

[image: Graphs A-F display changes in chlorophyll, carotenoids, and photosynthetic pigments under stress over time. Panels A-C show varying mmol/L concentrations, while D-F compare control and drought conditions. Each graph presents stress time in days on the x-axis with corresponding pigment levels on the y-axis, indicating trends over time.]
Figure 10 | The content of total chlorophyll, carotenoids, and photosynthetic pigments in fresh Isatis indigotica Fort leaves under different stress conditions. (A–C) Salt stress. (D–F) Drought stress.

[image: Bar graphs show the effects of different treatments on pigment content, measured in mg/g. Panel A displays total chlorophyll, carotenoids, and photosynthetic pigments under control and varying mmol/L treatments, with significant p-values marked. Panel B compares total chlorophyll and carotenoids under control and drought conditions, with p-values indicating statistical significance.]
Figure 11 | The t-test analysis results of total chlorophyll, carotenoids, and photosynthetic pigments content under different stress conditions. (A) Salt stress. (B) Drought stress.




3.6 Effects of different stress conditions on REC

Figures 12A, B illustrate the variations in REC under different stress conditions. As the stress progressed, the REC of the stress groups exhibited different degrees of increase, whereas the REC of the control group remained consistently lower than those observed in the stressed groups and were stable over time. Figures 12C, D show the results of the t-test analysis, indicating that the REC of the control group was significantly lower than that of the high salinity and drought groups. Specifically, the REC of the high salinity and drought groups were approximately 136.33%, 200.78%, and 167.67% higher than that of the control group.

[image: Four graphs labeled A to D show different experimental results.   Graph A: Line chart with REC percentage over 20 days. Four lines represent different concentrations: control, 60 mmol/L, 120 mmol/L, and 180 mmol/L, showing an upward trend.  Graph B: Line chart comparing control and drought conditions over 60 days, with drought showing higher REC percentages.  Graph C: Bar chart displaying REC percentages for control, 60 mmol/L, 120 mmol/L, and 180 mmol/L, indicating statistical significance between groups.  Graph D: Bar chart comparing control and drought, showing drought with a higher REC percentage (P = 0.025).]
Figure 12 | The REC of fresh Isatis indigotica Fort leaves under the two different treatment factors. (A, B) The variation of REC treated with salt stress and drought stress with the treatment time. (C, D) The t-test analysis results of REC in salt and drought stress groups.




3.7 Effects of different stress conditions on ROS production rate

Among the salt stress groups, the control and 180 mmol/L groups differed significantly and were selected for the t-test analysis. Figure 13 illustrates the differences in the production rate of ROS in the different stress groups: the rates in both the 180 mmol/L group and the drought group were all significantly higher than those in the control group.

[image: Bar graphs A and B compare ROS production rates. Graph A shows control versus 180 mmol/L with a significant increase, p=0.027. Graph B shows control versus drought conditions with a higher increase, p<0.001.]
Figure 13 | The t-test analysis results of ROS production rate under different stress conditions. (A) Salt stress. (B) Drought stress.




3.8 Correlation analysis

Based on the preceding results, the correlation between biophoton parameters and other indices was analyzed. The correlation analysis results are presented in Table 2 and Figure 14 provides a more intuitive view of the correlation network. The results indicated a positive correlation between the biophoton parameters (I0 and CPS) and the content of photosynthetic pigments and active ingredients such as syringic acid, tryptanthrin, indigo, and indirubin under different stress treatments. In addition, I0 and CPS were negatively correlated with REC, ROS generation rate, and MIC values. However, the correlation between T and other indicators was basically not significant.


Table 2 | Correlation analysis results.

[image: Table showing Pearson correlation (r) and p-values for various biophoton parameters under salt and drought stress conditions. Parameters listed include 4-Hydroxyquinazoline, Syringic acid, Tryptanthrin, among others. Results are divided into three columns: CPS, IO, and T, with significance levels denoted by asterisks. MIC-E and MIC-S are also indicated.]
[image: Network diagrams labeled A and B, depicting relationships between variables like photosynthetic pigments, total chlorophyll, and indigo. Diagram A uses blue lines, while diagram B uses orange lines. Both diagrams involve nodes labeled CPS, T, and IO, connected by lines of varying thickness.]
Figure 14 | The network diagrams of the correlation analysis. (A) Salt stress. (B) Drought stress. Negative correlations were indicated by dotted lines and positive correlations were indicated by solid lines; the thicker lines indicated a higher correlation (i.e., a larger Spearman’s |ρ|). The length of each line had no meaning. MIC-E and MIC-S represent the minimum concentration at which the decoction of Isatidis Folium significantly inhibited the growth of E. coli and S. aureus, respectively.





4 Discussion

According to the metabolic luminescence theory, redox reactions in biological systems produce highly reactive peroxyl radicals, which can then be oxidized into excited-state biomolecules. These inherently unstable biomolecules must return to the ground state, releasing excess energy in the form of photons during these transitions (Cifra and Pospísil, 2014). It is reasonable to assume that a biological system with higher metabolic activity will contain more biomolecules in the excited state. The greater the energy released by these active biomolecules during energy level transitions, the greater the intensity of the biophoton emission. Plant stress exposure leads to ROS accumulation, disrupting cell membrane structure and function, and promoting the formation of harmful compounds like superoxide anion and MDA. Such disruptions can lead to metabolic disruption and, ultimately, a decrease in the intensity of biophoton emission (Bu et al., 2022). It was found that the initial delayed fluorescence of winter wheat decreased by an order of magnitude under stress conditions (Jócsák et al., 2024). Consistent findings were obtained in our study: under high salinity and drought stress, the I0 of Isatis indigotica Fort leaves was approximately halved relative to the control group. Additionally, evidence indicates that I0 levels can reflect the metabolic strength of biological systems (Xi et al., 2011; Gang et al., 2015), which supports our previous view regarding the correlation between metabolic strength and biophoton emission intensity. Thus, it can be postulated that high salt and drought stresses likely caused significant cellular damage, inhibiting metabolic activity in Isatis indigotica Fort leaves. In the study of the DL characteristics, in addition to the intensity parameter, the time parameter T, introduced by Professor Gu, serves as an important macroscopic indicator reflecting the decay rate of the DL kinetic curve. Mathematical analysis of the DL decay kinetics revealed no significant differences in T between different stress conditions. This implies that different stress conditions had minimal impact on the decay characteristics of the DL kinetic curves of samples. Similar results were observed in a related study (Gu, 2012), where Europe Aloe vera samples showed a 30% higher I0 than South America samples, yet their T values remained nearly identical. This indicates that Aloe vera samples from these two regions differed in the “density” category, but were similar in the “composition” category. Consequently, we infer that Isatis indigotica Fort leaves subjected to different stress conditions maintained a similar level of “composition”, resulting in stable T values. However, stress influenced the “density”, such as the content of constituent substances, leading to a significant difference in I0 values. Therefore, we believe that, although parameter T cannot be used as a sensitive indicator to distinguish Isatis indigotica Fort leaves under various stress conditions, it can still reflect this valuable information.

These two severe abiotic stresses can promote the excessive accumulation of ROS and lead to oxidative stress damage. Such perturbations can lead to the extravasation of intracellular substances and the degradation of chlorophyll, thereby affecting physiological and metabolic processes such as photosynthesis (Sun et al., 2012). Chloroplasts are the sites of photosynthesis and can use photosynthetic pigments to convert light energy into chemical energy and store it in organic matter, which is the energy source for all life activities in green plants. The structure of the chloroplast remains relatively stable under normal physiological conditions (Qu et al., 2024). However, under stress conditions, the normal structure of the chloroplast is disrupted, leading to a series of abnormal phenomena, including plasmalemma separation, disorganization of internal components, and rupture of the membrane system (Long and Deng, 2019). This leads to the degradation of chlorophyll, disruption of physiological functions, and inhibition of photosynthesis. Consequently, the destruction of chloroplast structure and function will inevitably weaken the metabolic activities of green plants and inhibit their normal growth. Therefore, in this study, we developed these two stress models to investigate the potential relationship between biophoton emission characteristics, physiological state, and herbal quality. The test results showed that the photosynthetic pigment content of Isatis indigotica Fort leaves decreased significantly under stress conditions. This suggests that salt and drought stress could damage the chloroplasts, resulting in reduced energy production and unfavorable secondary metabolite synthesis. The study also showed that the REC of samples under both high salinity stress and drought stress were all significantly higher than that of the control group. This suggests that under stress conditions, the cell membrane structure suffers severe damage, resulting in a loss of the ability to regulate the entry and exit of substances. At the same time, the stress disrupts the dynamic balance between ROS generation and consumption in the leaves, leading to membrane rupture and metabolic disorders (Meng et al., 2022). As a result, plant growth is inhibited, inevitably affecting the accumulation of active ingredients.

The correlation analysis revealed a strong correlation between the physiological indicators and the biophoton parameters (I0 and CPS). Compared to the control group, there was a significant decrease tread in photosynthetic pigment content with increasing stress levels. I0 and CPS positively correlated with photosynthetic pigment content, consistent with prior research findings (Sun et al., 2023b). Lower chlorophyll content correlates with reduced photosynthesis, indicating weakened metabolic activity and decreased biophoton emission intensity. In contrast, both I0 and CPS showed a significant negative correlation with the rate of ROS production, which seems to contradict some reports in the literature. This discrepancy may be due to the source of biophoton emission in Isatis indigotica Fort leaves differing from that observed in other sample types. It is well known that ROS is one of the major sources of ultra-weak luminescence and that the ultra-weak luminescence of biological samples is positively correlated with oxidative stress. However, ROS may not be the only or direct source of the changes in biophoton emission. On the contrary, some studies (Sun et al., 2023b; Bai et al., 2018b) have reported that the ultra-weak luminescence of green plants was negatively correlated with ROS, which is consistent with our results. This is because salt stress severely inhibits the photosystem (PS) activity and the oxygen-evolving complex in leaves, damages the integrity of the thylakoid membrane, decreases the photochemical efficiency of PSII, and hinders the QA-QB electron transfer (Sun et al., 2023a). This change inhibits photosynthesis and reduces the metabolic strength of the system. At the same time, the large accumulation of ROS under stress will damage the cell membrane system, causing extravasation of intracellular tissue and disorganization of tissue structure, leading to metabolic disorders, reduced growth and vigor, and ultimately reflected in the weakening of the CPS (Bai et al., 2018a). REC serves as a crucial physiological indicator of plant resistance, exhibiting a negative correlation with the structural integrity of cell membranes. The significant negative correlation between biophoton parameters and REC indicates that biophoton emission could reflect the extent of cell membrane damage in Isatis indigotica Fort leaves under stress. In conclusion, the results demonstrate that biophoton parameters can be used as effective indicators for reflecting the physiological status of Isatis indigotica Fort leaves.

Chinese herbs are composed of a variety of complex chemical components. Some of these components, such as alkaloids, flavonoids, glycosides, volatile oils, amino acids, possess specific biological activities and are collectively termed the active ingredients of Chinese herbs. Relevant studies have shown that, in addition to growth, appearance, and physiological indices, stressors can also affect the accumulation of active ingredients in medicinal plants (Tang et al., 2018; Yang et al., 2023). For medicinal plants, the content of active ingredients plays a crucial role in determining their quality. Consequently, excessive stress will inevitably affect the quality of the herbs. The results of the UPLC-based determination of active ingredients indicated that the effect of low salinity stress on the total active ingredient content of Isatidis Folium was not discernible. In contrast, under high salinity and drought stress conditions, a significant reduction in the content of the four main active ingredients was observed, which is consistent with the results reported in the literature (Zhou et al., 2019; Cheng, 2018). Similar results were also obtained in the determination of antibacterial activity: the MIC values of E. coli and S. aureus were significantly higher than those of the control group in both high salinity and drought stress groups, indicating that excessive stress also inhibited the antibacterial activity of Isatidis Folium. Combining the results of UPLC and MIC determination, we tentatively conclude that stress conditions, especially excessive abiotic stresses, can seriously reduce the herbal quality. Therefore, there is a significant difference between the herbal quality of our established stress models and the control group.

It is known that the form of excitation energy generated by light irradiation depends on the absorption of this energy by molecules within the body. Changes in the chemical composition and content of the herbs will alter the internal structure of the herbs, which in turn will alter the ability of the molecules to interact, absorb, and store excitation energy, resulting in different DL kinetics. In addition, some studies (Xi et al., 2015) have shown that SPE mainly occurs during the redox metabolism and protein synthesis processes in Chinese herbs, and the differences in the active ingredient content will affect the protein synthesis mechanism and related energy metabolism in the plants, thereby affecting the CPS of the Chinese herbs. The findings indicated that the content of the active components of Isatidis Folium under both two types of stress was positively correlated with the biophoton parameters (I0 and CPS). The levels of the active ingredients of Isatidis Folium under high salt and drought stress decreased significantly compared to the control group. It is important to note that Isatidis Folium contains mainly indigo, indirubin, tryptanthrin, and syringic acid, as active compounds, which may directly influence the pharmacological action and thus affect its therapeutic properties.

The DL technique has previously been identified as an effective method for quality control of Chinese herbal medicines, based on studies analyzing the DL characteristics, active ingredient content, and pharmacological activity. These studies have demonstrated an obvious correlation between biophoton parameters and quality indicators (Jia et al., 2020; Sun et al., 2019b, a, Sun et al., 2016b, a, Sun et al., 2020). Existing literature further indicates potential correlations between the biophoton emission characteristics and the herbal content of the active ingredients in fresh samples of several Chinese herbal plants, such as the roots of Salvia miltiorrhiza Bunge and Platycodon grandiflorus (Jacq.) A.DC (Zhao et al., 2017), Lonicera japonica Thunb. buds (Zhao, 2014), and Leonurus japonicus Houtt. leaves and Carthamus tinctorius L. flowers (Cao et al., 2023). All these studies provide a solid foundation for our exploration. Our study reveals that the biophoton characteristics of fresh Isatis indigotica Fort leaves of different stress conditions were significantly different and correlated with the active ingredient content, antibacterial activity, and physiological indices. Therefore, we preliminary believe it is feasible to use the biophoton characteristics of fresh Isatis indigotica Fort leaves to predict and evaluate the quality of Isatidis Folium during cultivation. Specifically, the biophoton detection technology enables real-time monitoring of Isatidis Folium quality during the growth of Isatis indigotica Fort. This allows for the timely removal of poor-quality plants or the implementation of corrective measures, thereby improving overall yield and quality.

In addition, other existing quality control methods of Chinese herbs, although mainstream, lack complete and accurate characterization. These methods rely on the analysis of dried Chinese herbs after processing, involving complex procedures that result in irreversible damage and waste. Additionally, they struggle to effectively monitor herbal quality during cultivation. Conversely, biophoton emission captures comprehensive intrinsic information from biological samples, aligning with the holistic view of traditional Chinese medicine and offering a more thorough reflection of herbal quality. Moreover, quality evaluation of Chinese herbs based on biophoton technology will not damage the structure or efficacy of the samples. The measurement of specific parameters by this technique allows quality to be determined immediately post-harvest. Therefore, biophoton detection technology has the advantages of rapidity, sensitivity, and non-invasiveness, simplifying the evaluation process compared to the traditional methods and requiring lower operational techniques and testing costs. However, given the limited sample diversity and size, further extensive experimental investigation is required to validate the generalizability and applicability of these findings. Due to the large equipment, many components, and complicated wiring, the current biophoton detectors can only be fixed in one place, making it impossible to detect fresh samples directly in the planting fields without removing the samples from the plants. The diversity of DL kinetic curve fitting methods results in a wide range of biophoton parameters and the lack of agreement in this domestic and international research field, which also leads to uncertainty and complexity in parameter selection. Spectroscopic detection techniques are also of great value in the characterization and identification of Chinese herbs (Yao et al., 2022; Qi et al., 2022), and when combined with modern scientific techniques such as chromatography and mass spectrometry, they can evaluate the properties of Chinese herbs more comprehensively. By combining HPLC with near-infrared technology and chemometric modeling, a comprehensive evaluation of Danshen medicines was achieved, from active ingredient quantification to overall quality variation (Li et al., 2022). The creation of a comprehensive analysis process of multispectral data enables the traceability of the origin of Chinese herbs (Qi et al., 2020). It not only helps to evaluate herbal quality but also facilitates similar quality assessment efforts for other natural medicines. Moreover, the spectroscopic method has the advantages of high sensitivity, high accuracy, and intelligence, which can achieve rapid, non-destructive, and environmentally friendly detection of Chinese herbs without affecting their quality and utility as well. Therefore, further identification of the most applicable fitting methods and characteristic parameters, as well as the development of portable instrumentation that can detect the light intensity and spectrum concurrently, is crucial for the real promotion of this technology for quality prediction and monitoring during herbal cultivation. If this technology is to be truly promoted and applied to quality prediction and monitoring during the cultivation of Chinese herbs, future research should focus on establishing mathematical models of biophoton parameters based on multiple sources and large samples, to better guide practical applications.




5 Conclusion

The quality of Chinese herbs represents a pivotal concern in the modernization and internationalization of traditional Chinese medicine. Currently, the quality of Isatidis Folium varies, and the evaluation system requires improvement. In this study, we proposed a novel method to identify different stress subtypes of Isatis indigotica Fort using biophoton technology and preliminarily verified its feasibility in the quality evaluation of Isatidis Folium, which aligns with the holistic perspective of traditional Chinese medicine and is also simple and rapid. This study revealed significant differences in the biophoton parameters (I0 and CPS) and physiological indices of fresh Isatis indigotica Fort leaves and in the active ingredient content and antibacterial activity of Isatidis Folium under various stress conditions. I0 and CPS were able to accurately differentiate between stress subtypes and the growth status of Isatis indigotica Fort and were correlated with the quality of Isatidis Folium. Thus, we believe that the biophoton detection technique has good potential as a rapid technique to predict and evaluate the quality of Isatidis Folium. Furthermore, I0 and CPS may serve as effective indicator parameters with significant potential for herbal quality monitoring.
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Chickpea (Cicer arietinum L.), through a series of morphological, physiological, biochemical, and molecular changes, would tolerate abiotic stresses such as water deficiency. Accordingly, two separate experiments were conducted to investigate phytochemical and morphophysiological traits of various candidate chickpea genotypes in response to drought stress. In the first experiment, morphological and phytochemical traits were evaluated by maintaining pots at 70% water holding capacity (WHC) and applying gradual drought stress (to 50% and 25% WHC) to four- to six-week-old seedlings. In the second experiment, the stressed plants were exposed to progressive drought stress for biochemical measurements, while control plants were irrigated at 70% WHC. The highest photosynthetic water use efficiency (9.94 µmolCo2/µmolH2o) under drought stress belonged to the MCC552 genotype, followed by the MCC696 genotype with 7.25. The highest chlorophyll content (SCMR) was recorded in MCC537 (0.99 µg/cm²), followed by MCC352 (0.89 µg/cm²). The deepest root depth (70.83 cm) was observed in MCC537, followed by MCC552 (69.36 cm). Root diameter increase under stress conditions compared to normal conditions only in MCC352 and MCC552. However, leaf area was higher in MCC552 and MCC537 under drought stress conditions. The SCMR(μg/cm²) was highest in the MCC552 (1.48), followed by MCC696(1.32) and MCC80 (1.31). The highest proline level was observed in the MCC552, which increased with drought stress severity. The lowest level of Malondialdehyde was observed in the MCC696 genotypes, while the highest catalase level was found in the MCC696, followed by the MCC537 and MCC552. Based on root depth, root length, diameter, leaf area, as well as phytochemicals traits, especially proline, MCC552 and MCC696 were identified as the most tolerant genotypes to drought stress.
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Introduction

The pulses family has 18000 species and 650 genera (Varshney et al., 2009, Varshney et al., 2013). The cultivated chickpea, Cicer arietinum L., belongs to the genus Cicer, which includes ten annual and 36 perennial species. Of all the yearly species, C. arietinum L. is the only one domesticated and cultivated globally (Toker et al., 2021; Kakaei et al., 2024). Chickpea is the second most crucial legume crop worldwide, with 59 chickpea-producing countries. It has a global cultivation area of 18.86 million hectares, a production of 15.08 million tons, and an average yield of 1.01 tons per hectare in 2020 (FaoSAT Rome, 2023). It is mainly produced in marginal lands under adverse conditions (biotic and abiotic stresses) with an average yield of about one ton per hectare, much less than its yield potential (6 tons per hectare under optimal conditions). A combination of drought, heat, cold, and salinity stresses negatively affects the productivity of chickpeas (Roorkiwal et al., 2020; Arriagada et al., 2022). In Iran, despite its relatively high cultivation area (660,000 hectares), its yield is much lower than the global yield average (495 kg.ha-1) (FaoSAT Rome, 2023).

Chickpea is primarily grown in arid and semi-arid environments, specifically on low-quality lands. These regions are characterized by challenging abiotic conditions, including extreme temperatures and drought stress. These environmental factors significantly limit chickpea production at different stages of growth throughout the growing season. Drought stress and high temperatures are two of the most critical challenges, resulting in a decrease in yield of up to 50% and 20% globally, respectively (Sachdeva et al., 2018). In this scenario, it is essential to identify and develop productive chickpea genotypes using traditional and modern breeding methods. The goal is to create new varieties of chickpeas that are resilient to climate change and can thrive in various environments. This is crucial to food security in the short and long term (Arriagada et al., 2022).

Despite the ability of chickpeas to grow under stress conditions, there is still a need to increase the tolerance characteristics against drought stress by improving the efficiency of the plant in water deficit conditions (Keerthi et al., 2023) through a better specific root architecture (Sinha et al., 2016). Due to the direct contact of the roots with soil particles, they act as the first signal transducer of drought stress (Agrawal et al., 2016).

Plant growth hinges on the intricate balance between roots and shoots, shaping overall development. Among environmental challenges, water scarcity poses the greatest threat to plant vitality. Drought stress triggers a wide range of responses, from cellular changes to altered growth patterns. To fully grasp plant drought resistance, it’s essential to examine both visible morphological adaptations and internal biochemical shifts. This comprehensive approach unveils the complex strategies plants employ to endure water-limited conditions, providing crucial insights into their resilience mechanisms and potential strategies for enhancing crop performance in challenging environments (Kang et al., 2022; Kou et al., 2022).

Drought stress gradually diminishes the absorption of CO2 as it impairs stomatal function. It also decreases leaf area, shoot expansion, and root proliferation, interrupting the plant’s water relations. Moreover, it disrupts photosynthetic pigments and hampers gas exchange, reducing plant growth and productivity (Anjum et al., 2011; Quagliata et al., 2023; Wang et al., 2023).

The absence of water lowers the water potential of the soil, leading to a decrease in the number of leaves per plant, the size of each leaf (leaf area), and the lifespan of the leaves. The reduction in leaf area due to drought stress is caused by a decrease in the rate of photosynthesis (Anjum et al., 2011; Quagliata et al., 2023; Wang et al., 2023). The growth of plants is often limited by the rate of photosynthesis, especially when there is reduced soil water availability. This is because a decrease in chlorophyll content leads to a change in leaf color from green to yellow, indicating a reduction in the photosystem II reaction center. As a result, the absorption of photosynthetically active rays (PAR) is reduced, affecting water consumption (Lonbani and Arzani, 2011). A common adverse effect of drought stress on crops is decreased fresh and dry biomass production (Wang et al., 2023).

In the breeding program, it is essential to consider identifying physiological traits that contribute to drought tolerance. This is because separate genetic loci control seed yield and drought resistance. Therefore, utilizing physiological characteristics as an indirect selection is crucial in improving yield-based selection methods. Selection efficiency can be improved if specific physiological and morphological characteristics related to yield are identified under a stress environment and used as a selection criterion (Lonbani and Arzani, 2011; Khadka et al., 2020; Sewore et al., 2023). A variety of traits have been proposed to enhance selection efficiency and serve as indirect criteria for improving yield under stress conditions. These include stomata features (size, number, and conductance), leaf traits (area, shape, expansion, aging, maturity, cuticular resistance), root attributes (length and dry weight), water use efficiency (WUE), relative water content (RWC), evapotranspiration efficiency, and levels of phytochemical materials and physiological metabolites such as gayacol peroxidase (GPX), ascorbate peroxidase (APX), catalase (CAT), malondialdehyde (MDA), abscisic acid. as well as the stability of cell membranes. In addition, traits related to drought resistance, such as plant height, reduced leaf area, and early maturity, contribute to total seasonal evapotranspiration. Drought-tolerant cultivars usually maintain higher leaf RWC under drought stress (Lonbani and Arzani, 2011; Hashmi et al., 2023; Sewore et al., 2023).

To effectively implement any strategy for genetic improvement, it is crucial to utilize genetic diversity within the species for specific traits. Additionally, it is essential to develop breeding methods based on Mendelian genetic principles to ensure efficient selection processes (Acquaah, 2015). Adopting new breeding technologies is expected to enhance chickpea crop productivity greatly. Although conventional breeding methods have already yielded improved chickpea cultivars, there is still ample opportunity for further productivity gains. By integrating modern genomic resources with traditional breeding approaches, it is anticipated that chickpea varieties with resistance to both biological and climatic challenges can be introduced within a relatively short timeframe (Roorkiwal et al., 2020).

To evaluate drought-tolerant chickpea genotypes (C. arietinum L.) using morphological, physiological, and phytochemical traits, researchers have conducted various studies to select high-yielding genotypes for drought tolerance. The evaluation process involves assessing physio-biochemical indices, multi-environment yield performance, and different seedling traits. Chickpea genotypes have varied significantly in seedling traits and physio-chemical attributes under various environments. Physio-biochemical traits like proline, glycine betaine, and RWC have been reflected in chickpeas’ capability to tolerate drought stress (Shah et al., 2020; Arif et al., 2021; Hussain et al., 2021).

A significant obstacle in chickpea breeding programs is the limited genetic diversity. This poses a challenge in developing new and improved chickpea varieties that can withstand various abiotic stresses in the long term (Jha, 2018). To enhance the efficiency of breeding efforts, it is crucial to expand the genetic lines of chickpeas (Raina et al., 2019). In this context, the selection of new lines should rely on a thorough phenotypic and genetic description of the plants utilized as parental plants in breeding programs. This process can be accomplished using advanced phenotyping techniques (Mir et al., 2019), such as root system architecture in drought stress experiments (Brunel-Saldias et al., 2020). Our original project aims to evaluate the morphophysiological and transcriptomic analysis of candidate chickpea genotypes using the RNAseq in response to drought stress. Still, in this research, six drought-tolerant candidate genotypes, previously identified as superior in various field experiments were evaluated based on phytochemical and morphophysiological traits related to shoot and root systems, serving as additional criteria for effective selection under drought stress. One drought- tolerant genotype will be selected and compared with a sensitive genotype, such as ILC3279 to determine resistant genes to drought of chickpeas.





Materials and methods

Over the past decade, extensive studies have been conducted to select and identify Kabuli-type chickpea genotypes with drought tolerance. Initial experiments focused on evaluating yield under drought stress in field conditions. Subsequent selection processes in greenhouse and laboratory settings revealed significant variation in drought-related traits among Kabuli-type chickpea genotypes. The finding from these studies (Ganjeali and Kafi, 2007; Amiri Deh Ahmadi et al., 2010; Ganjeali and Bagheri, 2010; Palta et al., 2010; Ganjeali et al., 2011b, Ganjeali et al., 2011c; Rahbarian et al., 2011; Raheleh et al., 2012) have led to the identification and acquisition of a list of candidate drought-tolerant genotypes (Table 1) used in this study.


Table 1 | Characteristics of used chickpea genotypes.

[image: Table listing chickpea accessions from the Mashhad Chickpea Collection. Columns include Name, Abbreviation name, Type (all Kabuli), Origin, and Ref. Highlights include MCC552 from Iran, native accession, and MCC696 from Iran, reference Abrishamchi et al., 2012.]



Cultivation and drought stress improvement

The experiment was divided into two parts to measure morphological and phytochemical traits. Before sowing the seeds in the relevant experiment, they were disinfected with sodium hypochlorite (1%) and washed thrice with sterile distilled water.





Experiment 1: root characteristics and morphological traits

A cylindrical cultivation test (Figure 1A) was designed and implemented in controlled greenhouse conditions to evaluate the tolerant chickpea candidate genotypes using morphological traits and rooting status. This experiment used 80 cm high PVC tube cylinders for deep root growth. The soil texture consisted of 50% agricultural soil, 45% sand, and 5% Vermicompost. These soil textures were mixed and stirred repeatedly until the mixture was uniform. The sand and soil particles used were homogenized using a sieve. The cylinders were filled to 90 cm high and 35cm diameter. It used the same weight (8 kg) and height (80 cm) of soil texture in all PVCs to keep the soil compact.

[image: Panel A shows potted plants in a greenhouse, arranged in rows within large tubes. Panel B is a black and white abstract pattern resembling intertwined lines. Panel C displays potted plants in a similar greenhouse, aligned in a grid pattern.]
Figure 1 | Five weeks old chickpea seedlings in three-liter pots for biochemical measurements under drought stress (A); Chickpea seedling in 80 cm high PVC tube cylinders for morphological measurements, as well as root depth and length two weeks after exposure to drought stress (B) and a representative, scanned root profile (C).

Three seeds per cylinder were cultivated with three replications for the control and drought stress treatments in the greenhouse with a temperature of 25 ± 3°C and a humidity level of 50-70%. Only one seedling was kept in each cylinder one week after seedling emergence. Four weeks after emergence, chickpea plants were exposed to drought stress for one week at the 50% level of WHC and then gradually to severe drought stress of 25% WHC for another week based on our previous findings for creating progressive drought stress (Vessal et al., 2011, Vessal et al., 2012). In contrast, control plants were irrigated normally to keep 70% WHC during this time.

Two weeks after the application of drought stress, the plant shoots were cut off from the soil surface (from the root crown) and used to measure morphological traits. To extract the roots from the soil, the soil was gently washed with water, and it was tried not to cause any damage to the roots. The roots were separately washed and extracted. To measure the root profile, the average diameter and total length (including main tap root, secondary, and tertiary roots) of the roots along each cylinder were divided into two parts (35 cm up and 35 cm down in each cylinder). Root area, diameter, and length were measured and scanned [using a scanner (Image Analysis - Delta-T Devices) and HP Precision Scan Pro software] (Figure 1B). To analyze root properties (root length, root diameter and root surface area) (supplementary file (Supplementary Figure S1)), Delta-T Scan was used. Roots were scanned to a black and white images at a resolution of 400 dpi, and HP precisionScan Pro Software was also utilized.

The root depth was calculated from the distance from the root crown to the tip of the root [supplementary file (Supplementary Figure S1)]. All genotypes were evaluated in terms of morphological traits including root diameter, root density, root dry weight to total plant dry weight ratio, shoot dry weight, plant height, mesophyll conductivity, photosynthetic rate, photosynthetic water use efficiency (PWUE) (Sajid et al., 2023), transmission rate, EC, leaf area (it was measured by leaf area meter (Li-1300) device and WinDIAS2.0 software), stems number, MSI(Membrane stability index) (Sajid et al., 2023), stem diameter, chlorophyll (SCMR((SPAD chlorophyll meter reading)), leaf water potential and RWC (Li et al., 2023). Physiological parameters: The net photosynthe-sis rate, transpiration rate and stomatal conductance of fully expanded and well light exposed leaves were measured with a portable porometer (LCI4, ADC BioScientific Ltd. Hoddesdon, Herts, England). The JMicroVisionv1.2 software was used to record the leaf area after imaging accurately. To measure the leaf area the leaf area of five plants was immediately measured after sampling using a leaf surface measurement device. The mean value was then calculated to estimate the leaf area index (LAI), the total leaf surface area to the ground surface unit. Net photosynthesis, transpiration, stomatal conductance, and substomatal CO2 concentration were measured using an infrared gas analyzer (IRGA, Model LCA4, ADC BioScientific Ltd., Herts, UK). The photosynthetic pigment content of the plants was measured at the beginning of the flowering stage (35 days after planting; DAP). This was done using a handheld SPAD chlorophyll meter (Minolta 502) on the second youngest fully developed leaf from the top of each plant. Leaf chlorophyll fluorescence was measured using a fluorometer (Model OS1 FL, Opti-Sciences Inc., Hudson, USA) under light conditions. The youngest fully expended leaf was placed inside the chamber. The size of the leaf chamber of LCA4 is 6.25 cm-2. In this chamber, the air flows continuously, and the amount of light is adjusted using LED lamps. The time to measure photosynthesis was between 10 and 12AM.





Experiment 2: biochemical measurements

Three seeds were shown in each three-liter pot (Figure 1C) with three replications for both control and drought stress treatments under greenhouse conditions with the same temperature and humidity in experiment 1. One week after emergence, only two seedlings were kept in each pot for applying stress treatment. After four weeks of growing under normal irrigation (70% WHC), seedlings were exposed to progressive drought stress by complete water withholding. Leaf samples from fully expanded leaves at the top of the plant were obtained at three-time points after water withholding (0, 48 and 96 hours) to analyzed biochemical traits (it is processed by microtiter plate reader BioTek and Gen5 software(BioTek Instruments, Winooski, VT, USA)) including proline, CAT, guaiacol peroxidase (GPX), APX, and MDA (Tuberosa and Salvi, 2024; Martin et al., 2013; Çevik et al., 2019). A factorial experiment was conducted using a completely randomized design (CRD) with three replications. Experiment factors were stress levels (0, 48, and 96 hrs after WHC) and the genotypes.





Preparation of phytochemical extract

To prepare a 50ml extraction buffer, 0.607g of Tris and 0.05g of PVP were dissolved in 40ml of distilled water. The pH was adjusted to 8 using chloric acid, and the volume was brought to 50ml. For protein and phytochemical extraction, 0.5g of leaf sample was ground into powder using liquid nitrogen. 2ml of the prepared buffer was added to the ground sample and homogenized. The mixture was then centrifuged at 13,000 rpm for 15 minutes. The resulting supernatant was separated for measuring protein content and phytochemical activity. This method provided an efficient way to extract and prepare leaf samples for further biochemical analysis (Bradford, 1976).





Enzymatic activity of guaiacol peroxidase

The activity of guaiacol peroxidase was measured using guaiacol as a substrate. A reaction mixture contained 25µL of phytochemical materials extract of the plant, 2.77mL of potassium phosphate buffer (50 mM and with pH= 7), 100 µL of 1% H2O2, and 100 µL of 4% guaiacol. The increase in absorbance due to guaiacol oxidation was measured at 470 nm wavelength in 3 minutes. Each unit of enzyme concentration is defined as the amount of phytochemical materials that cause a 0.01 change in absorbance (Zhang et al., 2005). The concentration of enzyme was calculated using the extinction coefficient (ϵ = 26.6 mmol-1cm-1) using the following formula;

[image: Text displaying the equation: A equals epsilon b c.]	

A: read absorbance equivalent,

b: Cuvette length,

c: the concentration of the H2O2

The concentration of enzyme was expressed as fresh weight units per gram (Nakano and Asada, 1981).





Ascorbate peroxidase activity

APX activity was measured using a spectrophotometric method based on ascorbate oxidation. The reaction mixture contained 50 mM potassium phosphate buffer with an acidity of 7, 0.5 mM ascorbate, 0.1 M hydrogen peroxide, and 150 microliters of phytochemical materials extracted from the plant. APX concentration was measured based on the reduction of ascorbate absorption within 1 minute at 290 nm wavelength. The concentration of enzyme was calculated using the extinction coefficient (ϵ = 2.8 mmol-1cm-1) through the following formula [46].

[image: Equation showing a triangle with angle A equal to the product of variables labeled as epsilon, b, and c.]	

A: read absorbance equivalent,

b: Cuvette length,

c: the concentration of the H2O2

The concentration of enzyme was calculated as phytochemical materials unit based on the amount of total protein (mg) present in 50 microliters of extract [obtained by the Bradford method (Bradford, 1976)] in one minute. One phytochemical materials unit of APX is the amount of phytochemical materials that oxidize one millimol of ascorbic acid in one minute (Nakano and Asada, 1981).





Catalase activity

CAT activity was measured by a spectrophotometric method based on reducing hydrogen peroxide absorption in 30 seconds at 240 nm wavelength. The reaction mixture contained 50 mM potassium phosphate buffer with an acidity of 7, 15 mM H2O2, and 100 microliters of phytochemical materials extract. The reaction was started by adding H2O2, and the decrease in absorbance was measured in 30 seconds. The concentration of enzyme was calculated using the extinction coefficient (ϵ = 0.28 mmol-1cm-1) using the below formula [47];

[image: Capital letter A equals epsilon b c.]	

A: read absorbance equivalent,

b: Cuvette length,

c: the concentration of the H2O2)

The concentration of enzyme was calculated as phytochemical materials unit based on the amount of total protein (mg) present in 100 microliters of extract (obtained by Bradford method (Bradford, 1976)) in one minute. One phytochemical materials unit of CAT is the amount of phytochemical materials that break down one mmol of H2O2 in one minute.





Measurement of MDA

To measure malondialdehyde in chickpea leaves, 0.25g of leaf was ground with 5ml of 0.1% TCA and centrifuged. 250µL of supernatant was mixed with 1ml of a solution containing 20% TCA and 0.5% TBA. The mixture was heated at 95°C for 30 minutes, cooled in ice, and re-centrifuged. The absorbance was measured at 532nm, and non-specific dye absorbance at 600nm was subtracted. A specific equation was then used to calculate the malondialdehyde content. This method provided a precise quantification of malondialdehyde, an key indicator of oxidative stress, in chickpea leaf samples (Heath and Packer, 1968).

[image: The image shows a formula for MDA: MDA (μmol g⁻¹ FW) equals (A₅₃₂ minus A₆₀₀) times W divided by 116, multiplied by 1000.]	

A532 = spectrophotometer-read absorption at 532 nm wavelength,

A600 = spectrophotometer-read absorption at 600 nm wavelength,

W= the weight of the Leaf sample used.





Measurement of proline

To measure proline concentration, a 0.5g leaf sample was mixed with 10ml of 3% sulfosalicylic acid, homogenized, and filtered using a Watman N2 filter. 2ml of this filtrate was combined with 2ml ninhydrin reagent and 2ml acetic acid, heated at 100°C for an hour, and then quickly cooled in an ice bath. Next, 6ml toluene was added and stirred vigorously. After allowing it to settle for two hours, the upper phase was analyzed using a spectrophotometer at 520nm. A specific formula was then used to calculate the proline concentration, providing a precise method for quantifying proline in leaf samples (Bates et al., 1973).

[image: Formula for calculating proline concentration: Proline in micromoles per gram of fresh weight equals \( \frac{M \times T \times W}{115.5} \times 1000 \).]	

Where;

M = the number read with the spectrophotometer;

T= the volume of toluene used (it was 4 ml);

W= leaf fresh weight.





Data analysis and analysis

Statistical analysis was performed using Duncan’s Multiple Range Test at 1% and 5% significance levels, along with the mean square method for variance estimation. To ensure reliability and validity, the study incorporated randomization, multiple replications, control groups, and checks for data normality and variance homogeneity. Statistix vertion 10 software was used to analyze data and ANOVA, while Excel software was utilized for charts creation. Average data comparison were performed using the Duncan test at 1% and 5% probability levels.






Results

Analysis of variance for morphological and phytochemical data showed no significant simple effect of drought stress and the interaction of the genotype at different levels of drought stress for the traits of the number of main branches and the number of lateral branches. However, there were significant differences in morphological characteristics including root diameter, CO2, EC, mesophyll conductivity (MC), photosynthetic rate(PR), PWUE, transport rate, number of branches, total root length, length of the upper part of the root (35 cm down from the soil surface), length of the lower part of the root (the second 35 cm from the middle of cylinder), length of the stem, root diameter, RWC, root dry weight, shoot dry weight, MSI, rootDW/ShootDW, root diameter (lower part), root diameter (upper part), chlorophyll content (SCMR) and leaf area (p ≤ 0.01) (Table 2). Duncan’s mean comparison test showed that the highest amount of PWUE trait (9.94) occurred in the MCC552 genotype under drought stress conditions. The MCC696 genotype had the following position with 7.25 (Figure 2).


Table 2 | Analysis of variance for morphological traits of chickpea genotypes.

[image: A table presents statistical data analyzing the effect of genotype and drought on root features. It includes sources of variation, degrees of freedom, mean squares for root diameter, total root length, down root length, and up root length across different conditions. Asterisks indicate significance levels, with single, double, and triple asterisks denoting p-values less than 0.05, 0.01, and 0.001, respectively.]
[image: Bar chart comparing photosynthetic water use efficiency across six genotypes under control (red) and stress (green) conditions. Genotype 552 shows the highest efficiency under stress. Error bars indicate variability.]
Figure 2 | PWUE among different chickpea genotypes under drought stress and normal conditions. Genotypes with the same letters within the range indicate no significant difference (p ≤ 0.01).

The highest average total root length was 67,300 mm for MCC537, 58,700 mm for MCC552, and 51,100 mm for MCC696 under drought stress conditions (Figure 3A). The highest total length of the roots in the lower part, with a total of 27944, 26941, and 22182 mm, was related to MCC552, MCC537, and MCC696 genotypes, respectively (Figure 3B). The highest length of roots in the upper part, 31,105 and 30,790 mm, was observed in the MCC537 and MCC552 genotypes, respectively (Figure 3C). The depth and penetration of the roots in the soil have increased in all chickpea genotypes under stress conditions compared to normal conditions. In addition, the soil’s highest root depth (70.83 cm) was related to the MCC537 genotype, followed by the MCC552 genotype with 69.36 cm (Figures 4, 5).

[image: Three bar charts compare root lengths under control (red) and stress (blue) conditions across six genotypes (80, 352, 427, 537, 552, 696). The first chart shows total root length, the second shows down root length, and the third shows up root length. Each chart indicates statistical significance with different letters.]
Figure 3 | Comparison of different chickpea genotypes based on the total length of the roots (A), the length of the lower root section (B), and the length of the upper root section (C). Genotypes with the same letters within the range indicate no significant difference (p ≤ 0.01).

[image: Bar chart comparing root depth in centimeters across six genotypes under control (yellow) and stress (green) conditions. Genotypes are labeled as 80, 352, 427, 537, 552, and 696. Root depth ranges from approximately 52 to 70 centimeters, with genotype 537 having the greatest depth under stress conditions. Error bars and capital letter annotations indicate variability and statistical groupings.]
Figure 4 | Root depth changes among different chickpea genotypes. Genotypes with the same letters within the range indicate no significant difference (p ≤ 0.01).

[image: Two rows of six root samples against a red background. The top row is labeled "Control" with samples numbered 427, 552, 537, 352, 80, and 696. The bottom row is labeled "Stress" with the same numbering. The roots in the stress condition appear denser and more intertwined than the control group.]
Figure 5 | Represents whole roots washed among various chickpea genotypes under normal conditions (Up) and drought stress (down).

In the present research, the root diameter increased only in two genotypes, including MCC352 and MCC552, under drought stress conditions compared to normal conditions. In contrast, the average root diameter in the MCC352 genotype has changed from 0.47 mm to 0.49 mm and in the MCC552 genotype from 0.43 to 0.44 mm due to stress condition (Figure 6A). Except for the MCC552 and MCC352 genotypes, the average root diameter in the lower part was reduced in the rest of the genotypes (Figure 6B). Notably, except for the MCC552 genotype, the average root diameter in the upper part was decreased in other genotypes. Also, in the MCC552 genotype, the average root diameter in the upper part was increased from 0.43 to 0.46 mm (Figure 6C).

[image: Three scatter plots labeled A, B, and C showing root diameters in millimeters for various genotypes. Plot A represents total root diameter, B shows up root diameter, and C displays down root diameter. Symbols denote different genotypes: circles, squares, triangles, inverted triangles, diamonds, and open circles for 80, 352, 427, 537, 552, and 696, respectively. Each genotype is compared across two conditions marked as 1 and 2 on the x-axis, with error bars indicating variability.]
CBAFigure 6 | Evaluation of different chickpea genotypes based on the traits of the average diameter of the whole roots (A), the average diameter of the upper part of the roots (B), and the average diameter of the lower part of the roots (C) (p ≤ 0.01). 1= Control, 2= Stress.

The shoot dry weight in all genotypes under stress has decreased significantly compared to normal conditions (Figure 7A). As a result, in the present research, the amount of leaf area for each genotype under stress conditions was divided by the same amount under normal conditions, and the genotype with the least reduction was considered. According to the data, the genotype MCC352 had the highest shoot dry weight ratio in stress conditions compared to normal conditions, followed by MCC552 and MCC696 with ratios of 0.92, 0.81, and 0.9, respectively. For the ratio of root dry weight in stress conditions compared to normal conditions, the highest values were observed in genotypes MCC696, MCC537, MCC352, and MCC552, with rates of 1.07, 1.01, 1.01, and 0.95, respectively (Figure 7C). The genotype MCC80 had the highest root/shoot dry weight ratio, followed by MCC696 with a ratio of 111/06 (Figure 7D). As for the fresh weight ratio in stress conditions compared to normal conditions, the highest values were observed in genotypes MCC352, MCC696, and MCC552, with ratios of 0.76, 0.69, and 0.62, respectively (Figure 7B).

[image: Bar charts show effects of control and stress conditions on different genotypes (80, 352, 427, 537, 552, 696) across shoot dry weight (A), shoot fresh weight (B), root dry weight (C), and root-to-shoot dry weight ratio (D). Blue bars represent control conditions, red bars represent stress conditions. Error bars indicate variability. Each chart has statistically significant differences labeled with letters.]
Figure 7 | Assessment of different chickpea genotypes based on the shoot dry weight (A), shoot fresh weight (B), root dry weight (C), and RootDW*/ShootDW ratio (D). Genotypes with the same letters within the range indicate no significant difference (p ≤ 0.01). *Dry weight (DW).

The leaf area under stress in all genotypes, except 552 genotypes, has decreased significantly compared to normal conditions (Figure 8A). The photosynthetic rate ratio under drought stress conditions compared to normal conditions in MCC80, followed by MCC696, MCC352, and MCC522 genotypes, was 0.86, 0.65, 0.58, and 0.50, respectively (Figure 8B). According to the ratio of SCMR under drought stress compared to normal conditions, the highest amount of SCMR occurred in MCC537 and then MCC352, respectively, with the amounts of 0.99 and 0.89 (Figure 9).

[image: Bar graphs labeled A and B compare the leaf area and photosynthetic rate across genotypes. Red bars represent control conditions, and green bars represent stress conditions. Graph A shows leaf area, where genotype 352 has the highest control value. Graph B shows the photosynthetic rate, with genotype 696 having the highest control value. Error bars are present for variability.]
Figure 8 | Leaf area (mm2) (A) and photosynthetic rate (µmol m-2s-1) (B) changes of different chickpea genotypes under normal and stress conditions. Genotypes with the same letters within the range indicate no significant difference (p ≤ 0.01).

[image: Bar chart showing SCMR values for different genotypes under control and stress conditions. Control bars are red, stress bars are magenta. Significant differences are labeled with letters A to E. Genotypes on the x-axis are 80, 352, 427, 537, 552, and 696. Values range from 0 to 50 on the y-axis.]
Figure 9 | Chlorophyll content (SCMR((SPAD chlorophyll meter reading)) changes in different chickpea genotypes. Genotypes with the same letters within the range indicate no significant difference (p ≤ 0.01).

The highest amount of MSI was obtained in MCC537 (75.32), MCC352 (68.7), followed by MCC552 (58.8) and MCC696 (57.9) genotypes (Figure 10). The highest average length of stem was observed in the MCC537 and MCC552 genotypes, with 892.6 and 728 mm, respectively (Figure 11).

[image: Bar chart comparing the Membrane Stability Index (MSI) of different genotypes under control (green) and stress (blue) conditions. Genotypes 80, 352, 427, 537, 552, and 696 are labeled with MSI values ranging from 0 to 90. Bars indicate higher MSI for stress conditions in all genotypes, with genotypes 537 and 352 showing the highest values under stress. Error bars are present.]
Figure 10 | Evaluation of different chickpea genotypes based on MSI. Genotypes with the same letters within the range indicate no significant difference (p ≤ 0.01).

[image: Bar graph showing stem length in millimeters for different genotypes under control and stress conditions. Genotype 537 shows the highest and genotype 352 the lowest stem length. Blue bars represent control; red bars represent stress. Error bars indicate variability.]
Figure 11 | Evaluation of different chickpea genotypes based on each genotype’s average length of stems. Genotypes with the same letters within the range indicate no significant difference (p ≤ 0.01).

The highest correlations of 0.998, 0.995, and 0.919 were respectively detected between mesophyll conductance and photosynthetic rate traits, total root length traits with the length of the upper part of the root, and the traits of average root diameter with the average diameter of the lower part of the root (Figure 12).

[image: Correlation matrix visualizing relationships between different plant-related parameters, such as OSD, LSD, CO2, and various measurements of root length and diameter. Values range from -0.5 to 0.5, indicated by a color scale bar on the right from purple to yellow, showing positive and negative correlations.]
Figure 12 | Correlation between morpho-physiological traits among different chickpea genotypes.

Stepwise regression showed that seven traits could affect PWUE. Traits such as mesophyll conductance and leaf area directly and positively affect PWUE. Mesophyll conductance, with 11.579, has the highest positive rate. However, the photosynthetic rate has the most significant effect on PWUE and indirectly affects the transpiration rate. The photosynthetic rate was the most negative effect on PWUE (Figure 13).

[image: Diagram showing factors affecting photosynthetic water use efficiency. Leaf area, mesophyll conductance, photosynthetic rate, rootDW/StemDW, down root length, and transpiration rate all influence efficiency, with varying positive and negative numerical values indicating their impact.]
Figure 13 | Path analysis of the effect of studied traits on PWUE.

PWUE = 1091.79 Mesophyll conductance – 2.523 photosynthetic rate + 0.008 leaf area – 1.117 transpiration rate -0.06451 lower root length – 0.048 root DW/shoot DW

The analysis of variance for the phytochemical data showed that the simple effect and interactions of the genotype, drought stress, and time were significant on the proline, POD, MDA, CAT, and GPX traits (p ≤ 0.01) (Table 3). The highest proline content was observed in the MCC552 genotype. Meanwhile, with the increase in the time of stress, the amount of the proline was also increased (Figure 14). The lowest levels of MDA occurred in the genotype MCC696. Meanwhile, with the increase in the time of stress, the rate of the MDA has also increased (Figure 15). The highest rate of CAT was observed in the genotypes MCC696, followed by MCC537 and MCC552. A similar pattern was also happened in CAT phytochemical materials with the increase of stress time (Figure 16).


Table 3 | Analysis of variance for the phytochemical traits of chickpea genotypes.

[image: Table displaying statistical analysis results. Columns include Source, DF, SS, and MS with subcategories GPX, CAT, MDA, POD, and prolin. Various interactions like Genotype, Drought, and Time are listed with significance levels at p<0.05 and p<0.01.]
[image: Scatter plot showing proline concentration in micromoles per gram dry matter under various abiotic conditions and genotypes. Six symbols represent different genotypes. Proline levels increase significantly under stress conditions, especially at 96 hours, indicated by two asterisks.]
Figure 14 | Changes in proline content of chickpea genotypes at various drought stress time points (0, 48, and 96 hrs) (p ≤ 0.01). **, Significant at the 0.01 (p < 0.01) level.

[image: Scatter plot comparing MDA levels (nanomoles per gram) in six genotypes under control and stress conditions over time. Data is displayed using colored symbols: red circles (80), blue squares (352), pink stars (427), purple triangles (537), dark purple diamonds (552), and orange squares (696). Each genotype shows varied MDA levels, with a general increase under stress conditions. Statistical significance indicated by double asterisks.]
Figure 15 | Different chickpea genotypes evaluation based on the MDA at various drought stress time points (0, 48, and 96 hrs) (p ≤ 0.01). **, Significant at the 0.01 (p < 0.01) level.

[image: Scatter plot showing CAT activity (U per minute per microgram protein) across different abiotic conditions and genotypes. X-axis represents control and stress conditions with different time points. Y-axis ranges from 0 to 0.025. Genotype symbols include circles, squares, stars, triangles, diamonds, and bordered squares. Error bars indicate variability, with a significant difference marked by asterisks between Stress (96) for genotypes 537 and 696.]
Figure 16 | Different chickpea genotypes evaluation based on the CAT at various drought stress time points (0, 48, and 96 hrs) (p ≤ 0.01). **, Significant at the 0.01 (p < 0.01) level.

The highest correlation rates were observed with 0.92 and 0.81 between the POD and GPX traits, followed by POD and CAT, respectively. The lowest correlation rate (0.36) was also between proline and GPX attributes (Figure 17).

[image: Heatmap showing correlation coefficients between oxidative stress markers: GPX, CAT, MDA, POD, and Prolin. Colors range from blue to red indicating strength from low to high. A color bar on the side provides reference for correlation values from 0.4 to 1.0.]
Figure 17 | Correlation between antioxidant enzymes (GPX, CAT, and POD), MDA, and proline in chickpea genotypes.





Discussion

In the current research, it was found that drought stress increased proline and CAT. MDA was also affected by drought and increased with the increasing time of applying drought stress. In research (Raheleh et al., 2012), tolerant genotypes (MCC392 and MCC877) and sensitive (MCC68 and MCC448) have been compared in terms of proline, MDA, CAT, APX, peroxidase, and superoxide dismutase at seedling, flowering, and poding stages under drought stress (25% WHC),. Their results showed that drought stress caused a significant increase in proline at the flowering and podding stages, as well as an increased CAT activity in all three stages. By contrast, the effects of drought stress on APX, peroxidase, and MDA have not been significant. At the flowering stage, it has been indicated that the tolerant genotype had higher CAT activity and proline than the sensitive genotypes. It is noted that the activity of CAT, superoxide dismutase, and proline can be effective indicators in identifying drought-tolerated chickpea genotypes (Raheleh et al., 2012).

It has been shown that the MCC696 genotype has had the highest amount of proline compared to the MCC588, MCC877, and MCC776 genotypes (Abrishamchi et al., 2012). However, in the current research, MCC552 and then MCC537 genotypes were more competitive than MCC696 in proline content under drought stress conditions. The other study also reported that proline content was higher in tolerant chickpea cultivars compared to sensitive ones due to drought stress. The current research also found that drought stress increased the antioxidant enzymes (GPX, CAT, and POD), MDA, and proline. One of the reliable indicators for selecting plants under drought conditions can be the accumulation of proline in different plant organs; the accumulation of proline could be directly related to the plant’s drought tolerance (Mamnoei and Seyed Sharifi, 2010). Proline corrects the negative effect of sodium chloride salt and water stress on carbon fixation and can moderate the reduction of Rubisco enzyme activity under such conditions (Mamnoei and Seyed Sharifi, 2010).

Proline can enhance the efficiency of photosynthetic water use in plants. Studies have shown that applying exogenous proline can positively affect plant growth, leaf chlorophyll content, leaf relative water content, and overall photosynthetic performance, especially in stressful conditions such as salt stress (Hayat et al., 2012; El Moukhtari et al., 2020; Spormann et al., 2023). Research has shown that applying exogenous proline can boost photosynthetic attributes in plants, including net photosynthesis, stomatal conductance, transpiration rate, and chlorophyll content. This improves plant growth and performance, especially in challenging environments (El Moukhtari et al., 2020; Spormann et al., 2023). In addition, proline is involved in maintaining redox balance, improving photosynthetic efficiency, and ensuring a healthy nutrient balance in plants under stress (Spormann et al., 2023). Increasing proline concentration in plants subjected to water deficit can help reduce water loss from plant cells, improving water use efficiency (Medina et al., 2023).

The effect of proline on drought-tolerant candidate chickpea genotypes is significant in enhancing stress tolerance. Research indicates that proline accumulation in chickpeas is particularly active against drought stress, aiding stress tolerance mechanisms (Vessal et al., 2020). Proline accumulation in chickpea genotypes has been shown to contribute significantly to their ability to withstand drought and heat stress conditions (Kaushal et al, 2011).

In drought stress conditions, the total root length, depth of root penetration, and expansion in the lower parts of the soil are significant traits for evaluating plants suffering from drought stress. Root traits, such as root length density (RLD) in relatively shallow soil layers and root depth (RDp) in chickpeas, can positively influence seed yield in drought-prone environments by delaying dehydration (Kashiwagi et al., 2005; Gaur et al., 2008). In the present study, MCC552 and MCC696 had the highest root biomass of all the genotypes studied by chickpeas. The ratio of root dry weight to shoot dry weight in chickpea genotypes has been significantly influenced by genotype and drought stress. The MCC80 genotype had a root-to-shoot dry weight ratio of 1.36, while the MCC552 genotype had a ratio of 0.72 (Ganjeali et al., 2011c). In the present study, the lowest ratio of root-to-shoot dry weight belonged to the MCC552 genotype. However, this decrease in the ratio can be due to the weight loss of the shoot organs, as the MCC552 genotype has managed to maintain its yield in drought-stress conditions (Ganjeali et al., 2011c). It has been reported that the increase in the root/shoot organ ratio is mainly related to the more significant reduction in the shoot dry weight compared to the root dry weight in drought stress conditions (Saxena, 2003).

A comparative physiological and proteomic analysis examined the stress response of two chickpea species, C. reticulatum and C. arietinum, under drought conditions (Çevik et al., 2019). The results demonstrate that drought stress decreased root length and leaf water content while increasing the free proline content in both species. It has been shown that the effect of drought stress in C. arietinum was more than in C. reticulatum, mainly due to the photosynthetic capacity (Çevik et al., 2019). The present study also found that drought stress has increased the leaf water content as well as the phytochemicals such as GPX, CAT, POD, MDA (physiological metabolite), and proline.

Plants have a complex phytochemical defense system to reduce oxidative damage caused by ROS, including non-enzymatic and enzymatic phytochemicals. CAT plays an important role in the phytochemical system, converting hydrogen peroxide (H2O2) into oxygen and water. This enzyme is sensitive to non-biological stress conditions and is a stress marker. CAT activity increases under water limitation (Dos Santos et al., 2013). The CAT enzyme has been shown to negatively correlate with photosynthesis, stomatal conductance, and transpiration (Dos Santos et al., 2013).

High levels of electrolyte leakage and MDA accumulation are commonly recognized as signs of injury caused by stress. Stresses, always accompanied by an increase in electrolyte leakage from the cell, lead to a decrease in membrane integrity. In this study, the researchers found that interrupting irrigation significantly reduced membrane stability. This was evident through the increased electrolyte leakage and MDA content in the leaf. Any factor that can regulate the activity of phytochemicals to modulate MDA accumulation to maintain cell membrane stability can play an influential role in reducing the effect of drought stress on morphophysiological and phytochemical indicators (Ahmed et al., 2019). Similar results have also been observed in wheat, corn, and rice (Raza et al., 2007; Kathuria et al., 2009; Anjum et al., 2017). Increased CAT activity and proline accumulation during periods of low water availability in the soil indicate that the MCC552 genotype would have an efficient protective mechanism to survive drought stress conditions (Dos Santos et al., 2013).

It is expected that mesophyll conductance and leaf area would increase the PWUE. In the current research, it was also found that MDA, although very little, had a positive effect on PWUE. The MDA compound can impact photosynthetic water use efficiency in plants. Research has shown that MDA, which reflects lipid peroxidation in plant cells and responses to external stress, can influence plant biomass, photosynthesis, and lipids (Song et al., 2016). Additionally, studies have demonstrated that overexpression MDATG8i, a gene related to autophagy, can improve water use efficiency in plants by enhancing photosynthetic capacity and growth performance through optimized stomatal apertures and protection of the photosynthetic apparatus (Jia et al., 2021). Furthermore, elevated CO2 levels have been linked to changes in photosynthesis and phytochemical activity under drought stress, indicating a complex interplay between environmental factors and plant responses (Li et al., 2020). Studies have also explored the relationship between water use efficiency and photosynthesis in different plant species, highlighting the importance of factors like stomatal conductance, net photosynthetic rate, and water availability in influencing overall plant productivity (Niu et al., 2022; Wu et al., 2022).

The relationship between root dry weight and photosynthetic water use efficiency (PWUE) is complex. Research shows that water deficit can significantly impact root growth and shoot development, affecting several physiological processes, including growth, stomatal conductance, and photosynthesis. Additionally, this relationship is influenced by factors such as nutrient availability, plant species, and environmental conditions (Dinh et al., 2017; Khalil et al., 2020). Root pruning, which involves reducing root biomass, has improved water-use efficiency in maize by enhancing root water absorption (Yan et al., 2022). Studies have indicated that decreasing the root/shoot ratio through root pruning can significantly enhance grain yield and WUE (Yan et al., 2022). Root pruning can improve photosynthetic traits and root hydraulic conductivity, affecting water uptake and plant efficiency (Yan et al., 2022). However, the effects of root pruning on yield may vary depending on water conditions, with reports of increased grain yield under drought but not under sufficient water supply (Yan et al., 2022). Based on this, root growth under stress lowers photosynthetic water use efficiency.

The shoot, the leaves, and the height of the plant will decrease under the drought stress conditions. As a result, the plants are forced to use optimal water, thus increasing water consumption efficiency. In a study (Nezami et al., 2005), the effects of drought stress on some morphological traits (plant height, length and number of lateral branches, number of leaves, number of flowers and pods) among several chickpea genotypes have demonstrated that there has been a great diversity among genotypes. Some genotypes, such as MCC101 and MCC174, have responded better to stress conditions, and their growth indicators have been less affected by stress (Nezami et al., 2005). In the present study, the branch number and the number of leaves were affected by drought stress and were reduced in most chickpea genotypes. The chickpea height was also affected by drought stress, and it was found that the highest average length of the stems was obtained in the MCC537, followed by MCC552 genotypes.

Screening of 150 kabuli chickpea genotypes against drought stress showed a significant variation among genotypes in quantitative traits, and there have also been positive and very significant correlations between grain yield and stress-tolerance indexes (Ganjali et al., 2009). Due to the very high correlations of these indexes with yield in none-stress conditions, several genotypes were proposed as candidate genotypes for drought tolerance. In the present study, the MCC552 and MCC696 genotypes have been better in most measured traits under drought stress conditions and have a higher drought tolerance than others.

The present study also found that stress caused a reduction in mesophyll conductivity and photosynthetic rate. With the increase of drought stress, mesophilic conductivity was also affected more than stomatal conductivity, resulting in a reduction in the entry of CO2 into the stomata and consequently in limited carboxylation efficiency and CO2 consumption (Andalibi and Nouri, 2014).

By studying the effect of drought stress on the chlorophyll in the barley, it has been observed that with higher limitation of irrigation water, chlorophyll levels and phytochemical efficiency of photosystem II have shown a significant decrease due to optical inhibition (Mamnoei and Seyed Sharifi, 2010). The present study also found that the efficiency of photosynthesis in plants under drought stress was lower than in plants with normal growth conditions.

Chlorophyll SPAD values are usually lower when plants are under drought stress. This stress can cause a decrease in chlorophyll content due to various physiological and biochemical changes that happen in response to lack of water. When plants experience drought, their photosynthetic rates often decrease, which results in a decline in chlorophyll content. This decrease in chlorophyll content is usually accompanied by alterations in other physiological parameters, including relative water content (RWC), which drought stress can also impact (Qi et al., 2021; Arief et al., 2023; Pallavolu et al., 2023). In this research, the chlorophyll SPAD was reduced in stress conditions less than in normal conditions, similar to previous research.

Ctenanthe setosa plant under severe drought stress showed a reduction in leaf RWC from 94% to 74%. The decrease in leaf water potential and RWC has been associated with lower stomatal conduction and photosynthesis and, consequently, reduced yield (Saglam et al., 2008). The present study also found that RWC was less common in plants under stress than in plants with normal growth conditions. The decrease in leaf RWC can be due to decreased water absorption by the roots or greater evaporation from the stomata. High RWC in water limitation conditions can be associated with plant root system function and profound root growth for maintaining the inner water content of the plant (Andalibi and Nouri, 2014).

A plant’s relative water content (RWC) does not increase in drought conditions. It usually decreases when the plant is under drought stress. This is because drought results in a water deficit in the plant, causing a reduction in the water content of the leaves compared to their maximum water-holding capacity (Soltys-Kalina et al., 2016; Shariatmadari et al., 2017). Under normal conditions, the relative water content (RWC) in fully turgid leaves is typically around 98%. However, drought stress can lead to a significant decrease in RWC. For instance, a study demonstrated that drought stress resulted in a 170% reduction in RWC in chickpea plants under control conditions and a 97% reduction under priming conditions (Shariatmadari et al., 2017). Similarly, another study found that drought stress caused a decrease in potato plants’ RWC (Relative Water Content). Initially, the RWC values dropped to around 60% to 70% during wilting, and for severely dried leaves, the values plummeted to as low as 30% to 40% (Soltys-Kalina et al., 2016).

Photosynthetic rates under stress usually do not exceed high values (>20). Both heat stress and water stress inhibit photosynthesis. In the case of heat stress, photosynthesis experiences a significant decrease after 3 hours, and it can only partially recover after 12-24 hours of exposure to high temperatures (42°C). Prolonged heat stress reduces electron transport and photosystem damage and decreases photosynthetic capacity (Song et al., 2014). During periods of water stress, there is a consistent decrease in stomatal conductance (gs) and photosynthetic rate as the relative water content (RWC) decreases. At low RWC levels, the photosynthetic potential measured under saturating CO2, known as A pot, becomes increasingly inhibited. This inhibition suggests that metabolic factors play a significant role in limiting photosynthesis. Traditionally, it has been observed that as RWC decreases, photosynthetic rate and A pot approach or reach zero at approximately 40% RWC. However, elevated levels of CO2 can sometimes maintain the photosynthetic rate at A pot even as RWC decreases. It is important to note that in some instances, elevated CO2 becomes less effective in stimulating A as RWC decreases, indicating further inhibition of A pot (Lawlor, 2002). Although photosynthetic rates are generally high in unstressed conditions, they are significantly reduced when plants are exposed to heat and water stress. As measured by parameter A pot, plants’ photosynthetic activity becomes inhibited when the relative water content (RWC) is low or after prolonged exposure to high temperatures. It is important to note that photosynthetic rates do not exceed 20 under these challenging conditions (Lawlor, 2002; Song et al., 2014). In this research, the photosynthetic rates for all genotypes, except 696 genotypes, have been reduced, and the grade was less than 20, but the 696 genotypes had more than 20. This section of the experiment was repeated two times, and the results were the same; they were not changed. The authors could not find any reasons for this result.

A study of root morphological traits as appropriate criteria for selecting chickpea genotypes under drought stress indicated that in the flowering and pod formation, the interaction of stress and genotype was not significant on the length of the primary root. However, in the filling stage of the seeds, the drought stress has significantly reduced the length of the main root in most genotypes relative to the control condition. In addition, the ratio of root to shoot organs in response to drought stress has increased up to the flowering stage, which is related to the further decrease in the growth of shoot organs compared to roots at this stage. Still, this ratio has decreased after flowering (Ganjeali and Bagheri, 2010). In the current study, because of the measurement of root length, root dry weight, and shoot dry weight before flowering, the results demonstrated a similar positive ratio of root-to-shoot dry weight.

During drought stress, plants would grow their roots profoundly.

Absorbing water from different deep soil layers would reduce the roots’ diameter. In addition, plants forced to increase the growth length of their roots during drought stress, increase the average root diameter, or try to prevent the reduction of root diameter show more ability to deal with drought stress (Shirazi et al., 2016; Shahi et al., 2019; Fazeli-Nasab et al., 2022; Hoseini et al., 2022; Karimian et al., 2023). Studies show a positive correlation between root diameter, depth, and plant vigor under drought stress. A deep root system with a larger diameter is beneficial for plants like rice, wheat, and beans to acquire moisture from soil profiles efficiently. Root length densities and surface area are vital for water uptake in plants under drought conditions. Higher root surface area helps overcome hydraulic resistance in dry soil (Comas et al., 2013; Ye et al., 2018; Kim et al., 2020). In the present study, the length and diameter of the root were associated with the increase in drought stress duration. It has been reported that root growth is affected by the intensity of the plant’s stress, genotype, and phenological stage. In this regard, drought stress first increases root growth and then reduces it, but the decline in growth depends on the time of restriction of photosynthetic material from the roots (Saxena, 2003).

Drought resistance in a plant depends on various factors, including the plant species and its genotype, the age and size of the plant, the duration of the drought, and the environmental conditions. Plants have evolved different strategies to cope with drought stress, such as stomatal regulation, osmotic adjustment, and drought escape. Genetic factors, environmental conditions, and management practices can influence these strategies. Understanding these factors can help develop drought-resistant plants and improve agricultural productivity in drought-prone areas (Ullah et al., 2019; Abhilasha and Roy Choudhury, 2021; Vonapartis et al., 2022; Debnath et al., 2023). As a result, the selection of drought stress-resistant varieties should also be consistent with the selection of genotypes with high genetic potential in none-stress conditions (Ganjeali et al., 2011a).

Roots with specific traits like diameter, depth, length, and surface area can be critical in enhancing plant resilience to drought stress by improving water uptake efficiency and overall plant vigor. Understanding these root characteristics is essential for breeding programs aimed at developing drought-tolerant crops (Comas et al., 2013; Kim et al., 2020).





Conclusion

The study identified significant differences in morphological and phytochemical traits among chickpea genotypes under drought stress. Genotypes MCC552 and MCC696 demonstrated superior drought tolerance, with higher PWUE, root length, and antioxidant enzyme activity. MCC552 showed improved root characteristics, while MCC696 excelled in physiological traits. Drought stress generally reduced shoot dry weight and leaf area but increased root depth and proline content. Notably, MCC552 displayed increased root diameter under stress. Photosynthetic rate and mesophyll conductance emerged as key factors influencing PWUE. Antioxidant enzymes (CAT, POD, GPX) showed increased activity with prolonged stress, especially in drought-tolerant genotypes. The consistent yield performance of MCC552 and MCC696 under both stress and non-stress conditions in field experiments (data not shown) further supports their potential as high-value candidates for drought tolerance breeding programs. These findings offer crucial insights for selecting and breeding drought-resistant chickpea varieties, enhancing crop yield under water-limited conditions.
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Group Ge Plant Subplastid location Function References
Arabidopsis Played a role in PSII photoprotection, (Yang et al., 2006; Youssef et al.,
AFBNIa thulimp Plastoglobules starch synthesis, and ABA- 2010; Lundquist et al,, 2012;
mediated photoprotection. Gamez-Arjona et al., 2014)
Contributed to plant 1
GmFBNla Glycine max Plastoglobules o.n .r‘ ! O plant response fo (Mutava et al., 2015)
abiotic stress.
OsFBN-
E 3 5 Oryza sativa ND Played a role in cold tolerance. (Lee et al., 2007)
like protein
Played a role in plastoglobul
OsFBN1 Oryza sativa Plastoglobules aye ? i P?s 0810 e.s (Li et al., 2019, 2020)
generation and lipid metabolism.
TaFBN- Triticum
ND Contributed to ds t tol 4 Cheng et al., 2015
Group 1 like protein  aestivum ontributed to drought tolerance Locs e )
Cucumis It demonstrated stimulation and
CsaFBN1 St Plastoglobules upregulation under intense light and (Kim et al,, 2018)
low-temperature stress.
Soll Played a significant function duri
SIFBNI anan Plastoglobules ayec @ signicant unclion uniig | (gun et al, 2022)
lycopersicum tomato fruit differentiation.
it Contributed to PSII photoprotection, | (Yang et al., 20065 Youssef et al.,
AtFBN1b thralit:nap b Plastoglobules starch synthesis, and ABA- 2010; Lundquist et al., 2012;
mediated photoprotection. Gamez-Arjona et al., 2014)
Played a role in plant t
GmFBN1b Glycine max Plastoglobules @.lyE. a ro'e in plant response to (Mutava et al., 2015)
abiotic stress.
Regulated JA synthesis und z
Avabidopsis | Plastoglobiles, sirbma, of evenly associated | Sroizted JA synthesis under (Youssef et al., 2010; Lundquist
Group 2 AtFBN2 : 3 3 photosynthetic stress and protected
thaliana with thylakoid membranes . et al,, 2012)
PSII from photolysis.
AtFBN3a 2 ;
A
Group 3 hmll_”d"" N ND (Lundquist et al,, 2012)
AtFpN3p | fhaliana
Played a role in PQ-9 transportation
Arabidopsi: t al,, 2006; Singh et al.,
AtFBN4 7A%IG0PSIS | Blastoglobules between plastoglobules and thylakoids. | 007 ¢t 3 it
thaliana ) " 2010; Lundquist et al., 2012)
Improved plant immunity.
Might be involved in controlling
4 I
Group SIFBN4 Solanum Plastoglobules tomato fruit ripening and response to | (Sun et al,, 2022)
lycopersicum N o
pathogen infections.
Malr Played le i t
MAFBI4b o Plastoglobules SECAras T ehoeto (Singh et al., 2010)
domestica pathogen infections.
Arabidopsis . . (Lundquist et al., 2012; Kim et al,,
AtFBN: t; Pl | PQ-9 thesis.
BN thaliana Stroma ared airoleiin Q= sythests 2015; Otsubo et al,, 2018)
Group 5
SIFBN5 Solanum Stroma Regulated the expression of JA (Otsubo et al., 2018)
lycopersicum production under high-light stress.
A Arabidopsis Thylakoids Played a role in ROS homeostasis and | (Lundquist et al, 2012 Lee
thaliana sulfate metabolism. et al,, 2020)
i ulated i der high-
Group 6 CsaFBN6 C"f""”s Thylakoids L_Ip CeBh ALE ERIERIOR BICEn Mg (Kim et al., 2018)
sativus light and low-temperature stress.
I Ei d in ABA th
SIFBNG Solanup Thylakoids HERpECIL S SpomE Pty (Sun et al., 2022)
lycopersicum directly or indirectly.
AtFBN7a 5 3
Arabid
h"’l" PSS | plagtoglobules ND (Lundquist et al., 2012)
AtFBN7b thaliana
Group 7
GmFBN7a
They st ulated und
Glycine max | Plastoglobules i e;' strongly upregulated under (Mutava et al., 2015)
GmEBN7b lood stress.
SIFBN7a "
}Svlanun.r Plastoglobules 3/_[;)' ha\{e : rolefm the eafrly. (Sun et al,, 2022)
SIFBN7b lycopersicum ifferentiating of tomato fruits.
Arabidopsis 9
AtFBNS P Plastoglobules ND (Lundquist et al,, 2012)
Group 8
l
SIFBNS Selanum Plastoglobules Increased with fruit maturity. (Sun et al,, 2022)
lycopersicum
Arabidopsi:
AtFBN9 7avidopsis | phylakoids ND (Lundaquist et al., 2012)
thaliana
Group 9
l
SIFBN9 Solanygn Thylakoids Increased with fruit maturity. (Sun et al,, 2022)
lycopersicum
Arabidopsis : i
Group 10 AtFBN10 ; Plastoglobules and thylakoids ND (Lundquist et al,, 2012)
thaliana
Arabic i Played le i i
AtFBNI11 rabidopsis | ot ids 2yeeia o N.ONmolle (Choii et al,, 2021)
thaliana stress tolerance.
IS ; Along with CsaFBNI and CsaFBNG, it
Group 11 | CsaFBNI1 Sa’:f: ,:”s Thylakoids may be implicated in photoprotection | (Kim et al, 2018)
to excessive light stress with chilling.
SIFBN11 Selanum Thylakoids Response to ABA. (Sun et al,, 2022)

FBN, fibrillin; ABA, abscisic acid; JA, jasmonic acid; ROS, reactive oxygen species; ND, not determined.

lycopersicum
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leaf area = leaf length x leaf width x 0.73
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Stress 1 Stress 2 Species ype of Stress References
Temperature Waterlogging Brassica oleracea Heat (Lin et al,, 2015)
Gossypium hirsutum L. Heat (Chen et al., 2017)
Arabidopsis thaliana Cold (Xu et al., 2019)
Triticum aestivum Cold (Li et al,, 2014)
Drought Arabidopsis thaliana Pad2.1 Cold (Kumar et al., 2015)
Gossypium hirsutum L. Heat (Zafar et al,, 2023)
Winter Barley Heat (Jampoh et al,, 2023)
Arabidopsis thaliana Heat (Wolfe and Tonsor, 2014)
Hordeum vulgare L. Heat (Rollins et al., 2013)
Triticum aestivum Heat (Szucs et al., 2010)
Soybean Heat (Rahman et al., 2023)
Chickpea Heat (Nayyar et al., 2014; Benali et al., 2023)
Sorghum bicolor Heat (Johnson et al., 2014)
Camellia sinensis Cold (Zheng et al., 2016)
Tomato j Cold (Zhou et al., 2020)
Elymus nutans Griseb Cold (Liu et al,, 2023)
Vitis amurensis and V. vinifera cv. Cold (Su et al,, 2015)
‘Muscat Hamburg’
Creeping Bentgrass Cold (Zhang et al., 2015)
Wheat Cold (Li et al,, 2014)
Salinity Chenopodium quinoa Heat (Becker et al,, 2017, p. 201)
Brachypodium dystachion Drought + Heat (Shaar-Moshe et al., 2017)
Arabidopsis thaliana ABA + Heat (Prasch and Sonnewald, 2013; Suzuki
et al, 2016)
Jatropha curcas Heat (Silva et al., 2013)
Alfalfa Acid precipitation (Bao et al,, 2020)
and Cold
Heavy Metal Wheat Zinc Heat/Cold (Suszek-Lopatka et al., 2021)
Wheat Yttrium and Heat (Gong et al, 2022)
UV Radiation Capsicum annuum Cold (Leon-Chan et al., 2017)
Cotton Carbon dioxide (Brand et al,, 2016)
Maize Fluctuating (Singh et al., 2014)
Ambient Temperature
Light Tomato Heat (Rivero et al., 2014)
Tomato Cold (Shu et al,, 2016)
Wheat Heat (Chen et al,, 2017, p. 207)
Myrica rubra Sieb. et Zucc. Heat (Gao et al,, 2019)
Persea americana Mill cv. ‘Hass’ Cold (Joshi et al., 2020, p. 201)
Tomato Heat (Lu et al., 2017; Zhou et al., 2020)
Waterlogging Salinity Porteresia coarctata (Garg et al., 2014)
Heavy Metal Cynodon dactylon (Tan et al,, 2017)
Drought Salinity Pisum sativum L. (Attia et al., 2020)
Canola (Sharif et al,, 2018, p. 20)
Wheat (Dugasa et al,, 2019)
Spinach (Ors and Suarez, 2017)
Barley (Osthoff et al., 2019)
Tibetan Barley (Ahmed et al,, 2013)
Festuca arundinacea Schreb. (Esmailpourmoghadam et al., 2023)
Brachypodium dystachion Triple Stress (Heat) (Shaar-Moshe et al,, 2017)
Heavy Metal Grape Silicon and Potassium (Haddad and Kamangar, 2015)
Phaseolus vulgaris L Cadmium (Yildirim et al., 2023)
Hymenaea stigonocarpa High Light (Costa et al,, 2015)
Carica papaya L High Light (Vincent et al,, 2018)
Salinity Heavy Metal Broccoli Boron (Lin et al,, 2015)
Cajanus cajan (L.) Cadmium (Garg and Chandel, 2012)
UV Radiation Rosemary (Hamidi-Moghaddam et al., 2019)
Gamma Radiation Zea mays L (Aliyeva et al,, 2023)
Light Hydrocotyle vulgaris (Samsone et al., 2020)
Heavy Metal UV Radiation Soybean Cadmium (Esmailpourmoghadam et al., 2023)
Ozone Salinity Wheat (Zheng et al., 2014)
Temperature Brassica juncea L Heat (Lee et al., 2020)
UV Radiation Linum usitatissimum L. (Tripathi and Agrawal, 2013)

Sunflower (Tripathi et al., 2019)
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Chl a Total chlorophyll Carotenoids

fsatnents (u molm™) (1 mol.m™) (u mol.m™) SN

Control 4626.27 + 567.96b 1530.57 + 186.53abcd 6156.84 + 754.05b 959.74 + 147.78ab 42.13 £ 6.63a
Salt 2924.86 + 99.87¢ 963.74 + 34.7¢ 3888.6 + 133.78¢ 540.37 + 16.72¢ 33.67 + 4.97b

25 mg/L F 374067 + 227.15bc 119792 + 77.19¢de 1493859 + 303.68be 70815 + 25.41cde 3675 + 5.11ab
50 mg/L F 477888 + 799.39b 17157 + 334.52b 6494.58 + 1132.38ab 898.75 + 128.56abe 37.19 + 2.95ab
100mg/L F 6054.25 + 2039.21a 1928.87 + 664.44a 7983.12 + 2703.49a 1027.9 + 339.15a 37.11 + 2.73ab
200 mg/L F 3839.72 + 362.54bc 1326.77 + 126.35bcde 5166.49 + 487.34bc 618.35 + 54.82de 36.9 + 3.29ab
25 mg/L P 205738 + 336.52¢ 947.26 + 104.9¢ 3904.65 + 434.05¢ 55407 + 55.49¢ 33,85+ 3.66b
50 mg/L P 3974.68 + 179.28bc 1278.39 + 73.09cde 5253.08 + 249.94bc 653.03 + 37.89de 36.02 + 6.85ab
100 mg/L P 4021.8 + 209.96bc 1327.54 + 80.68bcde 5349.34 + 290.25bc 712.65 + 40.99cde 35.81 + 3.87ab
200 mg/L P 3865.27 + 358.54bc 1218.81 + 131.04cde 5084.08 + 488.39bc 793.11 + 63.81bcd 33.95 + 4.14b
25 mg/L § 1450421 % 216.3b 1613.41 + 218.07abe 6117.06 + 337.21b 76081 + 81.65bede 374+ 283ab
50 mg/L § 4414.59 + 558.53b 1319.25 + 115.66bcde 5733.79 + 986.2b 730.18 + 40.53cde 38.98 + 2.77ab
100 mg/L S 4109.72 + 127.44bc 1189.18 + 59.17de 5298.61 + 834.19bc 684.14 + 83.9cde 36.16 + 4.07ab
200 mg/L 3843.22 + 212.29bc 1249.06 + 49.71cde 5092.21 446 86be 66649 + 13298de 3663 + 3.68ab

Values represent mean + SD, and different letters show significant differences among treatments at 0.05% of significance.
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Chao Shannon  Simpson Sobs
A 42.12 + 7.47a 0.99 + 0.57b 0.96 + 0.07a 55.0 £ 22.0a
B V 5.0 +2.0b 0.75 + 0.06b 0.60 + 0.18b 5.0 + 2.0b
C 44.67 + 3.79a 2.85 + 0.20a 0.098 + 0.007c = 43.67 + 2.08a
D 45.33 + 7.50a 2.62 +0.14a 0.11 £ 0.01c 43.33 + 4.04a
E 8.0 + 4.0b 0.03 + 0.008¢ 0.99 +0.01a 6.0 + 2.65b
F 9.33 +3.21b 0.98 + 0.12b 0.49 + 0.11b 9.3 +321b
G 3.0 +£2.0b 0.18 + 0.03¢ 0.99 + 0.003a 3.0 +2.0b
H 6.0 + 0.58b 0.95 + 0.09b 0.48 + 0.01b 6.33 + 0.58b

The values in the table are presented as mean + standard deviation. Different lowercase letters
indicate significant differences in diversity among different plant root systems and soil samples

(p<0.05). Sobs is the actual observed value of species richness. The Chao index estimates the
number of OTUs contained in a sample. The Shannon index estimates microbial diversity

within a sample, while the Simpson index reflects community diversity, with larger values
indicating lower community diversity.
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PH
FwW
Chla
Chlb
Chl
MDA
Pro
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SOD
POD

CAT

55711

31.642**

21.905**

3.924

28.724**

40.082**

298.497**

142,61

24.725"*

230.825*

124.855*

539.642**

106.515**

49.681**

39.389**

223.856**

246.898**

573.82*%

77.036**

180.912**

170.118**

18.926"*

226.896™

38.398*

185.224**

148.549**

1.102

1.475

4.341*

14.538**

17.453**

4.598**

52.574**

0.534

1.763

22259%

3.28*

0932

4.01*

47.779%*

14.433*

23.398**

0.815

17.825**

7.753*

180.149**

85.788**

15.239**

78.219%

87.396**

555.219%

89.514%*

67.853**

54.655"*

292.579**

336.614*

1159.289**

77.621%

165.831**

426.143**

15.249*

217.43"™

43.431%*

254.48**

160.855*%

The figures denote F-values. * denotes significant difference at p<0.05. ** denotes significant difference at p<0.01. P H indicates plant height in the table.

1971

1.385

3.931*

11.002**

16.579**

1235

37.395%*

1.547

0.279

5.616"

2468

1.654

1.749
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East North

Hosting plants Number longitude latitude
Arundinella anomala Steud. A 46°2'46" 125°53'51"
Leymus chinensis ‘ B 46°2'46" 125°53'53"”
Taraxacum mongolicum G 46°3'10" 125°53'59”
Puccinellia tenuiflora D 46°3'9" 125°53'58"
Artemisia mongolica E 46°3'12" 125°54'1"
Artemisia anethifolia F 46°3'12" 125°54'0"
Clematis hexapetala G 46°2'54" 125°53'51"
Vicia amoena ‘ H 46°3'8" 125°54'0"
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Treatment Chla/b™  Chl/Car W
Total Chl Carotenoids
Quersuc Control® 092 £0.04 N | 021 007N | 101 +007N5 | 022+ 002N 471 £ 197 NS | 470 £ 074 NS
acutissima Carruth. 0

Drought® 079 £021™ | 015+008™ | 082+029™ 019+ 006" 644 +3.04™ | 421+ 059"

Control® L14+0.11N 1 025+0.07™ | 121 +018N% 026+ 003 N 471 £ 114 N5 464031 N5
18 i

Drought®” 103 £001™ | 019+0.06™ | 1.05+008™  025+001% 590 £ 1.69 ™ | 4.24+050 ™"

Control® 116 £0.18 ™% 030 £0.03™ | 130 018N 026+ 0.05 N 391+ 032N | 496 + 026 N
24

Drought® 104 £0.09™ | 016+0.01™ | 1.03£009™  0.26+003" 640 £ 041™ | 4.04+0.14"

Control® 094+0.14N% 1 023£002M | 113£010N% 025+ 003N 467+ 044N | 453+ 023 NS
31

Drought 102£0.25™ | 018+011™ | 104033™  025+004° 697 £295™ | 4.04+0.67 "™

Control® 094 015N | 016 £0.11 N5 095+ 025N 0.23+0.02 N 7.14£284 N5 | 412+£078 NS
RI

Drought® 105£0.15™ | 020+£012"™ | 1.08+027™ | 0.25+002° 8.11+694™ | 425081 "

Control® 101 £0.09N% | 026£010™ | 114 014N 024004 N 425+135%% | 489+ 117N
Rd

Drought® 097 £0.05™ | 018+0.03™ | 102%007" | 024%001% 535+ 055" | 419020 "™

Control® 082 +0.16 % | 0.14£0.05N% | 083 £019N% | 020004 N 645246 N | 4.16 + 049 NS
R6

Drought” 104£0.09™ | 018+0.08™ | 107%0.17™  0.26+001° 630 £224™ | 4,09+ x 0.56 "

Quercus Control® 084 +023" 029 +0.11° 1.06 032 ® 0.19+0.04 ® 297 +037 %% | 546+ 063N
palustris Miinchh. 0 .

Drought®” 092+0.14% | 030£010™ | 119x016° 025003 327£075™ | 490+ 1.14 "*

Control® 125 +0.05* 037 £0.08*" | 148£011%"  028:002% 3450524 527+ 078 NS
18

Drought® 118 +0.07° 0.40 +0.07° 149 +0.16° 0.27 + 001 *® 296034 ™ | 544+ 038"

Control® 118 £0.04*® | 046+0.01% 155003 %" 025% 001" 254005 6.17 £ 0.15 NS
24

Drought® 118 +£0.12° 0.38 +0.10 149 +023° 0.30 + 0.03 ° 321+061™ | 5.03+052"

Control® 126 +0.18* 047 £0.07* 160+ 021 %% 026+ 003" 271+004° 6.13 £ 0.19 N*
31

Drought® 109+015™ | 036+0.09" | 140+020° 0.28 + 0,05 314£074™ | 503076 "™

Control® 131£0.114 044 +0.03 4 163 0134 030 £ 0.03 * 298+ 0074% | 549027 "%
RI

Drought® 096 +0.05° | 034£0.07" | 125+012°°  024%001" 292051 ™ | 526+ 067"

Control® 099 022" | 033£0.09"° 125£028*" 024004 3.03£028%% | 5284031 N
R4

Drought® 074 +0.17 ¢ 022 +0.07 ¢ 091 022 0.19 = 0.03 339£030™ | 471+033"

Control® 103+0.09%" | 037002 | 132+010%"  023+003 " 278 020 ° 5.75 £ 033 N5
R6

Drought® 0.76 +0.08 © 023+0.04% | 093+011%  0.19%002°¢ 336+032™ | 4.84+028"

@ Control; ) Drought; ™ The values are the means + SD (n = 3). Different uppercase and lowercase letters indicate significant differences, and “n.s” indicates not significant (ANOVA with
Tukey’s honestly significant difference test, p<0.05).
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Treatment

mg/g FW

Fructose

Sucrose

Total soluble

sugar W

Quersuc Control® 153 +023 4 0.86 + 0314 2380 +2954 0.89 +0.25 4P 132,66 + 22.69 N
acutissima Carruth. 0

Drought 152029 % 0.96+ 022" 2130 £ 0.72 ™ 075 +0.24"° 138.70 + 3235 *°

Control® 0.62+023"° 0.55 + 021 4P 2080 + 5.16 A® 0.85 +0.31 4% 117.34 + 28.83 N5
18

Drought 229 % 090 ¢ 1.82 + 0.68 ** 2332 £ 098 ™ 034 £0.10 152,09 +27.19*

Control® 0.94 + 0.44 AP 0.56 + 0.16 *® 1470 +3.04® 040 +0.24 %€ 9323 £ 1623 %
24

Drought 333:132° 250 £ 053 ° 2087 £ 0.89 ™ 0.10 0.02¢ 145.37 £ 17.06 *°

Control® 0.63+0.19° 0.39 £ 020 ** 1637 £ 1.02 *® 0.13 £0.07 © 14000 + 37.74 N
31

Drought 2.69 £ 0.63 ™ 255098 ° 2270 + 4.36 ™* 0.18 £0.12°¢ 167.99 +29.36 *

Control” 0.68 +0.10 ® 0.38 £ 0.05 4% 1721 £ 015 4% 0.84 +027 ** 100.31 + 12.91 ¥
Rl

Drought 1.65 + 036 1.52 £ 024 2242 £384™ 081 £0.15"° 117.45 £ 6.45°

Control® 122019 AP 0.67 £ 0.15 4% 1954 + 3.18 A% 152 +£0.53 4 132.86 + 12.04 N
R4

Drought® 1.08 +0.38 1.04 040 ° 2477 112" 131+0.16° 11274 + 15.88 °

Control® 111024 A% 0.32+018" 18.16 + 2.33 AP 134 +0.63 % 12337 + 17.36 %
R6

Drought®” 123 +046 ¢ 1.48 + 0.48 ™ 23.00 +3.32" 132 +£0.14° 132.56 +27.78 *

Quercus Control® 0.84 + 0.26 ™ 0.49 +0.17® 1987 + 1724 0.54 +0.21 B¢ 71.45 +27.30 B¢
palustris Miinchh. 0

Drought® 0.69 % 0.04 © 0.41+032° 1879 + 2.16 ™ 055 +0.23"° 96.96 + 18.51 "

Control® 0.39 + 0.06 N 046+ 0.14 % 1572+ 121% 023 +0.06 © 69.28 £ 7.78 *¢
18

Drought® 2.89+029 1.63+0.19° 19.64 + 4.95 ™* 0.11 +0.04 13145 +28.41°

Control® 102+ 072 N5 0.50 +0.14 ® 14.68 + 278 ° 0.18 +0.01 ¢ 57.37 +9.12 %€
24

Drought 4.20+029° 2.61+052° 1968 + 146 ™ 0.04 £0.01¢ 13794 £2121°

Control® 0.79 + 0.44 N 0.36 £ 0.05® 1573 + 154 ° 039 + 0.46 *¢ 4775 £10.33 €
31

Drought 3.93+062° 2,07 £095° 17.64 + 127 ™* 0.04 +0.02°¢ 12673 +3.88"

Control” 0.62 £ 0.14 N 0.87 £ 0.15* 1563 + 1.60 ® 031£0.19°¢ 98.45 + 14.45°
Rl

Drought® 3.57+022° 2.26 + 036 ° 2002 + 3.82 " 0.25 +0.04 € 15567 +7.77°

Control® 1.50 + 0.82 N 0.61  0.08 4% 19.13 3324 094 = 0.06 ** 98.77 £ 4.04
R4

Drought®” 281+ 161% 175+ 0.61° 2243 + 648 ™ 104 +0.32° 162.65 + 36.15

Control® 071+ 021 N 0.73 £ 0.15 *° 1642 + 161 4® 116 +0.68 * 97.09 + 14.64 ®
R6

Drought 217+ 069 ° 172+ 1.03° 2229 + 3.69 ™ 092 £0.12° 12413 £22.92°

@ Control; ” Drought; ) The values are the means + SD (n = 3). Different uppercase and lowercase letters indicate significant differences, and “n.s” indicates not significant (ANOVA with

Tukey's honestly significant difference test, p<0.05).
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Name of the sample

B s__ Glomus-Wirsel-OTU6-VTX00202
[ unclassified_g__Glomus_f _Glomerace
B Glomus-MO-G3-VTX00113

B unclassified_c__Glomeromycetes

[ Glomus-group-B-Glomus-lamellosu-VT’
7l Glomus-sp.-VTX00165

- Glomus-acnaGlo2-VTX00155

B Glomus-Glo7-VTX00214

B Glomus
' Unclassified

B Acaulospora

. Archaeospora
. Paraglomus

. Diversispora

" Gigaspora

[ Glomus-ORVIN-GLO3E-VTX00309
B Glomus-Glo-C-VTX00323

B Glomus-perpusillum-VTX00287

| Paraglomus-brasilianum-VTX00239
[ Glomus-sp.-VTX00304

[ others

93

B Glomus-group-B-Glomus-Douhan9-VTX00056

Glomus-viscosum-VTX00063
[ Glomus-Glo-E-VTX00319
B Glomus-Glo-D-VTX00103
B Glomus-Glo16-VTX00120
P unclassified_g__Acaulospora
[ Glomus-caledonium-VTX00065
| Glomus-MO-G14-VTX00083
[ s__ Glomus-Wirsel-OTU12-VTX00188
[ Glomus-Franke-A1-VTX00076
[ Glomus-MO-G4-VTX00166
[ Glomus-GIAd3.3-VTX00289

I Glomus-group-B-Glomus-ORVIN-GLO4-VTX00278
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Treatments

Fresh
weight (mg)

Dry
weight (mg)

Relative water
content (%)

Plant
height (cm)

Root
length (cm)

Leaf
thickness
(mm)

Control
Salt
25 mg/L F
50 mg/L F
100mg/L F
200 mg/L F
25 mg/L P
50 mg/L P
100 mg/L P
200 mg/L P
25 mg/L'S
50 mg/L'S
100 mg/L S

200 mg/L §

32.8 + 2.51cde

249 + 4.6f

38.73 + 1.43abcd

45.63 + 3.58a

34.83 + 1.1bcd

345 + 2.12bcd

39.87 + 5.47abcd

41.6 + 1.08ab

41.73 + 3.22ab

40.8 + 1.21abc

38.8 + 1.31abed

34.9 + 2.85bcd

34.43 + 1.95bed

32.73 + 4.01de

4.57 + 0.25bc

333+ 0.12d

4.63 = 0.15bc

5.07 + 0.61ab

5.03 + 0.21ab

4.33 £ 0.15bc

5.07 + 0.68ab

5.17 + 1.07ab

5.4 + 0.95ab

6.4 +0.2a

5.13 + 0.3lab

5.2 + 0.4ab

5.2  0.53ab

5.07 + 0.85ab

70.47 + 9.6bcd

514 +5.93e

83.13 + 10.16abc

91.25 + 1.21a

77.33 + 6.26abc

76.92 + 3.95abc

90.09 + 2.83ab

78 + 9.7abc

78.47 + 12.18abc

72.15 + 1.56abed

65.17 + 2.16cd

68 + 5.29cd

7253 + 6.06abc

69.26 + 13.85cd

70.2 + 12.57bcd

47.35 + 11.4e

56.25 + 18.58de

6245 + 17.73bcde

61.65 + 19.85cde

55.95 + 13.61de

90.97 + 13.43a

81.39 + 8.95ab

78.48 + 10.54abc

75.09 + 10.56abed

57.15 + 13.62de

61.05 + 15.68cde

583 + 8.38de

61.38 £ 7.26cde

Values represent mean + SD, and different letters show significant differences among treatments at 0.05% of significance.

30.35 + 4.84ef

26.8 + 5.98f

32.32 + 3.23cde

35.65 + 3.08bcd

38.48 + 2.82ab

31.38 + 2.23cdef

42.57 + 2.36a

36.22 + 1.54bc

32.96 + 1.27cde

33.3 + 2.12cde

30.6 + 5.48def

30.46 + 4.28¢f

29.24 + 4.38¢f

28.84 + 3.12¢f

0.26 + 0.1fg
0.63 + 0.22a
0.41 + 0.18cdefg
044 £ 0.19abcdef
037 £ 0.19defg
0.36 + 0.12efg
022 +0.07g
0.38 + 0.12defg
0.43 + 0.11bcdefg
0.51 % 0.17abede
0.53 + 0.labcde
0.56 + 0.06abcd
0.58 + 0.labc

0.61  0.13ab
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FW Chl a Chib  Chl 55 SP Pro

PH 1
FwW -0.353 1
Chla 0.132 0217 1
Chlb 0414 0213 0.390 1
7 Chl [ 0.364 0230 | 0.797** | 0.863** 1
SS 0.010 0.449 0.322 0.792** 0.701* ] 1
SP -0.333 0.354 -0.552 -0.317 -0.499 -0.055 1
Pro 0.882** -0.382 0.256 0.400 0.418 0.037 -0.282 1.
MDA -0.596 -0.031 0.061 -0213 -0.104 0.047 -0.308 -0.756* 1
SOD -0.010 0.487 -0.300 0.287 0.052 0.566 0.664* -0.131 -0.162 1
POD -0.539 0259 -0.557 -0.717 ‘ -0.799** -0.564 0.638* -0.495 -0.070 0.002 1
CAT -0.240 0.139 -0.324 -0.786 -0.709* -0.713* 0.490 -0.144 -0.300 -0.173 0.847** 1

* denotes significant difference at p<0.05. ** denotes significant difference at p<0.01.
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Gene Gene name Scaffol mino acids Pl Mw (Da) AVY Prediction Location

PH02Gene38476.t1 PeDIRO1 Sca2 98 9.65 10914.73 0245 c
PH02Gene10505.t1 PeDIR02 Sca2 198 9.48 21111.09 0011 Cm
PH02Gene10498.t1 PeDIR03 Sca2 103 605 1113376 0.005 Cm
PH02Gene39117.t1 PeDIR04 Scad 113 9.24 13084.03 -0.174 Cw
PHO2Gene21871.t1 PeDIR0S Scad 175 458 18059.55 0.426 Cm
PHO2Gene21872.t1 PeDIR0G Scad 244 567 261706 0.120 c
PHO2Gened1384.1 PeDIR07 Scad 244 876 26058.16 0.121 c
PHO2Gene41385.t1 PeDIR0S Scad 28 895 23997.6 0.115 c
PHO2Gened7479.t1 PeDIR09 Scad 300 7.04 31572.07 0262 Cm
PHO2Genel7742.t1 PeDIRI0 Scas 206 593 21802.75 0.164 Cm
PHO2Gened6616.1 PeDIRI1 Sca7 172 56 17953.65 0490 Cm
PH02Gene23777.t1 PeDIRI2 Sca? 308 922 3371139 -0.167 oy
PH02Gene23783.t1 PeDIR13 Sca7 206 694 22740.15 0,039 fe
PH02Gene10604.t1 PeDIR14 Scal0 360 552 37524.82 0219 Cm
PH02Gened5653.1 PeDIRIS Scalo 176 489 1892478 0311 Cm
PH02Gene37326.t1 PeDIRIG Scalo 135 1065 14073.85 -0.191 N
PH02Gene37327.t1 PeDIRI7 Scalo 205 643 21807.9 0.061 Cm
PHO2Gene15809.t1 PeDIRIS Scall 199 9.64 21303.26 0,030 Cm
PH02Genel15808.t1 PeDIR19 Scall 158 9.47 17097.25 0177 Cw
PH02Gene03445.t1 PeDIR20 Scal2 306 59 32972.06 0.132 cy
PH02Gened9830.t1 PeDIR21 Scal2 179 9.04 19047.7 0.087 Cw
PH02Gene23505.t1 PeDIR22 Scal3 198 8.64 20716.51 0.19 Cm
PH02Gene23504.12 PeDIR23 Scal3 187 607 19858.14 0283 Cm
PH02Gene27724.1 PeDIR24 Scal3 205 535 21379 0,039 Cm
PH02Gene27725.41 PeDIR2S Scal3 199 592 20953.66 0.132 Cm
PH02Gened9479.t1 PeDIR26 Scal3 237 564 24866 -0.006 Cm
PH02Gene30332.t1 PeDIR27 Scal3 178 6.49 18337.89 0274 Cm
PH02Gene30333.t1 PeDIR2S Scal3 230 7.06 2415626 -0.069 Cm
PH02Gene30336.L1 PeDIR29 Scal3 216 659 228728 -0.062 Cm
PHO2Gene0248711 PeDIR30 Scald 153 602 16285.49 0'11;55 Cm
PHO2Gened4352.t1 PeDIR31 Scald 333 472 32889.13 0413 Cm
PHO02Gened4353.t1 PeDIR32 Scald 340 53 34924.64 0223 Cm
PHO02Gene21283.1 PeDIR33 Scals 180 6.64 18430.08 0202 Cm
PH02Gene00136.t1 PeDIR34 Scals 345 478 34290.51 0.198 Cm
PH02Gene03637.t1 PeDIR3S Scals 231 6.16 2312346 0330 Cm
PH02Gened9728.t1 PeDIR36 Scals 155 696 16384.66 0.048 (&
PHO2Gene15063.1 PeDIR37 Scal6 25 9.46 26088.43 0137 N
PH02Gene15600.1 PeDIR38 Scal6 318 482 31565.48 0293 Cm
PH02Gene31450.1 PeDIR39 Sca2l 188 875 19913.88 -0.009 fo
PH02Gene26302.t1 PeDIR40 Sca2l 137 625 1448123 0253 Cm
PHO2Genel8583.1 PeDIR41 Sca2l 348 469 34556.86 0.185 Cm
PHO2Genel1037.t1 PeDIR42 Sca2l 280 54 28003.89 0275 Cm
PH02Gene07832.t1 PeDIR43 Sca22 305 7 32408.57 0015 Cw
PH02Gene20575.t1 PeDIR44 Sca23 169 552 17835.97 0.192 Cm
PH02Gened4204.t1 PeDIR45 Sca24 130 8.68 13952.93 0,073 Cw
PH02Gene36783.1 PeDIR4G Sca24 184 536 19391.13 0355 Cm
PH02Gene32510.t1 PeDIR47 Sca3o8 88 187 993439 0.161 Cm

Mw, molecular weight; P1, isoelectric point; GRAVY, grand average of hydropathicity score; Cm, Cell membrane; C, Chloroplast; Cw, Cell wall; N, Nucleus; Cy, Cytoplasm.
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Bacterial

Species

Bacterial
Species

E coli.

Number Str.es.s e
Conditions (ng/mL)
1 Controll 128
2 Control2 256
3 Control3 128
4 Control4 128
5 Droughtl 512
6 Drought2 512
7 Drought3 512
8 Drought4 512
9 Saltl 512
10 Salt2 512
11 Salt3 512
12 Salt4 512

S. aureus

Stress
Rmbern Conditions
13 Controll 256
14 Control2 256
15 Control3 128
16 Control4 128
17 Droughtl 1024
18 Drought2 1024
19 Drought3 1024
20 Drought4 1024
21 Salt1 512
22 Salt2 512
23 Salt3 512
24 Salt4 512
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Biophoton parameter

Pearson r/P value

4-Hydroxyquinazoline 0.263 0.4088 0.429 0.1641 -0.7817 0.0027**
Syringic acid 0.7413 0.0058** 0.6071 0.0363* 0.09592 0.7668
Tryptanthrin 0.9091 <0.0001**** 0.9487 <0.0001**** -0.2543 04251

Indigo 0.8807 0.0002*** 0.9545 <0.0001*** -0.5473 0.0655
Indirubin 0.8982 <0.0001**** 0.9735 <0.0001*** I -0.4665 0.1263
Total chlorophyll 0.8092 0.0026** 0.9132 <0.0001*** -0.3809 0.2478
Salt stress T
Carotenoid 0.7555 0.0072** 0.8814 0.0003*** -0.336 0.3123

Photosynthetic pigment 0.7991 0.0032** 0.9082 0.0001*** -0.3717 0.2604

Relative conductivity -0.8514 0.0004*** -0.8808 0.0002*** 0.186 0.5628

ROS production rate -0.7326 0.0977 -0.9007 0.0143* -0.4926 0.3209

MIC-E -0.9280 <0.0001*** -0.9564 I <0.0001** 0.3617 0.2480
MIC-S -0.9600 <0.0001*** -0.9224 <0.0001** 0.2810 0.3763

4-Hydroxyquinazoline 0.6215 0.1878 0.8299 0.0409* -0.3934 0.4403
Syringic acid 0.9811 0.0005*** 0.909 0.0121* -0.1723 0.7441
Tryptanthrin 0.9812 0.0005*** 0916 0.0103* -0.1793 0.7339

Indigo 0.9825 0.0005*** 0.9163 0.0102* -0.1778 0.7361
Indirubin 0.9818 0.0005*** 0.9258 0.0081** -0.2025 0.7003
Total chlorophyll 0.9757 0.0009*** 0.9119 0.0113* -0.2219 0.6727
Drought stress
Carotenoid 0.8359 0.0382* 0.97 0.0013** -0.5034 0.3086

Photosynthetic pigment 0.967 0.0016** 0.9528 0.0033** -0.3014 0.5616

Relative conductivity -0.9319 0.0068** -0.9436 0.0047** 0.4321 0.3922

ROS production rate -0.9414 0.005** -0.9141 0.0107* 0.2189 0.6768

MIC-E -0.8682 0.0003** -0.7302 0.0070** 0.1737 0.5893
MIC-S -0.9490 <0.0001** -0.8916 <0.0001** 0.4021 0.1951

MIC-E and MIC-S represent the MIC values of Isatidis Folium decoction against E coli. and S. aureus, respectively. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Stage Treatment Stem Other leaf Flag leaf Peduncle Glum Lem eed
CK-0 500 +3.1d 16.5 £ 1.1b 10.5 + 0.6d 33.3 £ 1.0a 22.0 £ 0.6a 233 +08d —_
CK-7 62.0 +59cd 17.1 + 0.6b 11.8 + 0.5cd 322 +08a 18.1 £ 0.3bc 27.8 + 1.3cd 18.2 £ 0.2a
Reproductive DS-7 48.6 + 8.0d 20.0 + 1.6b 112 + 0.6¢cd 30.6 + 2.52 17.7 + 1.2bc 229 +0.8d 182 £0.2a
growth period CK-14 792+ 131bc | 220+ 13b 156 £09bc | 48.1 £4.7b 165+ 1.0 424+23bc | 183102
DS-14 90.5 + 10.4b 37.8+92a 17.7 + 3.6ab 52.5 + 3.4b 17.9 + 1.3bc 54.0 +4.2b 15.6 + 2.5a
RW-14 113.6 £ 13.6a 38.8 £ 4.5a 210 £2.7a 60.6 + 2.6a 19.7 + 1.8ab 75.8 + 19.6a 16.9 + 0.4a
CK 2194 £24.3a 66.5 + 4.5b 592 +78a 1226 + 15.4a 64.6 + 8.0b 1234 £ 18.5a 16.1 + 1.0abc
CK-se 202.0 +12.7ab | 62.9 £ 3.6b 553 +2.0a 1189 + 6.8a 87.2+£57a 114.5 + 6.8ab 17.0 £ 0.4ab
CK-rg 1829 +41.5ab | 66.5 + 6.0b 53.0 + 1l.1a 1054 + 104ab = —— 91.5 + 9.7bc 17.1 £ 2.0ab
Seed maturity stage DS 167.9 +10.7ab = 61.5 + 3.0b 528 +2.0a 95.5 + 0.9b 51.8 + 5.1bc 99.2 + 3.6b 13.3 £0.7cd
DS-se 145.8 £ 22.3b 55.3 + 2.3b 56.2 + 10.4a 74.6 £2.0c 47.5+9.2c 59.0 + 12.7d 111 +1.3d
DS-rg 163.7 + 44.5ab | 80.2 + 9.0a 475 + 2.1a 92.8 + 10.5bc —— 74.0 + 8.2cd 14.1 £ 1.4bc
RW 2093 +11.7ab | 65.8 £ 0.5b 588 + 1.1a 1194 £ 58a 61.2 £ 6.1bc 1328 £ 4.6a 192 £18a

Different lowercase letters within the same organ during the reproductive growth period or the seed maturity stage in the same column indicate a significant difference at the p < 0.05
probability level.
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Photosynthetic contribution of glumes = (SY1 — SY3)/SY1.
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Photosynthetic contribution of ear = (SY1 - SY2)/SY1.
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AWC (%) = (M1 — M2)/M1) x 100%
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PWUE =40.3587 0.0707 -0.1582 0.4610
PR =1-0.0821 0.0347 0.1471
RWC =-0.0917 -0.2765 -0.0194 -0.0739 -
leaf arca =40.3395 -0.0959 -0.0351 0.6254 -
transpiration rate =40.3684 0.0182 -0.1150 0.7561 ‘
Stem Number =40.1535 0.6051 0.3699 0.2654 -0.1326 0.1385 0.1616 -0.2466
all root Length =40.0024 -0.2915 0.1513 0.0215 0.1593 0.1655 -0.0915 -0.0112 0.4977 0.1865
down root Length =4=0:28830:23590.1701 - 0.5037 _ 0.1347 -0.1973
up root Length =40.0291 -*ﬁf39‘§? 0.1964 -0.0258 0.2205 0.2279 -0.1019 0.0074 0.5442 0.2468
stem Length =40.0830 0.5916 0.1776 -0.0288 0.1568 -0.0035 0.0075 -0.0397 0.0925 0.1030
all root Diameter -0.1416 -0.1779 0.3469 -0.0828 0.2869 0.3049 -0.1408 -0.1235 0.4768 0.4415 0.2760 0.0352
down root Diameter =40.6029 -0.2037 -0.0315 0.3259 -0.0642 0.1839 0.2059 -0.1612 -0.1259 0.4973 0.4178 0.3219 0.0546

clorophill =4-0.1110 -0.2015 —0.2219- 0.3065 _ 0.4661 0.3926 -0.0070 0.4937 -0.052

stemFW =40.1326 0.2568 0.2412 0.5255 -0.2394 0.3202 0.3508 0.5768 0.6197 0.6415 -0.0368 -0.1358 -0.0233 0.5499 0.3630 0.4784
rootDW =40.2026 0.1708 -0.1541 0.2145 0.1472 0.1766 0.1881 -0.1060 0.1855 0.2176 0.3019 0.0784 0.1517 0.0625 0.5722 0.2409 0.2267
ShootDW =40.0094 0.2447 0.3126 0.2163 0.1051 0.0038 0.0286 -0.1890 0.3498 0.2724 0.5853 -0.0527 0.1938 -0.0695 0.6837 10.2364 0.3725

MSI =1-0.0906 0.0587 0.0768 0.4975 (NEHE -0.2824 -0.0916 0.4409 -0.1305 -0.0718 -0.1501 -0.1695 0.3775
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DN15527_cl_g3 -3.06 K14491 MYB KAN4 Putative transcription factor KAN4

DN17717_c1_g4 -2.28 K14516 ERF ERFIB PREDICTED: ethylene-responsive transcription factor 1B

DN18631_cl_g4 229 Ki12126 bHLH BHLH80 = Transcription factor bHLHS0 like

DN18739_cl_g5 203 K12126 PIF PIF3 PREDICTED: transcription factor PIF3 isoform X1

DN15838_cl_gl 203 K16221 TCP TCP9 Transcription factor TCP9-like

DNI15518 _cl_gl -2.40 K16190 bHLH FIT Transcription factor FER-LIKE IRON DEFICIENCY-INDUCED transcription factor
DN16635_c0_g3 =377 K13434 ERF CRF4 PREDICTED: ethylene-responsive transcription factor CRF2

The original ID is “TRINITY_DNXXXXX_X_X,” abbreviated as “DNXXXXX_X_X".
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Genotype (G) 5

Drought (D) 1
Time (T) 2
G'D 5
G*T 10
DT ‘ 2
G*D*T 10
Error 72
Total 107
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MS

Root Diameter  Totalroot Length Down rootLength  Up root Length

Genotype (G) 5 0.007922** 2E+10%* 1.476E+8** 2.163E+10**

Drought (D) 1 0.005539* 1.662E+10** 7.065E+8** 2.418E+10**
G*D 5 0.005732** 2.31E+10% 5.125E+7* 2.223E+10%*
Error 24 1.01E-03 6.10E+07 1.69E+07 4.34E+07
Total 35

MS

Root Diameter  Total root Length Down root Length  Up root Length

Genotype (G) 5 51052.7* 0.20248** 1.60273* 1400.63**

Drought (D) 1 15376** 0.16947** 6.4009** 7290.04**
G*D 5 30505.3** 0.15897** 0.81564** 577.41**
Error 24 1238.1 0.00886 0.17008 19.37
Total 35 I

MS

Root Diameter  Totalroot Length Down rootLength  Up root Length

Genotype (G) 5 1140.55" 0.00629** 11.886** 358.69**

Drought (D) | 1 4272.85% | 0.04427** 556.016** 1294.25%*
G*D 5 365.56** 0.00781** 35.873** 37.08*
Error 24 69.49 0.00172 1.792 13.93
Total 35

MS

Root Diameter  Totalroot Length Down rootLength  Up root Length

Genotype (G) 5 0.00489** 21.824** 3550**

Drought (D) 1 0.02028** 467.633** 122325**
G*D 5 0.00647** 15.528* 3050**
Error 24 0.00099 4.016 97
Total 35

*, ¥, %%, respectively, Significant at the 0.05 (p < 0.05), 0.01 (p < 0.01), 0.001 (p < 0.001) level.
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Name* Abbreviation name

£

MCC552 552 Kabuli Iran, native accession (Ganjeali et al., 2011c)
MCC352 352 Kabuli ICARDA (12247) (Ganjeali et al,, 2011a)
MCC427 427 Kabuli Iran, Bojnurd native accession (Ganjeali et al., 2011a)
MCC80 80 Kabuli ICARDA (5311) (Ganjeali et al., 2011c)
MCC696 969 Kabuli Iran (Abrishamchi et al., 2012)
MCC537 537 Kabuli Iran, Gonabad native accession (Ganjeali et al., 2011¢)

MCC, Mashhad Chickpea Collection. *, Significant at the 0.05 (p < 0.05) level.





OPS/images/cover.jpg
& frontiers | Research Topics

Salinity and drought stress
in plants: understanding
physiological, biochemical
and molecular responses,

olume






OPS/images/fpls.2024.1486436/fpls-15-1486436-g004.jpg
—a—CK

—e—S

—A—MT]I
—=v—MT2

——=MT3

C

—4—MT4

900

GR

800

e o8 & o « & N
B T = T = =

;ET (utw.8) .jown] juNuUod 20

=3 =3 =] =3 =3 =3
S =] S =] S S
= ° Il < @ Q

(Md,3-own) Juajuoo oy

SOD

=
=3

100

20

APX
20
Y.

CAT

140

PPO

240

ASA

MT2 MT3 MT4

Treatment

MTI1

CK

<
S

MT3 MT4

MT2
Treatment

MT1

CK

POD

GSH

ol

100

250

0.25

20

80

&

0.20

(uroy01d 3/10) YD

) =)

(ur301d 8/1N) XV

(Md,8-3w) 1usju0d YV

3 5

(M 4,.8-3n) Judjuod HSO

20

50

0.05

0.00

MT2 MT3 MT4

Treatment

CK MT1

MT2 MT3 MT4

Treatment

CK MT1

MT2 MT3 MT4

CK MT1

MT2 MT3 MT4

MT1

CK

Treatment

Treatment

140

80

140

16

120

70

120

14

8

g

]

E

2 2
(urd301d 3/1N1) LVD

=3 = o
<

(woro1d 3/1N) Odd

=) © ©

(uy01d 3/10) AOd

(=3 =]

(war01d 3/10) AOS

<

S

=
Q

20

20

10

MT2 MT3 MT4

CK MT1

MT3 MT4

MT2
Treatment

MTI1

CK

MT2 MT3 MT4

Treatment

MT1

CK

MT2 MT3 MT4

Treatment

MT1

CK

Treatment





OPS/images/fpls.2025.1529177/M5.jpg
MxIxW,.

Proline(uM g 'fresh we.) =~

1000





OPS/images/fpls.2025.1529177/M4.jpg
MDA (umolg™ ' FW) =

(AS32-AGD0) x W

FTT3

x 1000





OPS/images/fpls.2024.1457955/im75.jpg





OPS/images/fpls.2024.1475148/fpls-15-1475148-g004.jpg
CG+DS

DS
b

w =] w
N - —

30
25
0

(uxd) yy3udy Jooys (wd) yy3udy Jooys





OPS/images/fpls.2024.1475148/fpls-15-1475148-g003.jpg
78
=
+
&
O
70
=
&
Q
£
®
=
®






OPS/images/fpls.2024.1524657/crossmark.jpg
©

2

i

|





OPS/images/fpls.2024.1475148/fpls-15-1475148-g002.jpg
Germination percentage

120
110

I Cx [ ck+cG [ ps

ermination rate (%)

G

I Cx [ CK-cG [ s [ €G+Ds
.

Germination rate (%)

I Cx I cx+cG I Fs [ CG+Fs






OPS/images/fpls.2024.1457955/table1.jpg
Eigen Contribution Cumulative

Principal /"o (%) contribution (%)

1 21.5914 86.3658 86.3658

2 2.4964 9.9856 96.3513
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Gene Primer Reference

GmCATI | ACTACAAATTCTGG TGCTCCTA (F) Li et al,, 2020
TGCAAGCTTCTCC ACAAGA (R)

GmPODI  GCTTTGAGCACCAT TAGA (F) Li et al,, 2020
TTGGTGAAGGGTC TAGTA (R)

GmSOD TGGTCTCCATGGCT TCCAT (F) Li et al,, 2020
GCTAACGGTACCA TCATCA (R)

GmP5CS CGAACTGAGCTTGCAGAGGGGC (F) Xu et al., 2023
TCGCTTAGCCTCCTTGCCTCC (R)

GmNHXI = AAGCAGCATCCGTGCTTTAC (F) Sun et al., 2019
CCTGCCACCAAAAACAGGAC (R)

GmAKT1 | AAAGGTCTCACTCATCAACAACGA (F) = Wang et al,, 2021
TCGGCAAAAGAGGCAAAATAAG (R)

GmDREBI = CGATGAAACCTTACCGTGGAA (F) Zhou et al,, 2022
AAGTCGGGCTTGAGATTGAG (R)

GmARFI CATAGGCAGCTAGATTTTGCG (F) Ha et al., 2015
AATTACTAAGGTGCCTCCAAGG (R)

Actin ATGGCTGATGGTGAAGACATTC (F) Sun et al., 2019

TCCATGCTCAATAGGGTACTTG (R)
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'RWC = §(Fresh Weight - Dy Weight)/(Total Weight - Dy Weight) x 100
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Stem Root Seedling Leaf Leaf

Treatment

length(mm) length(mm) height (mm) length(mm) width(mm)
CK 2419 + 1.89b 14213 + 1348a 43.10 £ 6.12¢ 19.05 £ 0.97b 9.31 + 0.42b 19.00 + 4.00ab
s 35.03 + 3.76a 75.23 + 1.80d 16.55 + 2.97¢ 18.82 + 0.48b 8.65 + 0.88b 6.00 + 1.00d
MTI1 27.65 + 1.03b 92.19 £ 5.60c 49.91 + 4.93bc 18.85 + 1.14b 8.71 £ 0.35b 16.00 + 3.00bc
MT2 2353 + 1.29b 155.62 + 15.25a 60.12 + 6.67a 2172 + 1.53 1041  0.45a 23.00 + 2.00a
MT3 2670 + 3.03b 11447 + 3.43b 57.97 + 2.14ab 2100 + 1.73ab 9.69 + 0.76ab 22.00 + 3.00a
MT4 27.77 + 5.48b 111.68 + 4.13b I 32.77 + 4.83d 19.13 + 0.45b 8.89 +0.22b 13.00 + 4.00c

Note: Data are presented as means + SE (n = 3). This means that not sharing the same letter is significantly different at p < 0.05 by DUNCAN’s LSD test.
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Grey Brown Chestnut Windblown Meadow soil  Calcareous Sandy soil Coal Clay soil

desert soil calcareous calcareous  dust soil soil cinder soil
soil soil
PH 7.57 +£0.03d 840 +0.02ab  8.56 + 0.15a 8.35 + 0.0labc 7.97 £0.02¢ 8.33 + 0.04abc 3.77 £ 0.24e 8.14 £ 0.05bc  7.31 + 0.56d
Salt 425 £ 0.11c 3.52 +0.25d 1.76 + 0.05e 6.88 + 0.12a 4.71 + 0.01b 1.31 + 0.02f 0.00 + 0.00g 4.72 £ 0.01b 1.72 £ 0.03e
content

Note: Data are presented as means + SE (n = 3). This means that not sharing the same letter is significantly different at p < 0.05 by DUNCAN’s LSD test.
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Alam et al. (2022)
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Protected photosynthetic apparatus,
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activity, chlorophyll content, and net
photosynthetic rate

Baninasab (2010)

Dakheel et al. (2022)

Sweet potato

Lettuce

Maintained redox homeostasis,
balanced nutrient accumulation, and
enhanced drought stress tolerance

Maintained leaf water content and
osmotic adjustment and increased
antioxidant enzymes activity

Huang et al. (2022a)

Kiremit et al. (2024)

Sugar beet

Protected photosynthetic apparatus,
increased proline and protein content,
and lowered MDA and EL in sugar
beet leaves

Li X. et al. (2022)

Cucumber

Increased drought stress tolerance,
lowered EL and MDA level, and
improved root growth and
mineral uptake

Mardani et al. (2012)
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Gene-ID Weight Annotation

Zm00014ba252960 0.26329 Phosphate import ATP-binding protein
PstB1 [Zea mays]
Zm00014ba364880 0.17309 Glycosyltransferase [Z. mays)
Zm00014ba260500 0.15816 WRKY transcription factor WRKY71 [Z.
Zm00014ba233550 0.15002 mays)

Lipoxygenase 2.3, chloroplastic [Z. mays]

Zm00014ba293420 0.11994 Peroxisomal membrane protein 11-5
[Z. mays]

WGCNA, weighted gene co-expression network analysis.
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Mo17 SPLO2

Up Down Total Up Down

T3_vs_CKO 1,676 826 850 3,166 1,698 1,468
T3_vs_CK3 482 318 164 1,250 781 469
T6_vs_CKO 2,944 724 2,220 3,363 1,814 1,549
T6_vs_CK6 1,090 221 869 1,632 825 807
T9_vs_CKO 2,250 758 1,492 2,708 1,280 1,428
T9_vs_CK9 1,214 772 442 1,764 470 1,294

DEGs, differentially expressed genes.
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Transcript ID Genomic Protein Length (A.A) Subcellular
Location Localization

Nycol.F00339 NcPOD1 6 3703054.3705397 320 34.115 755 0134 Extracellular
Nycol.A00072 NcPOD2 1 1054123.1057093 327 34.829 7.57  0.082 Extracellular
Nycol.A02693 NcPOD3 1 34381712.34383427 = 322 34.982 832 -0.004 Extracellular
Nycol.A03280 NcPOD4 1 40216287.40218437 328 36.03 753 -0.065 Extracellular
Nycol.A02691 NcPOD5 1 34370060.34371707 = 323 35.229 632 -0.057 Chloroplast
Nycol.A01951 NcPOD6 1 26453240.26454914 373 40.784 498  -0279 Extracellular
Nycol.A02395 NcPOD7 1 31163815.31165298 = 320 34.377 878  -0.036 Extracellular
Nycol.A02397 NcPOD8 1 31172714.31174229 320 34.112 879 -0.018 Chloroplast
Nycol.A02692 NcPOD9 1 34375528.34377224 = 322 34.782 6.09  -0.024 Extracellular
Nycol.A02728 NcPOD10 1 34692191.34694021 = 322 34.852 7.59  0.036 Cytoplasm
Nycol.A02398 NcPOD11 1 31177085.31178316 = 290 31.409 9.3 -0.248 Cytoplasm
Nycol.A02396 NcPODI12 1 31168761.31170264 = 320 34.017 84 0.02 Extracellular
Nycol.D01725 NcPODI13 4 26243253.26248297 355 40.313 574  -0211 Extracellular
Nycol.D00117 NcPOD14 4 3810945.3812829 366 39.368 6.8 0.019 Extracellular
Nycol.D00118 NcPOD15 4 3856349.3858060 320 34.255 947  -0.072 Chloroplast
Nycol.D00127 NcPOD16 4 4064326.4093174 366 39.352 745 004 Extracellular
Nycol.B01418 NcPOD17 2 15967705.15972111 319 34.729 8.86 -0.085 Chloroplast
Nycol.B00074 NcPOD18 2 716170.721044 334 36.096 9.09 = -0.157 Extracellular
Nycol.B02595 NcPOD19 2 32171393.32173582 | 364 40.067 823 -0.005 Extracellular
Nycol.B00075 NcPOD20 2 727457.729812 331 36.534 9.6 -0.298 Chloroplast
Nycol.B01417 NcPOD21 2 15960114.15963808 = 339 36.744 6.16  -0.035 Extracellular
Nycol.B00598 NcPOD22 2 6498528.6500246 307 33.052 497  -0.07 Cytoplasm
Nycol.B00079 NcPOD23 2 758330.760686 346 37.755 521  -0.091 Cytoplasm
Nycol.B00080 NcPOD24 2 775585.778981 337 37.722 646  -0.168 Extracellular
Nycol.B01420 NcPOD25 2 15976560.15980602 = 319 34.702 897 = -0.109 Chloroplast
Nycol.B02559 NcPOD26 2 31747558.31749574 = 318 34.203 8.7 -0.055 Cytoplasm
Nycol.B01421 NcPOD27 2 15987104.15990480 = 318 33.557 507 0.14 Extracellular
Nycol.B01845 NcPOD28 2 21025135.21028223 = 325 35.015 7.52 | 0.159 Cytoplasm
Nycol.B00076 NcPOD29 2 735889.738095 327 35.562 6.5 -0.115 Extracellular
Nycol.H00999 NcPOD30 8 17528662.17530544 = 327 34.721 588 = 0.001 Extracellular
Nycol.HO1549 NcPOD31 8 23157867.23159704 = 326 35.876 477 | 0202 Extracellular
Nycol.H01452 NcPOD32 8 21928357.21930184 320 34311 4.58  -0.051 Extracellular
Nycol.H01450 NcPOD33 8 21917982.21919804 = 322 35.05 533 -0.117 Cytoplasm
Nycol.H01407 NcPOD34 8 21509495.21512671 = 323 35.502 8.5 0.024 Cytoplasm
Nycol.HO1449 NcPOD35 8 21912618.21914776 = 322 35.22 561  -0.135 Extracellular
Nycol.H01446 NcPOD36 8 21894753.21896529 322 34.81 565  -0.137 Extracellular
Nycol.H01451 NcPOD37 8 21922452.21924280 = 320 34.278 514 -0.054 Chloroplast
Nycol.J00463 NcPOD38 10 10930267.10931867 = 315 34.429 6.66  -0.321 Extracellular
Nycol.J00448 NcPOD39 10 10792031.10793471 = 341 36.731 591  -0.16 Chloroplast
Nycol.J00434 NcPOD40 10 10570726.10573833 376 40.611 591  0.114 Extracellular
Nycol.J01173 NcPOD41 10 18513166.18522803 = 321 34.647 6.44  -0.082 Extracellular
NycolJ01178 NcPOD42 10 18556579.18559565 = 323 34.517 6.58 | 0.07 Extracellular
Nycol.J00450 NcPOD43 10 10808835.10810177 = 272 29.578 567 | -0.272 Chloroplast
Nycol J01175 NcPOD44 10 18534328.18536612 321 34.244 6.36  0.113 Chloroplast
Nycol.J00451 NcPOD45 10 10814959.10816412 341 36.886 624 -0.204 Extracellular
Nycol.J00413 NcPOD46 10 10295102.10299241 = 344 36.175 6.58  0.131 Extracellular
Nycol.J01176 NcPOD47 10 18540233.18544229 = 345 37.262 835  0.036 Chloroplast
Nycol.J00458 NcPOD48 10 10885480.10886829 = 342 37.207 593 -0.157 Chloroplast
Nycol.J00464 NcPOD49 10 10943742.10945580 = 349 37.1 525 | -0.052 Extracellular
Nycol.J00455 NcPOD50 10 10853785.10854843 = 306 33.195 6.12 | -0.31 Cytoplasm
Nycol.J00457 NcPOD51 10 10864872.10866272 = 342 37.298 593  -0.18 Extracellular
Nycol.J00459 NcPOD52 10 10890329.10891725 = 347 37.555 6.12  -0.188 Cytoplasm
Nycol.J00449 NcPOD53 10 10796565.10798053 = 340 36.802 6.36  -0.134 Extracellular
Nycol.J00416 NcPOD54 10 10320716.10322519 = 343 36.136 4.58 | 0224 Extracellular
Nycol J00456 NcPOD55 10 10858678.10860078 = 342 37.298 593 | -0.18 Extracellular
Nycol.J01550 NcPOD56 10 22091770.22093383 = 328 35.615 8.57  -0.041 Extracellular
Nycol.J00462 NcPOD57 10 10921922.10923493 = 342 36.827 7.58  -0.156 Extracellular
Nycol.J00453 NcPOD58 10 10839982.10841384 ~ 337 36.724 7.19 | -0.11 Extracellular
Nycol.J00417 NcPOD59 10 10328486.10330803 = 339 35.853 522 0121 Extracellular
Nycol.J00231 NcPOD60 10 4803116.4806506 348 36.967 629 | 0.042 Extracellular
Nycol J01222 NcPOD61 10 18961828.18964410 = 316 33.675 687 = -0.022 Extracellular
Nycol.J01174 NcPOD62 10 18529070.18532262 = 322 34.236 4.85 0207 Extracellular
Nycol.J00454 NcPOD63 10 10843198.10845036 = 368 40.111 5.67 -0.235 Extracellular
Nycol.J00435 NcPOD64 10 10576410.10579500 = 329 35.579 6.65  0.127 Cytoplasm
Nycol.J00460 NcPOD65 10 10911344.10912539 339 37.002 6.11  -0.138 Cytoplasm
Nycol.K01489 NcPOD66 11 19503548.19505295 = 326 3527 694 0.011 Cytoplasm
Nycol.K01635 NcPOD67 11 20872205.20874787 = 326 35.312 6.11 | 0.091 Extracellular
Nycol.K01490 NcPOD68 11 19510053.19512152 326 35.689 631 -0.066 Extracellular
Nycol.M00095 NcPOD69 13 2040013.2042689 323 34.093 4.64  0.06 Chloroplast
Nycol.M00445 NcPOD70 13 7836531.7837919 321 33.92 8.08  0.058 Extracellular
Nycol.M00494 NcPOD71 13 8410578.8412252 321 33.645 7.53  0.155 Extracellular
Nycol.M00446 NcPOD72 13 7843070.7844448 321 33.927 8.08 = 0.058 Extracellular
Nycol.M00444 NcPOD73 13 7828812.7830364 321 33.799 8.08 = 0.073 Extracellular
Nycol.101278 NcPOD74 9 18954615.18955957 = 324 34.91 502 -0.048 Extracellular
Nycol.I01196 NcPOD75 9 18017397.18020171 = 322 35.428 842 -0.065 Extracellular
Nycol.I01219 NcPOD76 9 18262528.18266668 = 323 35.831 6.09  -0.191 Extracellular
Nycol.I01276 NcPOD77 9 18937157.18938219 = 304 32,572 5.1 -0.06 Chloroplast
Nycol.101499 NcPOD78 9 21256641.21258780 = 324 34,932 621  -0.021 Extracellular
Nycol.I01271 NcPOD79 9 18900429.18901925 = 324 34.336 7.56 = -0.073 Chloroplast
Nycol.101275 NcPODS80 9 18931627.18932967 = 324 34.826 52 -0.044 Extracellular
Nycol.101273 NcPODS81 9 18913031.18914429 = 324 34.279 7.56  -0.059 Extracellular
Nycol.I01270 NcPODS82 9 18893453.18895414 = 322 34.714 594  -0.127 Extracellular
Nycol.C01206 NcPODS83 3 18220023.18226484 321 34.459 562  -0.043 Extracellular
Nycol.C01984 NcPOD84 3 25707177.25708845 = 320 34.365 895  -0.069 Extracellular
Nycol.C01205 NcPODS85 3 18206742.18209243 = 312 33.362 47 0.114 Extracellular
Nycol.C01208 NcPODS86 3 18231954.18234266 = 318 34.09 4.83 | 0.008 Cytoplasm
Nycol.C01180 NcPOD87 3 17888113.17891407 = 325 35.697 8.06  -0.037 Cytoplasm
Nycol.C00538 NcPODS88 3 7516154.7518788 329 36.034 7.02  0.088 Extracellular
Nycol.C01203 NcPOD89 3 18190701.18192733 320 34.229 6.31  -0.057 Extracellular
Nycol.C02174 NcPOD90 3 27537047.27539198 | 326 35.255 9.02 | -0.091 Extracellular
Nycol.C01204 NcPOD91 3 18199586.18201568 = 315 34.132 527 | -0.156 Chloroplast
Nycol.C00872 NcPOD92 3 14853754.14856515 = 324 35.852 831  -0.07 Extracellular
Nycol.C01652 NcPOD93 3 22488840.22492373 331 36.081 512 -0.065 Extracellular
Nycol.E01136 NcPOD94 5 19695318.19701228 = 326 34.857 54 0.028 Chloroplast
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Source of variance Varieties (V) Treatment Total
Degree of freedom 5 3 15 48
Under drought stress
Germination percentage 911.63 ** 2061.55 ** 1067 1174 161.49
Germination rate 214832 ** 3073.18 ** 3426 * 142 297.98
Shoot length 71.69 64.48 * 1.59 ** 027 829
Root length 114.78 ** 23021 % 342%% 0.54 189
Seedling fresh weight 0.19 ** 0.21** 0 0 0.02
Seedling dry weight 0.00093 ** 0.00077 ** 0.00004 ** 2.6E-06 0.00011
Malondialdehyde content 122,53 ** 14734 29.71 % 0.65 77.61
Catalase activity 1284.09 ** 2357.46 ** 185.27 ** 134 230.08
Superoxide dismutase activity 5663.6 36799.6 ** 2522.1 % 139.81 2581.08
Peroxidase activity 71139 ** 2099.52 ** 841 %% 1.08 157.31
Under flooding stress
Germination rate 10065 ** 1467.31 * 13.94 N 925 142.0783
Shoot length 30.4069 ** 1467967 ** 03778 ** 0.0233 4214239
Root length 76.165 ** 171.93 ** 1.099 ** 0014 12.8702
Seedling fresh weight 0.10958 ** 023418 ** 0.00236 ** 0.00004 0018139
Seedling dry weight I 0.000259 ** 0.0015 ** 6.97E-06 ** 1.72E-06 8.42E-05

NS, Not significant, *P< 0.05, **P< 0.01.
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Planting Seed 100-seed

type coat color weight
T21R1001 = Tianlong Spring Yellow 19.05g
Number 1
T21R1003 = NJ71-1 Spring 7 Yellow 1540 g
T21R1009 = You 1511 Spring ‘ Yellow 18.14 g
T21R1006 = NJ26-3 Spring Yellow 1632 g
T21R1012  NJ17-33 Summer Black 2146 g
T21R1015 = NJ59-1 Summer Black 1753 g

Source: All soybean varieties were obtained from the Chinese National Center for Soybean
Improvement (CNCSI), Nanjing Agricultural University, Jiangsu, China.
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Treatment

Variet Membership
Y function value D3
UX1) 0.64 059 038 0.00 1.00 096 056
U(X2) 042 031 054 1.00 0.00 0.09 029
Q96 -
D-value 0.62 055 040 013 0.87 085 053
Rank 3 4 6 7 1 2 5
UX1) 085 058 028 0.00 1.00 0.78 056
U(X2) 015 026 061 1.00 0.00 026 049
Yii6
D-value 0.78 055 031 0.10 0.90 0.73 055
Rank 2 4 6 7 1 3 4

U, value of the affiliation function. CK: Adequate water supply (75-80% soil water holding capacity), D1: Light drought (55-60% soil water holding capacity), D2: Moderate drought (45-50% soil
water holding capacity), D3: Severe drought (35-40% soil water holding capacity), T1: Light drought (55-60% soil water holding capacity) + 0.2 mg.L"'SLs, T2: Moderate drought (45-50% soil
water holding capacity) + 0.2 mg.L™SLs, T3: Severe drought (35-40% soil water holding capacity) + 0.2 mg.L"'SLs.
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Variety

Principal component

Eigenvalue 24.60 3.56 2517 2.84
CR(%) 84.82 12.28 86.79 ‘ 9.78
CCR(%) 84.82 97.10 86.79 96.57
w; 0.87 0.13 0.90 0.10
Plant height 0.99 0.06 ‘ 0.98 0.15

Maximum leaf length 097 0.15 1.00 0.03
Maximum leaf width 0.98 0.19 0.99 0.08
Maximum leaf area 097 0.19 0.99 0.08

Dry weight per plant 0.99 0.06 098 -0.01
Chlorophyll a 0.99 0.01 0.99 ‘ 0.00
Chlorophyll b 0.99 -0.01 0.99 0.11
Chlorophyll a+b 0.99 0.00 0.99 ‘ 0.02

Py 0.99 0.09 0.98 0.19

i 1.00 0.05 0.99 0.08

Gy 0.98 0.09 0.99 0.11

G 0.98 0.15 0.99 ‘ 0.04

| S) 0.99 0.05 1.00 0.08

PSIT 0.99 0.11 0.98 0.17

Eigenvector qP | 0.97 0.07 1.00 ‘ 0.05
NPQ 0.98 0.09 0.97 0.21

0, 0.96 0.01 0.96 -0.12

MDA 0.97 0.08 0.95 -0.04

SOD -0.52 0.85 -0.77 0.63

POD -0.57 0.82 -0.74 0.67

CAT -0.58 0.81 -0.75 0.64

Pro -0.65 0.72 1 -0.57 0.80

soluble sugar -0.63 0.76 -0.60 0.59

NR 0.98 0.09 0.98 ‘ -0.06

Rubisco 0.98 0.04 0.98 0.04

TAA 0.87 035 0.90 0.39

GA 0.95 0.21 091 0.39

ZR 0.96 023 0.94 0.22

ABA 0.98 0.07 0.97 0.18

CR, contribution rate; CCR and cumulative contribution rate. CK: Adequate water supply (75-80% soil water holding capacity), D1: Light drought (55-60% soil water holding capacity), D2:
Moderate drought (45-50% soil water holding capacity), D3: Severe drought (35-40% soil water holding capacity), T1: Light drought (55-60% soil water holding capacity) + 0.2 mg.L™SLs, T2:
Moderate drought (45-50% soil water holding capacity) + 0.2 mg.L™'SLs, T3: Severe drought (35-40% soil water holding capacity) + 0.2 mg.L"'SLs.
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Treatments

Variety Treatrgents Soil water SLs
cooe holding concentration
capacity (%) (mg.L™})

CK 75~80 0
D1 55~60 0
D2 45~50 0

Q96

1 D3 35~40 0
T1 55~60 02
T2 45~50 02
T3 35~40 02

CK: Adequate water supply (75-80% soil water holding capacity), D1: Light drought (55-60%
soil water holding capacity), D2: Moderate drought (45-50% soil water holding capacity), D3:
Severe drought (35-40% soil water holding capacity), T1: Light drought (55-60% soil water
holding capacity) + 0.2 mgLSLs, T2: Moderate drought (45-50% soil water holding
capacity) + 0.2 mg.L'SLs, T3: Severe drought (35-40% soil water holding capacity) + 0.2
mg.L'SLs.
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