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Editorial on the Research Topic 


Mechanisms of stress tolerance in horticultural crops: physiological and molecular insights





Impact of abiotic stress on horticultural crops

The current trend of change in the climate scenario which leads to abiotic stress such as drought, saline, high temperature and heavy metal stress, seriously impacts the cultivation of horticultural crops. The recent report suggests new developments in the area of plant science and biotechnology techniques that can tackle these issues. The Research Topic “Mechanism of Stress Tolerance in Horticultural Crops: Physiological and Molecular Insights”, synthesises recent progress in understanding plant responses, which explores multifaceted approaches to crop improvement. The abiotic stresses, such as drought stress, salinity stress, high temperature (Park et al.) and heavy metal stress substantially reduces the water uptake, which affects the photosynthesis, synthesis of reactive oxygen species (ROS), chlorophyll degradation, and overall plant defence mechanisms (An et al.; Lei et al.; Liang et al.). Plants that face these stresses synthesise reactive oxygen species, like O2⁻, H2O2, and OH⁻, which act as stress marker molecules (Li et al.).





Decoding the molecular mechanism of plant stress tolerance




Transcription factors

The prominent area of research focuses on the transcription factors that play an important role in regulating the gene expression in response to various stresses (Zuo et al.). In the recent study, the DELLA protein, which is the key regulator of sweet potato development and stress responses, has been identified as a potential target for improving abiotic stress tolerance. A comprehensive comparative analysis of DELLA genes in six Ipomoea species aimed to identify genetic targets for sweet potato improvement (Zuo et al.). A comprehensive evolutionary analysis across six Ipomoea species, including sweet potato (Ipomoea batatas), identified 20 members of the DELLA protein family. These proteins typically range from 500 to 600 amino acids in length, with molecular weights between 56–65 kDa, exhibiting moderate hydrophilicity (Zuo et al.). Secondly, the TCP gene family members in Opisthopappus taihangensis are involved in plant growth and abiotic stress responses. Some genes like OtTCP4, OtTCP9, and OtTCP11 are seen as key players for providing tolerance to O. taihangensis under abiotic stress (Gao et al.).

Similarly, NAC transcription factors are widely involved in abiotic stress responses, including drought and salinity, and play a significant role in plant growth and development. For example, HcNAC35 in night lily showed upregulated expression under drought and salinity stress, enhancing stress tolerance in transgenic watermelon. In the same way, IbNAC3 in sweet potato helps the plant handle salt and drought, and StNAC053 in potato improves salt and drought tolerance in transgenic Arabidopsis (Cao et al.). Similarly, other transcription factors like AP2/ERF, WRKY, GRAS, and NF-YA also emerge as key players in plant stress tolerance. The AP2/ERF transcription factor family includes ERF8 and ERF043, identified in rapeseed’s response to aluminium stress. GRAS transcription factors are also known for their roles in abiotic stress responses. (Li et al.).





Hormonal signalling

Melatonin is a hormone that is present in plant, which scavenges ROS, RNS and enhances antioxidant activities, which provide tolerance to abiotic stress in horticultural crops (Tiwari et al., 2020, 2021; Altaf et al., 2023). Melatonin has been shown to mitigate heat stress in tomato seedlings by enhancing photosynthetic capacity, protecting PSII, and modulating chlorophyll metabolism (Pehlivan and Guler, 2018). It also alleviates high nitrogen stress in apple rootstocks by maintaining carbon-nitrogen balance and improving root activity, reducing root growth inhibition. In apple rootstock M9T337, melatonin mitigates high nitrogen (N) stress (30 mmol L−1), which typically inhibits root growth and disrupts carbon-nitrogen metabolism. In addition, exogenous melatonin (100 mmol L−1) significantly improves rootstock growth, including root length, number of root tips, surface area, and volume, along with increased root and leaf biomass (Sun et al.). Similarly, in tomato seedlings, exogenous melatonin application provides protective mechanisms under heat stress, safeguarding chlorophyll metabolism and photosynthesis, reduces oxidative damage indicators such as H2O2, MDA, and electrolyte leakage, while enhancing the activities of key antioxidant enzymes (CAT, POD, SOD, APX) and improving overall photosynthetic efficiency (An et al.). Other hormones such as auxin, gibberellin (GA), salicylic acid (SA), and ethylene are also involved in complex signalling networks that mediate plant responses to various abiotic and biotic stresses. On the other hand, salicylic acid can protect plants from drought stress by mediating ABA-related gene expression and enhancing antioxidant defence (Pehlivan et al.).





RNA editing, microRNAs and gene editing

RNA editing, particularly C-to-T conversions in mitochondrial genes like nad9, has been identified as a significant mechanism influencing protein structure and enhancing drought resilience in wheat. For instance, failure of RNA editing to improve protein efficiency shows increase in plant susceptibility to abiotic stress (Mohamed et al.). On the other hand, microRNA169 (miR169) is found a highly conserved miRNA that regulates vascular development, water homeostasis, oxidative stress response, and drought tolerance in crops like potatoes. In potato (Solanum tuberosum L.), silencing of StmiR169a significantly improves drought tolerance by enhancing vascular architecture, reactive oxygen species scavenging, and photosynthesis. Eight potato pre-miR169 genes (a-h), identified on chromosomes 3, 7, and 8, all produce a single mature miRNA. (Lei et al.). NAD9 RNA editing is a crucial post-transcriptional modification occurring in plant mitochondria, and a study on wheat (Triticum aestivum) investigates nad9 RNA editing patterns under drought stress in both tolerant (Giza168) and moderately tolerant (Gemmiza10) cultivars. In the drought-tolerant Giza168, 22 editing sites were identified, with 14 sites significantly altered by drought stress and seven resulting in synonymous amino acid changes (Mohamed et al.).





Crop-specific stress management strategies

Beyond understanding molecular mechanisms, recent studies suggest developing specific strategies to manage abiotic stress in various crops. Hydrogen-rich water (HRW) has also been explored for its stress-mitigating properties. In strawberry seedlings under salt stress, HRW treatment, prepared by bubbling hydrogen gas into deionised water to saturation and then diluting to specific concentrations, regulated both plant physiological responses and root endophytic bacteria. Furthermore, HRW helped maintain the activities of antioxidant enzymes (SOD, POD, CAT, APX) and influenced the concentrations of essential ion elements (K, Na, Ca, Mg) and phytohormones (IAA, ABA, SA, GA1), all crucial for plant stress responses (Wang et al.). In another experiment, quinoa’s inherent drought tolerance allows for maintaining crop growth and yield even under deficit irrigation (40% ETc). Nitrogen (N) fertilisation also plays a role in yield and quality, with higher N doses (200 kg N ha-1) increasing seed saponin content (Pradhan et al.). For grapes (Vitis vinifera L.), particularly the Shine Muscat cultivar, secondary salinisation poses a significant challenge, especially in soils with high EC values (>1500 μS cm-1) and total soluble solids (>1000 mg kg−1). These amendments improve soil physical properties by increasing water-stable aggregates (WR0.25 up to 73.33%) and mean weight diameter (MWD up to 1.75 mm), while also coordinating soil exchangeable calcium (E-Ca2+) and magnesium (E-Mg2+) ions and stimulating soil enzyme activities (Zhou et al.).





Technological advancements in crop improvement

Genomic and transcriptomic analyses are fundamental to dissecting complex stress responses. The process involves genome-wide identification, phylogenetic analysis, gene structure analysis, and conserved motif analysis of gene families like DELLA, TCP, NAC, and CLC, using various public databases such as NGDC, Zenodo, Shigen, Ipomoea Genome Hub, TAIR, NCBI SRA, Phytozome13, PlantTFDB, and miRbase (Cao et al.; Ma et al.; Zuo et al.). Bioinformatics tools like BLAST, HMM, IQ-TREE, MAFFT, MEME, GeneDoc, GSDC, Fastp, STAR, Featurecount, TBtools, HISAT2, DESeq2, HTSeq, MapMan, and WGCNA are extensively employed for sequence alignment, variant calling, expression quantification, and network analysis (Mohamed et al.; Pehlivan et al.).

Gene duplication and evolution are also studied using synteny analysis (MCScanX) and Ka/Ks values to explore gene duplication events and infer evolutionary selection pressures. The exact cleavage site of miRNAs on their target mRNAs can be identified using 5′-RNA ligase-mediated rapid amplification of cDNA ends (5′-RLM-RACE). CRISPR/Cas9, an RNA-guided endonuclease, has emerged as a powerful tool for precise gene modifications, enabling the enhancement of stress tolerance and improvement of various crop traits (Gao et al.; Zuo et al.). Moreover, bioinformatics tools for protein structure analysis, such as SWISS-MODEL and PyMOL are employed to predict and visualise the secondary and tertiary structures of proteins. This helps researchers understand how RNA editing or amino acid changes can impact diverse protein function, stability, and ultimately, plant stress resilience (Gao et al.; Ma et al.). On the other hand, quantitative trait locus (QTL) mapping, when combined with WGCNA and RNA-seq, also provides a powerful approach to narrow down candidate genes associated with specific stress-related traits, such as root length, germination vigor, and dry weight under metal stress. This integrated strategy allows for a more targeted identification of crucial genes, avoiding potential loss of relevant information and leading to more effective utilisation of plant germplasm resources (Li et al.).






Conclusion

The current research topic highlights the complex dynamic nature of plant response to abiotic stresses and the continuous effort which are dedicated to developing tolerant crop varieties. The research topic elucidates the fundamental function of gene families such as DELLA, TC, CLC, miR169, and NAC for leveraging the effect of RNA editing in protein subunits such as NAD9. Moreover, the implementation of the innovative management strategies, which include the application of biochar and cow dung, exogenous melatonin, and hydrogen-rich water, demonstrates the practical approaches to enhance crop productivity and quality under climate change conditions. The integration of advanced genomics, transcriptomics, and targeted genetic engineering approaches, coupled with a growing understanding of plant-microbe interaction and careful consideration of ethical implications which will be instrumental in ensuring agriculture to ensure global food security. The future research must focus on deciphering the integrated signalling network that mediates the cross-tolerance to multiple abiotic stresses. Moreover, there is also an emerging need to explore the epigenetic regulation, such as DNA methylation and histone modification, which might act as a conferring long-term stress memory in horticultural crops. Additionally, a study on plant-microbiome interaction and expanding RNA editing studies across diverse species may unlock novel adaptive mechanisms under a climate change scenario. Field-based validation of molecular findings and development of climate-resilient genotypes through the genome editing tools like CRISPR/Cas9 remains very much crucial to ensure sustainable horticultural productivity.
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Nitrogen (N) is an essential element for plant growth, development, and metabolism. In apple production, the excessive use of N fertilizer may cause high N stress. Whether high N stress can be alleviated by regulating melatonin supply is unclear. The effects of melatonin on root morphology, antioxidant enzyme activity and 13C and 15N accumulation in apple rootstock M9T337 treated with high N were studied by soil culture. The results showed that correctly raising the melatonin supply level is helpful to root development of M9T337 rootstock under severe N stress. Compared with HN treatment, HN+MT treatment increased root and leaf growth by 11.38%, and 28.01%, respectively. Under high N conditions, appropriately increasing melatonin level can activate antioxidant enzyme activity, reduce lipid peroxidation in roots, protect root structural integrity, promote the transport of sorbitol and sucrose to roots, and promote further degradation and utilization of sorbitol and sucrose in roots, which is conducive to the accumulation of photosynthetic products, thereby reducing the inhibitory effect of high N treatment on root growth. Based on the above research results, we found that under high N stress, melatonin significantly promotes nitrate absorption, enhances N metabolism enzyme activity, and upregulates related gene expression, and regulate N uptake and utilization in the M9T337 rootstock. These results presented a fresh notion for improving N application and preserving carbon-nitrogen balance.
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1 Introduction

Nitrogen (N) is an essential nutrient for plants (Krapp, 2015). It has multiple functions in plant metabolic processes and is pivotal for plant growth (Cunha et al., 2015; Mu and Chen, 2021). The application of N fertilizer can greatly increase grain yield (Abbaraju et al., 2022). As the potential for N fertilizer to increase yield is high and the price of N fertilizer is relatively low, farmers often overuse N fertilizer to maintain high yields (Wang et al., 2021). However, at present, the irrational application of N fertilizer leads to a low fertilizer utilization rate, and 60% of the fertilizer cannot be absorbed by crops, which increases the emissions of methane (CH4) and nitrous oxide (N2O) (Tian et al., 2020). It is reported that the world uses about 110 Tg (1 Tg = 1 million tons) of chemical fertilizer every year to meet the growing demand for food (Chen et al., 2020). In the past half a century, the total amount of N discharged into the environment by humans exceeded that of any other major element (Deng et al., 2024). Excessive N fertilizer input will not only cause air, soil, and water pollution, global climatic change, and ecological environment change, but it will also have a negative impact on crop growth, yield, and quality (Liu et al., 2021). This has serious implications for international food security and natural ecosystem stability. In fact, the excessive application of N fertilizer cannot fundamentally increase crop yield, because once the N fertilizer rate exceeds a certain threshold, the yield no longer increases significantly (Zhang et al., 2021). China is the world’s largest N fertilizer user, using more than 30% of pesticides and fertilizers on 9% of the world’s arable land (Sun et al., 2012). Plant growth stress caused by high N has become increasingly serious.

Although soils contain different forms of N sources, including NO3-, NO2-, NH4+and various organic N sources, most terrestrial plants, including apples, mainly absorb NO3- (Feng et al., 2022). In addition to acting as a nutrient substance for plants, NO3- can also act as a signaling substance to trigger local and systemic signaling pathways that regulate gene expression, metabolism, physiology, and plant growth and developmental processes, including seed germination, root construction, branch growth, and flowering time (Fredes et al., 2019). However, excessive NO3- supply often has a negative impact on plant growth and development (Xu et al., 2016; Saiz-Fernández et al., 2015). It has demonstrated that excessive NO3–N reduces photosynthesis and enzyme activities, and increases ionic toxicity, osmotic stress and reactive oxygen species (ROS), further affecting crop quality and yields (Zhang et al., 2017). In previous studies, high concentrations of NO3- in plants were considered a signal of N sufficiency to directly inhibit root elongation or indirectly affect root growth and development in crosstalk with phytohormones (Vega et al., 2019). However, it is well known that N metabolism is closely linked to other metabolic pathways, especially carbon metabolism. Wang et al. also reported that high N levels increased the synthesis of amino acids and their derivatives in apple fruit, and inhibited carbohydrate accumulation (Wang et al., 2022). Therefore, excessive N supply often causes imbalance of carbon and N metabolism and affects plant growth.

As a multifunctional molecule, melatonin is present in nearly all living organism (Antoniou et al., 2017). It is now widely accepted as a new endogenous plant hormone having pleiotropic activities in trace amounts (Ding et al., 2017). Melatonin is generally produced in the chloroplast and mitochondria of roots and/or leaves, and further transported to the meristem, flowers and fruits in plants (Wang et al., 2016). Evidence have been found that melatonin has several physiological functions in regulating root development, seed germination, photosynthesis, flowering, leaf senescence, and fruit maturation (Back et al., 2016; Arnao and Hernández-Ruiz, 2019). The antioxidant properties of melatonin can significantly reduce plant damage due to environmental stress at specific concentrations (Gomes et al., 2014; Wei et al., 2015). For example, one study found that exogenous melatonin application improved photosynthetic performance, reduced leaf hydrogen peroxide accumulation, and alleviated plant growth inhibition due to drought in Malus hupehensis by promoting the absorption of nutrient elements (Liang et al., 2018). Du et al. (2022) found that melatonin can relieve nutrient stress caused by low concentrations of NH4+ through regulating the absorption and metabolism of N. Recently, the roles of melatonin in nutrient uptake has become a research focus, especially in terms of N absorption and utilization (Liu et al., 2020).

The apple industry is an important agricultural industry in China. In recent years, China’s apple cultivation area has stabilized, and the output has increased steadily, China has become the largest apple-producing country in the world (Faostat, 2018). However, the site conditions of most apple orchards are poor, as they are mainly distributed on hillsides, hills, and beaches with relatively poor soil nutrient levels and low soil organic matter (Ge et al., 2018). Given the poor soil conditions of apple orchards, chemical fertilizer plays an important role in increasing yields. The pursuit for high yield has led to the sustained and rapid growth of N fertilizer application in Chinese apple orchards, which has far exceeded the demand of the trees (Zhu et al., 2018).

There is currently a lack of research on how melatonin regulates carbon-nitrogen metabolism in apple rootstock M9T337 under high N stress. In this study, we used apple rootstocks M9T337 as test materials to explore the effects of melatonin on the roots and the photosynthetic carbon metabolism of rootstocks under high N conditions. Our results should provide a basis for the rational application of N fertilizer.




2 Materials and methods



2.1 Experimental site and materials

The pot experiment was carried out between April and July 2022 at the Agricultural Science Experimental Station of Weifang University (118°10’ E and 35°41’ N). The soil utilized in the experiment was loam, with 22.13 grams of organic matter per kilogram, 46.81 milligrams of N per kilogram, 33.25 milligrams of accessible phosphorus per kilogram, and 178.12 milligrams of potassium per kilogram. The test materials consisted of Malus domestica M9T337 dwarf rootstocks. Rootstocks were cultivated in a soil culture system within a growth chamber, exposed to natural light. The growth chamber maintained a temperature cycle of 28°C during the day and 18°C during the night, as well as a humidity level of 65%. On April 9th, when the seedlings reached 10 true leaves, they were moved into pots. The pots had a height of 17 cm and a diameter of 22 cm, and contained 2.5 kg of soil each and each treatment was repeated in 30 pots (replicates). Only one plant was placed in each pot. After a period of 14 days, rootstocks exhibiting consistent development were chosen for the purpose of conducting experiments (about 13 cm tall).

In the formal trial, Ca(NO3)2 was used as the only N source. The seedlings were treated for root application as follows: CK (Control, 10 mmol·L−1 NO3−-N), 100 μmol·L−1 melatonin (MT, Kangwei Century Technology Co., Ltd.), the experimental concentration is referred to the study of Liang et al (Liang et al., 2018), 30 mmol·L−1 NO3−-N (HN), the experimental concentration is referred to the study of Liu et al (Liu et al., 2022), 30 mmol·L−1 NO3−-N + 100 μmol·L−1 melatonin (HN+MT). For the 15N labeling of plants, we added 0.5 g (CK and MT) and 1.5 g (HN and HN+MT) Ca(15NO3)2 (10.22% abundance, Shanghai Yuan ye Biotechnology Co., Ltd.) to each pots, each pots was treated with 200ml, once every 2 days, for a total of three times. After 30 days of treatment, samples were obtained to determine different indicators.




2.2 Determination of root morphology and root activity

The cleaned root systems that float on 5 mm of water in a 0.3 × 0.2 m Plexiglas tray. Roots be untangled and discrete with a brush to lessen root interlock. Greyscale root images got by tuning the parameters to ‘‘high’’ setting (resolution 300 by 300 dpi). Then WinRhizo software (WinRHIZO version 2012b, Regent Instruments Canada, Montreal, Canada) was using to analyze the whole root system (root length, Number of root tips, root surface area and root volume).

The root activity was determined by the 2,3,5-triphenyltetrazolium chloride (TTC) reduction method and expressed as the amount of TTC reduced by per gram of root (Gao et al., 2023).




2.3 Determination of biomass

The plant samples were washed and dried off with an absorbent paper. Then, the fresh weights of the aboveground and belowground parts were measured. The dry weights of the aboveground and below-ground parts were measured after drying the samples in an oven at 105°C for 30 min and at 80°C to constant weight (Sun et al., 2022).




2.4 Determination of antioxidant enzyme activities and H2O2

The superoxide dismutase (SOD) activity was determined based on the ability to inhibit the photochemical reduction of nitroblue tetrazolium (NBT) (Meftahizadeh et al., 2023). The peroxidase (POD) activity was determined by a colorimetric method in a reaction mixture containing guaiacol as the substrate (Wu et al., 2023). The POD activity was determined based on the change in absorbance at 470 nm due to the oxidation of guaiacol to tetraguaiacol. The supernatant was mixed with and was allowed to run. The absorbance of the reaction mixture was read at 560 nm. The catalase (CAT) activity was determined by the ultraviolet spectrophotometric method (Ren et al., 2022) at 240 nm in a reaction mixture. The CAT activity was measured based on the decomposition of H2O2 with time. Ascorbate peroxidase (APX) activity was measured by a spectrophotometric method according to Sun et al (Sun et al., 2022).

The H2O2 was determined according to the methods described by Yan et al (Yan et al., 2023). Pre-cooled acetone was used to extract the H2O2 in the sample and detected by monitoring the absorbance of the titanium peroxide complex at 412 nm.




2.5 Determination of soluble sugar content

Sorbose (Sor), sucrose (Suc), glucose (Glu) and fructose (Fru) were performed as described by Aslam et al. (2019). The hexose phosphates glucose 6-phosphate (G6P) and fructose 6-phosphate (F6P) were extracted and assayed as described by Chen et al. (2023).




2.6 13C, 15N labeling method and isotope analysis

After 27 days of treatment, 13C isotope labeling was performed. Ba13CO3 (13C independence is 98%) was used as a selection marker, and the dosage was 0.2 g. The seedlings were placed together with the markers, fans, and reduced iron powder into a sealed marking room to make transparent film. The transmittance of sunlight in the labeling chamber was 95% of the natural light intensity. Labeling work started at 9:00 a.m., at which point the fan was turned on and the labeling chamber was sealed. One milliliter of hydrochloric acid (1 mol·L−1) was injected into the beaker with a syringe every 0.5 h in order to maintain the concentration of CO2, and the 13C labeling lasted for 4 h. In order to keep low temperature during the labeling process, an appropriate amount of ice was added to the bottom of the labeling chamber to limit the temperature within the range of 28–37°C. At the same time, three other plants were selected as the control (13C natural abundance), and destructive samples were taken on the third day after labeling and 13C was determined (Xu et al., 2020).

Biomass samples for 13C and 15N analyses were collected at the end of the labeling for 13C and 15N analyses. The samples were dried and then ground with an electric grinder and filtered with a 0.25 mm mesh screen. The abundance of 15N and 13C were measured with a ZHT-03 mass spectrometer from the Beijing Analytical Instrument Factory (Chinese Academy of Agricultural Sciences). Three replicates were conducted for each treatment. The formula is calculated according to Wang et al (Wang et al., 2020).




2.7 Measurement of NO3− flux and N-metabolizing enzymes activity

The NO3− flux at root surface were measured using a scanning non-invasive micro-test technique system (NMT 100 Series, United States) by Xuyue Sci. & Tech. Co., Ltd., Beijing, China. Net fluxes of NO3−. Each selected root was tested for 10 min, with 5 replicates per group. After the test, we analyzed the data with MageFlux (imFluxes V2.0; YoungerUSA LLC, Amherst, MA 01002, USA), a data analysis software provided by Xuyue company (Zheng et al., 2023).

The ammonium-nitrogen (NH4+-N) concentration was quantified using Nessler’s spectrophotometric technique (Molins-Legua et al., 2006). The leaf extract was combined with hypochlorite and phenol in a very alkaline environment to produce a water-soluble blue indophenol, with its absorbance measured at 625 nm. The activity of nitrate reductase (NR) in the leaves was assessed using sulfanilamide colorimetry (Zhao and Cang, 2015). The leaf extract was combined with sulfanilamide in hydrochloric acid and N-1-naphtyl-ethylenediamine to produce a red azo dye, with absorbance measured at 520 nm. Glutamine synthetase (GS) activity was assessed using the plant GS enzyme activity assay kit, and glutamic acid synthetase (GOGAT) activity was evaluated using the plant GOGAT enzyme activity assay kit (Jiangsu Enzyme Label Biotechnology Co., Ltd, Jiangsu, China), in accordance with the manufacturer’s instructions (Sun et al., 2022).




2.8 DNA extraction and quantitative PCR of genes related to carbon and N metabolism

Genes involved in N assimilation such as nitrate reductase (MdNR), glutamine synthetase 1 (MdGS1), and nicotinamide adenine dinucleotide-glutamate synthase (MdNADH-GOGAT); nitrate transporters such as nitrate transporter 1.1/1.2/1.5/2.1 (MdNRT1.1/1.2/1.5/2.1); Sucrose synthase (MdSUSY1); sucrose transporter (MdSUT1); Phosphosucrose synthase (MdSPS1) and hexokinase (MdHK6) were selected for transcript analysis by quantitative real-time PCR (qRT-PCR).

Total RNA was extracted using an RNAprep Pure Plant Kit (Tiangen, Beijing, China) according to the manufacturer’s instructions. The RNA was reverse-transcribed into cDNA using a RevertAid First Strand cDNA Synthesis Kit (TransGen) in a 20 mL reaction. The quantitative real-time PCR (qRT-PCR) was performed in a 20 mL reaction mixture containing 10 mL of Green qPCR SuperMix, 1 mL of cDNA, 2 mL (1 mL of upstream and 1 mL of downstream primers) of primers and 7 mL of ddH2O. The relative gene expression levels were calculated by the 2eDDCT method (Lv et al., 2012), and the MdActin gene was used as the internal control. These qRT-PCR experiments were performed with three technical replicates and three biological replicates. The primers used for qRT-PCR were listed in Supplementary Table S1.




2.9 Data analysis

The data presented as means (± SD) of three replicates. The data were subjected to one-way ANOVA and the least significant difference test (Duncan’s new multiple range method, p ≤ 0.05) using SPSS 20.0 software (Statistics software, version 20.0, IBM, USA). Significant differences were determined at a probability level of P ≤ 0.05.





3 Results



3.1 Effects of different treatments on the growth of M9T337 rootstock

Compared to CK, HN significantly inhibited the root growth of seedlings (Figure 1A). It was found that the MT treatment greatly improved the root morphology of plants that were given CK, and the HN+MT treatment greatly improved the effects of high N on plant root growth. For example, the root length, surface area, volume, and number of root tips were 14.79%, 27.29%, 46.53%, and 39.16% higher in the HN+MT treatment than in the HN treatment (Figures 1B–E). The root activity also showed the same trend (Figure 1F). Figure 1A shows that different treatments have different effects on M9T337 rootstock growth. The HN treatment can greatly lower the plant’s biomass in its roots and leaves. On the other hand, the HN+MT treatment can greatly improve M9T337 rootstock growth, which was slowed down by the high N treatment. Compared with HN treatment, HN+MT treatment increased root and leaf growth by 11.38% and 28.01%, respectively (Figures 1G, H).

[image: Four plant growth conditions, CK, MT, HN, and HN+MT, are displayed for visual comparison in images labeled (a). Bar graphs (b-h) show quantitative comparisons: (b) root length, (c) number of root tips, (d) root surface area, (e) root volume, (f) root activity, (g) root biomass, and (h) leaf biomass. Each graph shows data for CK (grey), MT (blue), HN (grey), and HN+MT (orange) with standard deviations and significance annotations.]
Figure 1 | Effects of different treatments on the growth of M9T337 rootstocks. (A) Root growth. (B) Root length. (C) The number of root tips. (D) Surface area of the root. (E) Volume of the root. (F) Root activity. (G) Root biomass. (H) Leaf biomass. The error bar represents the standard deviation of the mean (n=3). Different lowercase letters indicate significant differences among treatments (Duncan test, p < 0.05).




3.2 Effects of different treatments on photosynthetic parameters and antioxidant enzyme activities

Compared to CK, MT treatment increases the net photosynthetic rate of M9T337 rootstocks, HN treatment reduces the net photosynthetic rate of M9T337, while high N treatment with the addition of melatonin can significantly reduce the decrease in the net photosynthesis rate caused by high N. The HN+MT treatment of M9T337 rootstocks increased the net photosynthetic rate by 19.65% compared to the HN treatment (Figure 2A). MT and HN treatment significantly increased the intercellular CO2 concentration (Ci) of M9T337 rootstocks and reduced the stomatal conductance (Gs) and transpiration rate (Tr) compared to the control. Compared to HN treatment, HN+MT treatment significantly reduces the intercellular CO2 concentration of M9T337 rootstocks and improves the stomatal conductance and transpiration rate. Intercellular CO2 concentration decreased by 12.94% compared to HN treatment, and stomatal conductance and transpiration rates increased by 18.08% and 11.20%, respectively (Figures 2B–D).

[image: Bar graphs display data on plant physiological metrics across treatments CK, MT, HN, and HN+MT. The metrics include net photosynthetic rate (a), intercellular CO2 concentration (b), stomatal conductance (c), transpiration rate (d), superoxide dismutase activity (e), peroxidase activity (f), catalase activity (g), ascorbate peroxidase activity (h), and hydrogen peroxide content (i). Each treatment shows variability, indicated by letter annotations for statistical significance, with error bars present.]
Figure 2 | Effects of different treatments on photosynthetic parameter and the antioxidant enzyme activities in leaf of M9T337 rootstocks. (A) Net photosynthetic rate. (B) The intercellular CO2 concentration (Ci). (C) Stomatal conductance(Gs). (D) Transpiration rate (Tr). (E) SOD activity. (F) POD activity. (G) CAT activity. (H) APX activity. (I) H2O2 content. The error bar represents the standard deviation of the mean (n=3). Different lowercase letters indicate significant differences among treatments (Duncan test, p < 0.05).

MT treatment can significantly increase SOD activity, POD activity, and APX activity, contrary to HN treatment. Compared with CK treatment, SOD activity, POD activity, and APX activity of MT treatment were 12.56%, 19.45%, and 34.70% higher, respectively. However, compared with HN treatment, HN+MT treatment can significantly increase SOD activity, CAT activity, and APX activity under high N stress. Compared to HN treatment, HN+MT treatment had higher SOD activity, CAT activity, and APX activity (11.05%, 12.90%, and 5.92%, respectively) (Figures 2E–I).




3.3 Effect of different treatments on soluble sugar of M9T337 rootstocks

The soluble sugar content in rootstock leaves and roots under different treatments were determined (Figure 3). The content of sorbitol and sucrose in leaves under HN+MT treatment was lower than that under HN treatment and higher than that under MT treatment, while the content of sorbitol and sucrose in leaves under HN+MT treatment was higher than that under HN treatment and lower than that under MT treatment. Compared to the MT treatment, the contents of sorbitol and sucrose in leaves treated with HN+MT increased by 18.18% and 23.77%, respectively. In roots treated with HN+MT, the content of sorbitol and sucrose increased by 20.71% and 30.91%, respectively, compared to HN treatment (Figures 3A, B, E, F).

[image: Bar graphs and images depicting the effects of different treatments labeled CK, MT, HN, and HN+MT on plants. The graphs (a-h) show various sugar contents in leaves and roots, indicating changes in sorbitol, sucrose, fructose, and glucose levels under each condition. The images (i) illustrate leaves and roots with visible differences in size and condition across treatments.]
Figure 3 | Effect of different treatments on the soluble sugar in leaf and root of M9T337 rootstocks. (A) Leaf sorbitol content. (B) Leaf sucrose content. (C) Leaf fructose content. (D) Leaf glucose content. (E) Root sorbitol content. (F) Root sucrose content. (G) Root fructose content. (H) Root glucose content. (I) Photo of root and leaf. The error bar represents the standard deviation of the mean (n=3). Different lowercase letters indicate significant differences among treatments (Duncan test, p < 0.05).

Leaves and roots treated with HN+MT had significantly higher fructose and glucose contents than those treated with HN. Compared with HN treatment, the fructose and glucose contents in leaves under HN+MT treatment were increased by 58.33% and 4.83%, respectively, and the fructose and glucose contents in roots were increased by 28.88% and 17.19%, respectively (Figures 3C, D, G, H).




3.4 Effect of different treatments on N metabolism of M9T337 rootstocks

The rhizosphere NO3– velocity of M9T337 rootstocks was significantly different under different treatments (Figures 4A, B). Negative values indicate NO3– influx, i.e., NO3– absorption, and positive values indicate efflux. Compared to CK, MT treatment promoted NO3– absorption, with the average value changing from -26.11 pmol·cm–2·s–1 to -35.73 pmol·cm–2·s–1. In HN treatment, NO3– is effluxed by roots, while in HN+MT treatment, NO3– flow in rhiza is influxed, with an average rate of around -10.21 pmol·cm–2·s–1. The results showed that high N treatment was not conducive for NO3– absorption, while high N treatment after adding melatonin is favorable to NO3– absorption.

[image: A set of images and graphs illustrating experimental data. Panel (a) shows a microscopic image of a plant root with a needle-like probe. Panel (b) presents a line graph titled "Net NO₃⁻ Flux" over 10 minutes, comparing CK, MT, HN, and HN+MT treatments with different average flux values. Panels (c) to (h) display bar charts of various parameters (NR activity, GS activity, GOGAT activity, NO₃⁻-N, amino acid content, and soluble protein) for leaf and root tissues across the same treatments, with significant differences indicated by letters.]
Figure 4 | Effect of different treatment on N metabolism in leaf and root of M9T337 rootstocks. (A) NO3– fluxes detection of roots. (B) Net NO3– fluxes in the root of M9T337 rootstocks for 10 min. (C) NR activity. (D) GS activity. (E) GOGAT activity. (F) Nitrate nitrogen. (G) Amino acid content. (H) Soluble protein. The error bar represents the standard deviation of the mean (n=3). Different lowercase letters indicate significant differences among treatments (Duncan test, p < 0.05).

N-metabolizing enzymes play important roles in the process of N assimilation. Under different treatments, the activity trend of NR, GS, and GOGAT in leaves and roots remained the same. Compared to CK, MT treatment increased the activities of NR, GS, and GOGAT, while HN treatment inhibited these three enzymes. MT+HN treatment could reduce the inhibition of NR, GS, and GOGAT activities in high N treatment. Compared to HN treatment, NR, GS, and GOGAT in leaves increased by 12.84%, 20.49%, and 43.92%, respectively, while NR, GS, and GOGAT in roots increased by 12.84%, 34.44%, and 61.54%, respectively (Figures 4C–E). According to Figures 4F–H, it can be found that, compared with CK, the nitrate N and amino acid contents of leaves and roots under HN treatment significantly increased, while the soluble protein contents decreased. Compared with HN treatment, MT+HN treatment increased soluble protein content.




3.5 Transcriptional regulation of genes involved in carbon and N metabolism

The expression changes of the N transporter gene and the N channel protein gene in the root and leaf systems are shown in Figures 5A–N. The transcription levels of NRT1.1, NRT1.2, and NRT2.1 in the roots of M9T337 stock treated by HN were significantly lower than those treated by HN+MT. Under MT treatment, the expression levels of MdNR, MdGS1, MdGOGAT, MdSUSY1, MdSUT1, and MdHK6 in the root were the highest. These results indicated that high N significantly inhibited the expression of the N transporter gene and the N channel protein gene. Compared with HN treatment, the expression of the N transporter gene and the N channel protein gene in the root and leaf was significantly up-regulated by high N treatment with melatonin.

[image: Bar graphs labeled a to n show the relative expression of genes like NRT1.1 and MdHK6 in root and leaf samples under different conditions (CK, MT, HN, HN+MT). A heat map displays the relative expression of multiple genes, ranging from blue (low) to red (high), across various conditions.]
Figure 5 | Effect of different treatment on transcriptional regulation of genes involved in carbon and N metabolism of apple rootstock M9T337. (A–N) The expression changes of carbon and N metabolism genes in root and leaf. (Duncan test, *p ≤ 0.05) (O) Heat map of relative expression. Color scale represents relative intensity of gene expression. The qRT-PCR results were standardized by Z-score and the data represents the Z-score of gene expression. The red color represents upregulated expression, while blue represents downregulated expression.

According to the heat map of relative expression analysis in Figure 5O, the expression of the N transporter gene and the N channel protein gene in roots and leaves was significantly down-regulated under HN treatment, while HN+MT treatment could significantly up-regulate the expression of the N transporter gene and the N channel protein gene in roots and leaves.




3.6 Effect of different treatments on 13C and 15N accumulation of M9T337 rootstocks

Under different treatments conditions, 13C accumulation was highest in all of the organs under the MT treatment, followed by the HN+MT and CK treatments. The least 13C accumulated in all of the organs and the entire plant under the HN treatment (Figure 6A). Compared with HN treatment, the root, stem, leave and total 13C accumulation of HN+MT treatment were 23.85%, 7.63%, 20.44% and 17.53% higher, respectively (Figure 6A). The distribution rate of 13C was mainly concentrated in the root of HN treatment, the stem of MT treatment and the leaf of HN+MT treatment (Figure 6B). The 15N accumulation of CK and MT treatment was significantly higher than that of HN and HN+MT treatment. Compared with HN treatment, root, stem, leaf and total N accumulation of HN+MT treatment were 11.45%, 3.52%, 14.98% and 11.17% lower, respectively (Figure 6C). It can be seen from Figure 6D that the C/N accumulation rate of HN+MT treatment and MT treatment is higher than that of CK and HN treatment. Compared with HN treatment, the C/N accumulation rate of HN+MT treatment was 32.55% higher.

[image: Four bar graphs depict isotopic accumulation and distribution across plant parts under different treatments: CK, MT, HN, and HN+MT, using varying shades of gray and blue. Graph (a) shows the ^13C accumulation in roots, stems, leaves, and total, with the highest in HN+MT leaves. Graph (b) illustrates the ^13C distribution ratio, with the highest percentage in HN+MT leaves. Graph (c) displays ^15N accumulation, showing the highest in HN+MT total accumulation. Graph (d) presents the C/N accumulation ratio, highest in HN+MT. Error bars indicate variability.]
Figure 6 | Effect of different treatments on 13C and 15N accumulation of M9T337 rootstocks. (A) 13C accumulation. (B) 13C distribution. (C) 15N accumulation. (D) C/N accumulation. The error bar represents the standard deviation of the mean (n=3). Different lowercase letters indicate significant differences among treatments (Duncan test, p < 0.05).




3.7 Correlation between different indicators of M9T337 rootstocks

In order to study the effects of different treatments on the rootstock of seedling M9T337, correlation analysis was carried out on its growth conditions, antioxidant protective enzymes (SOD, POD, CAT, APX) activity, soluble sugar content, carbon and N accumulation and distribution. As can be seen from Figure 7, leaf sucrose content was significantly negatively correlated with root activity, leaf glucose content, root glucose content, volume of root, APX activity and POD activity. The was negatively correlated with SOD activity, root sorbitol content, root length and root activity. Leaf fructose content was positively correlated with 13C accumulation, root fructose content, CAT activity, number of root tips, APX activity and POD activity. Among them, 13C and 15N are negatively correlated.

[image: Heatmap showing the correlation matrix of various plant physiological and biochemical traits. Colors range from blue (negative correlation) to red (positive correlation). Traits include leaf and root contents, enzyme activities, and biomass measures. Color intensity indicates the strength of correlation, with a legend on the right. Dendrograms on the top and left indicate clustering of traits based on similarities.]
Figure 7 | Correlation between different indicators of M9T337 rootstocks. (Duncan test, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001).





4 Discussion



4.1 Melatonin alleviated the inhibition of high N on the growth of rootstock

The major way that crops take in water and nutrients from the soil is through their roots. Proper root shape and structure are critical for plant growth and development as well as for the uptake of nutrients from the soil (Mulaudzi et al., 2020). Plants frequently allocate biomass preferentially to the roots in order to increase their capacity for nutrient uptake in response to nutritional deficiencies. For instance, low P stress encourages lateral root growth and increases the number of root hairs, while low N stress induces root elongation (Hu et al., 2024). The findings indicated that melatonin may successfully reduce the negative effects of excessive N on root development and vitality. The use of melatonin may effectively ameliorate the reduction of root length, root spots, root surface area, and root volume caused by high N pressure. Properly increasing the melatonin supply helps optimize the form and structure of roots in high-N environments by maximizing the absorption of N, which in turn encourages root development (Figures 1A–F). We conducted further measurements of the apple rootstocks’ biological mass. Our findings indicate that the application of high levels of N hindered plant development. Moreover, the addition of melatonin successfully mitigated the inhibitory effects of high levels of nitrate on plant growth (Figures 1G–I). These findings are concordant to the results of Zhang et al. (2017).




4.2 Melatonin reduced the oxidative damage of apple rootstock roots under high N

We also identified the antioxidant system’s metabolites and associated enzyme activity in the rootstock roots. The ROS equilibrium is maintained by plants by means of their inherent antioxidant systems (Boaretto et al., 2020). Among them, APX, CAT, POD, and SOD are crucial for sustaining and scavenging ROS (Choudhury et al., 2017). Under normal development circumstances, antioxidant protection enzyme activity is in a balanced state, but under high N suppression conditions, SOD activity, CAT activity and APX activity falls, weakening the function of root antioxidants. It lowers the efficiency of H2O2 clearance, promoting membrane lipid peroxidation, finally leading to root oxidation damage. This explains why excessive nitrate on produces greater oxidative damage to the root (Figures 2E–I). However, melatonin can significantly alleviate the peroxide damage caused by high N, and is conducive to removing hydrogen peroxide and reducing lipid peroxidation.




4.3 Melatonin increased carbon metabolism in M9T337 rootstock under high N stress

Plants convert CO2 dioxide into carbohydrates via photosynthesis, and these carbohydrates account for 90% of the biomass and agricultural productivity (Simkin et al., 2019). The carbohydrates essential for root development are transferred from the leaf, which shows that carbon partitioning is also a significant factor controlling root growth (Lambers et al., 2002). Some studies have shown that improving nitrogen (N) efficiency can lead to increased photosynthetic rates (Cechin and Valquilha, 2019). However, there is also evidence suggesting competition between nitrogen and carbon metabolism under high nitrogen conditions (Bloom, 2015). Our research indicates that under high nitrogen supply, the Pn, Gs, and Tr of apple rootstocks significantly decreased, while the addition of melatonin significantly enhanced photosynthetic capacity.

The effect of N in root growth promotion indicated via connections with carbohydrate content and metabolism (Li et al., 2018). In apples and certain other Rosaceae species, sorbitol and sucrose are the principal end-products of photosynthesis and are the main types of carbohydrates carried across large distances in the phloem (Sha et al., 2020). The findings revealed that high amounts of N compulsion and melatonin had a substantial influence on the accumulation and distribution of soluble sugar in M9T337 rootstock. Research has found that N fertilizer and melatonin have significant effects on plant carbon metabolism (Yan et al., 2023). In the absence of an increase in melatonin, high N coercion raised the level of peanut and mercury in the leaves and dramatically decreased the amounts of root-based peanut alcohol and mercury, showing that high nitrous coertion prevented the transfer of leaves from leaves to roots. This is comparable to the results of the research on apple (Malus hupehensis) (Zhao et al., 2020). Our results also show that high N stress limits the transport of photosynthetic products, as sorbitol content in leaves increases while sorbitol content and sucrose content in roots decreases. Increasing the supply of melatonin helps to alleviate the restriction of high N on the transport of photosynthetic products (Figure 3). Sorbitol and sucrose, as photosynthetic products can be degraded to fructose and glucose by SDH and SuSy after unloading to the root via long-distance transport in the phloem (Zhao et al., 2020). High N coercion reduces the content of fructose and glucose in the root. High nitrous coertion may reduce the activity of the related enzymes, resulting in a decrease in the concentration of frucose and glycine in the roots, thereby affecting the cycle of triglyceride and starch synthesis, inhibiting root growth (Li et al., 2012). Further analysis shows that the addition of melatonin in high N conditions promotes the phosphoridation of the fructose and glucose, thus enhancing the absorption and utilization of M9T337 rootstocks.

To further investigate the accumulation and distribution of photosynthetic products, M9T337 rootstock was tagged with 13C isotope. We found that the accumulation of 13C in leaves, stems and roots was the highest with melatonin administration, whereas the accumulation of 13C in roots under high N treatment was the lowest. High N treatment hindered N buildup and lowered C/N accumulation rate. Therefore, high N treatment inhibited the transport of photosynthetic products to roots, while appropriately increasing the melatonin supply level could increase and promote the distribution of sorbitol and sucrose from leaves to roots and increase the inhibition, thus reducing the inhibition of high N treatment on root growth.




4.4 Melatonin alleviated the inhibition of N assimilation in M9T337 rootstocks under high N stress

The application of N is frequently used in excess to achieve increased crop yields (Sun et al., 2020). Nevertheless, this study discovered that an overabundance of nitrate supply hindered the growth of the M9T337 apple rootstocks’ roots and decreased the ratio of roots to shoots, which was unfavorable for the absorption of nutrients and the growth of the rootstocks. After nitrate is absorbed and transported by the roots, it is reduced to nitrite, glutamine, and glutamate in sequence under the action of NR, GS, and GOGAT, and then further metabolized into amino acids and nitrogen-containing compounds. We quantified the absorption of NO3− with the use of non-invasive micro measuring techniques. The net fluxes of NO3− at the root surface was effluxed under circumstances of elevated nitrate levels, suggesting that high N concentrations hindered the absorption of NO3−. This is due to when the intracellular N levels are too high, key enzymes in the metabolic pathways are inhibited to prevent further accumulation of N. N sensors, such as TARGET OF RAPAMYCIN (TOR) signaling pathway, are activated to reduce N uptake and utilization (Artins et al., 2024). This mechanism helps cells maintain N balance and avoid toxicity from excess N. It has been reported that genes encoding enzymes related to N assimilation are regulated by carbon and N interactions (Guti´errez et al., 2007). Our findings revealed that under circumstances of high N levels, the activities and expression of NR, GS, and GOGAT were dramatically suppressed, while melatonin can significantly relieve the symptoms, which may be related to the fact that melatonin changed the C/N ratio of seedlings.

The absorption of nutrients in plants is regulated by both internal signals inside the plant and external signals from the environment. When the intensity of nutrient supply surpasses the concentration needed for the plant to develop at its maximum rate, the uptake of nutrients is primarily controlled by the intensity of the nutrient pool. Nitrate uptake is mostly attributed to NRTs (Wang et al., 2012; Yuan et al., 2022). MdNRT1.1, MdNRT1.5 and MdNRT2.1 are significant NRTs that are predominantly engaged in NO3− absorption in the roots (Xuan et al., 2017). We observed that the expression levels of NRT1.1, NRT1.2 and NRT2.1 in the roots fell dramatically under high N conditions, which explained why high N stress hindered N uptake. However, it is not obvious if the reduced expression of these genes is regulated by internal or external N levels, and its precise mechanism requires additional exploration.

Excessive N application hampers the growth of M9T337 rootstocks by decreasing root-to-shoot ratios and nutrient absorption. High nitrate levels inhibit NO3− uptake, activate N sensors like the TOR pathway, suppress key N metabolism enzymes, and inhibit the synthesis of soluble proteins, while melatonin can alleviate these effects. Additionally, the expression of vital nitrate transporters decreases under high N conditions, highlighting the intricate relationship between nitrogen levels and nutrient absorption, with melatonin serving as a potential mitigator of high N stress.





5 Conclusion

In conclusion, correctly raising the melatonin supply level is helpful to root development of M9T337 rootstock under severe N stress. Under high N conditions, appropriately increasing melatonin level can activate antioxidant enzyme activity, reduce lipid peroxidation in roots, protect root structural integrity, promote the transport of sorbitol and sucrose to roots, and promote further degradation and utilization of sorbitol and sucrose in roots, which is conducive to the accumulation of photosynthetic products. At the same time, MT can also improve N metabolism, promote NO3− uptake by roots, and raise the buildup of 15N (Figure 8). In conclusion, these results offer new insights for optimizing N application and maintaining carbon-nitrogen balance, which can contribute to improving apple yield and quality.

[image: Diagram showing the effects of melatonin on plant growth under high nitrogen stress. The top section illustrates carbon and nitrogen metabolism in the plant, with melatonin promoting root growth, length, and nitrogen absorption. Melatonin inhibits the negative effects of high nitrogen stress, optimizing photosynthate and enzyme activity. Arrows indicate the flow and influence of processes.]
Figure 8 | Model of the effect of exogenous melatonin on carbon and N metabolism in apple rootstock under high N stress.
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Introduction

NAC (NAM, ATAF, and CUC) transcription factor family, one of the important switches of transcription networks in plants, functions in plant growth, development, and stress resistance. Night lily (Hemerocallis citrina) is an important horticultural perennial monocot plant that has edible, medicinal, and ornamental values. However, the NAC gene family of night lily has not yet been analyzed systematically to date.





Methods

Therefore, we conducted a genome-wide study of the HcNAC gene family and identified a total of 113 HcNAC members from the Hemerocallis citrina genome.





Results

We found that 113 HcNAC genes were unevenly distributed on 11 chromosomes. Phylogenetic analysis showed that they could be categorized into 16 instinct subgroups. Proteins clustering together exhibited similar conserved motifs and intron–exon structures. Collinearity analysis indicated that segmental and tandem duplication might contribute to the great expansion of the NAC gene family in night lily, whose relationship was closer with rice than Arabidopsis. Additionally, tissue-specific pattern analysis indicated that most HcNAC genes had relatively higher expression abundances in roots. RNA-Seq along with RT-qPCR results jointly showed HcNAC genes expressed differently under drought and salinity stresses. Interestingly, HcNAC35 was overexpressed in watermelon, and the stress resilience of transgenic lines was much higher than that of wild-type watermelon, which revealed its wide participation in abiotic stress response.





Conclusion

In conclusion, our findings provide a new prospect for investigating the biological roles of NAC genes in night lily.





Keywords: Hemerocallis citrina, NAC transcription factor, genome-wide identification, abiotic stress, expression analysis




1 Introduction

Transcription factors (TFs), known as master regulators of gene expression, bind to the specific responsive elements within the promoters of target functional genes. A series of plant-specific TFs, such as bHLH, bZIP, ARF, DREB, MYC, AP2/EREBP, WRKY, and NAC, regulate many biological processes (Deng et al., 2016; Droge-Laser et al., 2018; Erpen et al., 2018; Ohta et al., 2018; Li et al., 2019; Luo et al., 2020; Yao et al., 2020). The NAC gene family, one of the largest TF superfamilies of TFs in plants, was named from NAM (petunia no apical meristem), AF1/2 (A. thaliana transcriptional activator 1/2) and cup-shaped cotyledon (Han et al., 2023). The NAC gene family was widely characterized in dicotyledonous and monocotyledonous based on the availability of complete plant genome sequences. Among these plant species, 117 in Arabidopsis (Ooka et al., 2003), 151 in rice (Nuruzzaman et al., 2010), 152 in soybean (Le et al., 2011), 251 in switchgrass (Yan et al., 2017), 72 in perennial ryegrass (Nie et al., 2020), 93 in tomato (Jin et al., 2020), 180 in apple (Su et al., 2013), 170 in poplar (Meng L. et al., 2022), 74 in grape (Wang N. et al., 2013), 183 genes in white pear (Gong et al., 2019), and 154 in tobacco (Li et al., 2018) were investigated.

Typically, NAC protein mainly contained a highly conserved DNA-binding domain (BD) at the N terminus and a diverse C-terminal transcriptional activation region (TR) (Ooka et al., 2003; Puranik et al., 2012). Therefore, the NAC TFs are involved in various processes including growth, development, and stress responses (Puranik et al., 2012). The crucial role of NAC TFs in secondary cell wall development is discovered through establishing gene regulatory networks in Arabidopsis (Taylor-Teeples et al., 2015). ONAC127 and ONAC129 function indispensably in seed germination by directly targeting OsMST6 and OsSWEET4 (Ren et al., 2021). AtNAC1 coordinates with the SCR/SHR-CYCD6 to regulate the maturation of the root ground tissue in Arabidopsis (Xie et al., 2023). AtNAC056 upregulates the expression of NIA1 by directly binding to its promoter, promoting root growth (Xu et al., 2022). The NAC family members ZmNAC126, BnaNAC60, MdNAC4, and LpNAL were involved in leaf senescence by positively regulating the expression of SAGs and CGGs (Yang et al., 2020; Yan et al., 2021; Wen et al., 2022; Yu et al., 2022). AdNAC2 and AdNAC72 indirectly regulate the ethylene pathway by respectively regulating the promoter and transcript of AdMsrB1 (Fu et al., 2021). NAC68 positively regulates sugar accumulation and IAA levels and improves fruit quality and seed development in watermelon (Wang et al., 2021).

As the main environmental stress elements, extreme temperatures, high salinity, drought, and other abiotic stresses have unfavorable effects on agricultural crop production either alone or in combination (Bashir et al., 2019). Several researches have suggested the implication of NAC TFs in response to abiotic stress in plants. For instance, NAC25 and NAC28 in bananas negatively regulated cold tolerance through phospholipid degradation-related pathways (Song C. B. et al., 2022). SlNAM3 in tomatoes enhances cold resistance (Dong et al., 2022). LlNAC014 senses high temperatures by binding directly to the promoter cis-element CTT(N7) AAG (Wu et al., 2022). ZmNAC074 positively regulates thermotolerance in maize (Xi et al., 2022). RcNAC72 enhances drought tolerance by interacting with RcDREB1A in roses (Jia et al., 2022). Overexpression of OsNAC2 improved drought resistance by inhibiting ROS accumulation (Li et al., 2022). SlNAC10 could enhance salt tolerance when ectopically overexpressed in Arabidopsis (Du et al., 2022). Overexpression of IbNAC3 in Arabidopsis can confer tolerance to salinity stress by integrating ABA-signaling pathway (Meng X.Q. et al., 2022). Therefore, the multiple functions of NAC in plants need to be continuously explored.

Chinese night lily (Hemerocallis citrina Baroni, 2n = 22), one of the most important horticultural perennial crops in northeastern China, has edible, medicinal, and ornamental purposes (Cao et al., 2024). Night lily is also named long yellow daylily, exhibiting widespread involvements in abiotic stress responses (Zhang et al., 2023). In recent years, the production and consumption of night lily have increased with its dried immature flower buds as a primary food source (Zuo et al., 2024). Therefore, it is essential to investigate stress tolerances to improve the yield of night lily products and byproducts. Draft genome sequences of night lily released in 2021 have provided researchers with vital resources for genome-wide analysis of multiple gene families with specific functions (Qing et al., 2021). However, no systematic analysis of the night lily NAC TFs was performed. In the current study, 113 HcNAC genes representing 16 subgroups were identified. A comprehensive analysis of chromosomal distributions, phylogenetic relationships, domain analysis, motif compositions, gene structures, cis-acting elements in promoters, gene duplications, and collinearity analysis was completed. We also analyzed the night lily NACs tissue-specific expression profiles by RNA sequencing (RNA-Seq) and further quantitative reverse transcription polymerase chain reaction (RT-qPCR) verification. In addition, both transcriptome data and qPCR results showed that some HcNAC genes in addition to HcNAC35 might response to abiotic stress treatments. Moreover, we examined the function of HcNAC35 gene through ectopically overexpression in watermelon given higher sensitivity of watermelon to abiotic stress compared with most other crops (Lv et al., 2016). Our results showed that overexpression of HcNAC35 could enhance abiotic tolerances especially salinity stress, which unveiled crucial mechanisms of night lily NAC-mediated response to salinity stress. Overall, the study provided valuable information relevant and a theoretical foundation for the functional investigation of night lily NAC family members.




2 Materials and methods



2.1 Identification and sequence analysis of HcNAC genes

To identify HcNAC genes, we downloaded the files of H. citrina including the genome sequences, coding sequences (CDS), and protein sequences from NCBI (https://www.ncbi.nlm.nih.gov/assembly/GCA_017893485.1) (Qing et al., 2021). Hidden Markov model (HMM) files were constructed based on the NAM domain (PF02365) retrieved from the Pfam website (https://pfam.xfam.org/). The conserved NAM domain was utilized to search for HcNAC protein sequences by a program of HMMER3.0 (E-value ≤ 10−5). Then, the physicochemical property prediction of HcNAC protein sequences was detected using TBtools software (Chen et al., 2020). The secondary structure prediction was performed by the online website (https://npsa-prabi.ibcp.fr/NPSA/npsa_sopma.html). WoLF PSORT software online (https://wolfpsort.hgc.jp/) was used to predict the subcellular localization of HcNAC proteins.




2.2 Chromosomal location, phylogeny, and gene structure analysis of the NAC family genes in night lily

We obtained the genome annotation GFF3 file of the NAC genes in night lily from the NCBI database, which was used for mapping the HcNAC gene chromosomal positions using one small program (Gene Location Visualize from GTF/GFF) of TBtools. A. thaliana, O. sativa, and C. lanatus NAC proteins were obtained from the Arabidopsis Information Resource (http://www.Arabidopsis.org/), rice genome annotation (http://rice.plantbiology.msu.edu/), and Cucurbit Genomics Database (http://cucurbitgenomics.org/), respectively (Ooka et al., 2003; Nuruzzaman et al., 2010; Lv et al., 2016). Combined with identified HcNAC proteins, a phylogenetic tree was constructed using the MEGA11.0.13 integrated tool by the Neighbor-Joining method (Kumar et al., 2016). The tree nodes were evaluated by 5,000 bootstrap replicates. HcNAC gene structure was analyzed using the Visualize Gene Structure of TBtools applets.




2.3 Gene motif, conserved domain, genome synteny, and Ka/Ks analysis

Gene-conserved motif prediction was performed via the MEME tool (http://meme-suite.org/index.html) with default settings. NCBI conserved domain database was used to predict the conserved domains of the HcNACs. Genome synteny analysis was made as described previously (Sun et al., 2017). We used Advanced Circos and dual synteny plot of TBtools software to show homologous gene pairs. Nonsynonymous (Ka) and synonymous (Ks) rates among protein sequences were used to assess the DNA sequence evolution. To appraise the divergence of duplicated night lily NAC genes, the selective strength was estimated by calculating the Ka/Ks ratio between paralogous gene pairs using the Simple Ka/Ks Calculator Tool (NG) in TBtools. Ka/Ks larger than 1 indicates positive selection, Ka/Ks less than 1 indicates purifying selection, and Ka/Ks equal to 1 indicates neutral mutation (Zhang and Yu, 2006).




2.4 Functional enrichment and cis-acting element analysis

Gene functional enrichment analysis was performed to reveal the biological processes, cellular components, and molecular functions of the HcNAC genes using STRING (https://cn.string-db.org/). The results were visualized using microscopic letter website (http://www.bioinformatics.com.cn/). For the cis-acting element analysis, about 2,000 base pairs of promoter regions upstream from the initiation codon of HcNAC genes were extracted and then analyzed by the PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) to hunt for promoter cis-elements (Lescot et al., 2002).




2.5 Plant materials and stress treatments

In this study, H. citrina was used as treated plant species and cultivated in the experimental base. We chose F1 hybrid population 116 as the treated material based on its moderate resistance to abiotic stresses, obtained by Dongzhuang Huanghua as the female parent and Chonglihua as the male parent. Scapes were taken as explants for tissue cultivation (Zuo et al., 2024). These obtained seedlings were cultured in a 28°C growing box with the 16 h light/8 h dark condition and treated with Hoagland solution respectively containing 20% PEG6000 and 250 mM NaCl after 4 weeks old (Cao et al., 2024). Roots were collected at different time points with the same interval and frozen at a lower temperature than −70°C immediately for later use.




2.6 Transcriptome sequencing analysis

To investigate the transcriptional dynamics of the HcNAC genes in different tissues, bud, tender leaf, mature leaf, tender scape, mature scape, tender root, and mature root were collected and then sent to BMK Biotechnology Company for transcriptome sequencing analysis (NCBI accession: PRJNA1154842). We also chose collected roots of five groups (0, 24, 48, 72, and 108 h) under drought stress (NCBI accession: PRJNA1154840) and five groups (0, 24, 48, 72, and 96 h) under salinity stress for RNA-Seq analysis (NCBI accession: PRJNA1154841). All samples were designed for three replicates. Raw data were performed quality control checks through FastQC and filtered by Trimmomatic 0.36 using the quality control results (Bolger et al., 2014). HISAT2 2.2.1 was used to map the paired-end clean reads to the H. citrina reference genome (Kim et al., 2015). DESeq2 1.30.1 were used to determine differentially expressed genes with the analysis of variance (ANOVA) method (p.adjust < 0.05, |Log2FC| ≥ 1.5) (Love et al., 2014). The fragments per kilobase per million mapped fragments (FPKM) values of HcNAC genes were summed and used for measuring the transcript abundance of HcNACs. The heat map was generated with log2FPKM values to visualize different expression levels.




2.7 Reverse-transcription quantitative real-time PCR analysis

RT-qPCR analysis was carried out according to previously reported with little modification (Hu et al., 2016). The cDNA was synthesized by reverse transcription of high-quality RNA using the TIANScript II RT Kit by the corresponding instructions (TianGen, Beijing, China). RT-qPCR–specific primers, designed using Primer Premier 5, were shown in Supplementary Table S11. The gene expression levels were detected using a LightCycler480 II (Roche, Basel, Switzerland). FastKing One-Step SYBR Green Kit (TianGen, Beijing, China) was used for RT-qPCR reactions, and the calculation of the gene expression levels was analyzed through the 2−ΔΔCt Method. Significant difference in gene expression levels between the two treatment groups was analyzed by a one-way ANOVA analysis of variance method with Duncan test at a p-value < 0.05. Gene expression was analyzed using three independent biological repeats. To normalize expression levels of the selected HcNAC genes, HcACTIN gene was used as an internal control (Cao et al., 2024).




2.8 Construction of HcNACs (HcNAC35 and HcNAC71) transient expression vector and subcellular localization

HcNAC35 and HcNAC71 fragments with KpnI and
XhoI restriction sites were obtained by conventional PCR. The plasmid pSuper1300 with Green Fluorescent Protein (GFP) was digested with these two enzymes to get the linear vector fragment, which was subsequently ligated with the target fragments using pEASY-Basic Seamless Cloning and Assembly Kit (TransGen, Beijing, China). Constructed fusion expression plasmids including pSuper1300-HcNAC35-GFP and pSuper1300-HcNAC71-GFP were transformed into tobacco leaf cells by the Agrobacterium-mediated transient transformation. After 48–60 h of dark culture, GFP fluorescence signals were captured using a laser fluorescence microscope (Zeiss LSM800). Relative primers were listed in Supplementary Table S11.




2.9 Overexpression vector construction and transformation of HcNAC35 in watermelon

The full-length CDS with the BamHI and KpnI restriction sites
of HcNAC35 were amplified for constructing an overexpression vector and then cloned into a 1305.4-with Green Fluorescent Protein (GFP) vector to carry out sequencing Tongchuan verification. The resulting construct 1305.4-HcNAC35-GFP was transformed into Agrobacterium tumefaciens strain EHA105 to perform genetic transformation using an optimized transformation system in watermelon Tongchuan (TC) (Cao et al., 2022). Transgenic plants were screened by GFP observation and PCR analysis. Wild-type (WT) TC and transgenic plants were transplanted and cultivated in the same growing conditions. Primers referred to in the experiment were given in Supplementary Table S11.




2.10 Measurements of some physiological indicators

The levels of MDA (malondialdehyde) were assessed using the thiobarbituric acid method as described in previous study (Hu et al., 2019). Approximately 0.2 g leaf samples of both salinity-stressed and unstressed plants were collected and ground with 2 ml of ice-cold 0.5% TCA (trichloroacetic acid). The homogenates were centrifuged at 7,000 rpm for 15 min at 4°C. A 1.5-ml volume of the supernatant and 1.5 ml of 8% TCA containing 0.5% thiobarbituric acid were mixed, and boiled for 10 min. The homogenate cooled to ambient temperature was centrifuged at 7,000 rpm for 15 min. Absorbance was measured at 450, 532, and 600 nm.

The level of O2− was also determined as previously described (Hu et al., 2019). Leaf samples (0.3 g per sample) were ground with 2 ml of ice and precooled 50 mM phosphate buffer solution (PBS, pH 7.8). The homogenates were then centrifuged at 10,000 rpm for 20 min at 4°C. A 1 ml of the supernatant, 250 μL of hydrochloride hydroxylamine, and 750 μL of 65 mM PBS (pH 7.8) were mixed and incubated for 1 h at 25°C. Then, a 1 ml of the reaction mixture, 1 ml of 7 nM α-naphthylamine, and 1 ml of 17 nM paminobenzenesulfonic acid were mixed and incubated for 30 min at 25°C. Finally, the absorbance was measured at 530 nm. The O2− content was calculated using a standard curve relating O2− concentration to absorbance. H2O2 was assessed using Micro Hydrogen Peroxide (H2O2) Assay Kit (Solarbio, Beijing, China). Absorbance was recorded at 450, 532, and 600 nm using an Infinite M200 microplate reader (Tecan, Männedorf, Switzerland).





3 Results



3.1 Genome-wide identification, feature, and phylogenetic analysis of the NAC family in night lily

Multiple sequence alignment analysis was performed, followed by a total of 113 complete non-redundant NAC genes identified based on the PlantTFDB database and the reported H. citrina genome (Qing et al., 2021). The chromosomal distributions of genes showed that they were unequally dispersed across LG1-LG11 with gene counts ranging from 4 to 19. These genes were designated HcNAC1-HcNAC113 according to their chromosomal positions (Figure 1). The full length of encoded HcNAC proteins varied significantly from 94 to 1,285 amino acid residues. Physicochemical properties were further analyzed based on their protein sequences, with molecular weights ranging from 10.7 to 141.9 kDa, and theoretical pI values from 4.42 to 10.4 (Supplementary Table S1). The secondary structure including alpha helix, beta-turn, random coil, and extended strand was listed in Supplementary Table S2. The subcellular localization prediction indicated that most HcNAC proteins were localized in the nucleus region, but the others were mainly in either chloroplast or cytoplasm.

[image: Diagram of 11 linkage groups (LG1 to LG11) displaying genetic markers labeled HcNAC1 through HcNAC113. Vertical scales indicate positions in megabases ranging from 0 to 500. Each linkage group shows a series of colored bands representing specific genetic loci.]
Figure 1 | Locations of HcNAC genes on chromosomes (LG1-11). The gene and chromosome names were labeled on the left of each strip. A chromosome length of 100 Mb was used as the basic unit. Lines and different colors inside the LGs indicated gene density differences.

To explore the evolutionary relationships among H. citrina NAC TFs, a phylogenetic tree was established using the NAC protein sequences from H. citrina, C lanatus, O. sativa, and A. thaliana (Figure 2). The protein sequences (ClaNACs, AtNACs, OsNACs) involved in tree construction are listed
in Supplementary Table S3. The phylogenetic analysis indicated that 113 HcNAC proteins tightly clustered with ClaNAC, AtNAC, and OsNAC proteins possessed 16 subgroups except the NAC-B and NAC-G subgroup, which suggested evolutionary conservation of the HcNAC gene family. The NAC-L subgroup comprised 17 HcNACs, 7 ClaNACs, 7 OsNACs, and 14 AtNACs, belonging to the divided largest subfamily. The NAC-D subgroup consisted of six OsNAC genes, but only two HcNACs, two ClaNACs, and two AtNAC genes. In the NAC-B subgroup, 27 OsNACs, 1 ClaNAC, and 1 AtNAC gene were found while no NAC gene was in H. citrina. The NAC-G subgroup contained six AtNACs and two OsNAC genes, but no ClaNACs and HcNAC genes. The types and number of genes within each subfamily varied greatly. HcNAC TF was absent in the NAC-B and NAC-G subgroups, which implies that these groups might be lost in night lily during evolution.

[image: Circular phylogenetic tree illustrating the evolutionary relationships among various species, categorized into distinct NAC subgroups. Each branch is color-coded corresponding to different groups. A legend identifies species: H. citrina in red squares, C. lanatus in blue stars, O. sativa in green circles, and A. thaliana in red circles. The species names encircle the branches, emphasizing groupings within the NAC family.]
Figure 2 | Phylogeny of the HcNACs in night lily, watermelon, and representative plants, including monocot O. sativa and eudicot A. thaliana. NAC genes of H. citrina (Hc), C. lanatus (Cla), O. sativa (Os), and A. thaliana (At), were clustered into 18 clades (A–R). H. citrina (red square), C. lanatus (blue pentagram), O. sativa (green circle), A. thaliana (red circle).




3.2 Domains, conserved motifs, and gene structural analysis of HcNAC genes

To further investigate the evolutionary conservation of HcNAC genes, multiple sequence alignment was conducted to explore the homologous domain features and frequency of amino acids, exhibiting high-sequence homology in the same subgroup and showing a bit of difference in the conservatisms of some amino acids among HcNAC proteins of different subgroups (Figure 3A). According to the above results of sequence alignment, we carried out conserved domain prediction (Figure 3B). NAM domain for DNA binding was detected in 112 NAC proteins. In addition, HcNAC16 had an incomplete subdomain named NAM superfamily. The results indicated that strong sequence conservation existed in their evolutionary process. The NAM domain was the core region for investigating the biological functions of NAC proteins in H. citrina.

[image: A colorful sequence alignment graphic (A) displays various amino acid codes, using different colors for representation. Adjacent to this, a bar chart (B) shows green and yellow bars representing NAM and NAM superfamily lengths, aligned with names on the left, against a horizontal axis scaled from zero to fourteen hundred.]
Figure 3 | Multiple sequence alignment and conserved domains of 113 HcNAC proteins based on clustering results. (A) Protein sequence alignment in H. citrina. Incomplete or no N-terminal domain sequences were omitted from the alignment. (B) Distribution of conserved domains of 113 HcNAC proteins.

An analysis of gene motifs may help to better understand the diversity of the HcNAC proteins. The 113 HcNAC TFs were divided into 16 subgroups in the NJ phylogenetic tree. Among them, the NAC-L subgroup was the highest in numbers and NAC-D was the lowest with only two members (Figure 4A), consistent with the clustered results in Figure 2. As shown in Figure 4B, 10 different conserved motifs were obtained in HcNACs using MEME online software, and 53 of 113 HcNAC proteins contained 8 common motifs except for motifs 3 and 9, suggesting their important biological functions to be determined. However, motif 9 was exclusive to the NAC-F subgroup (HcNAC2, HcNAC27, HcNAC29, HcNAC60, HcNAC78, HcNAC80, and HcNAC81), indicating the specific functions of different subgroups might be owing to specific motifs. Intron/exon compositions were analyzed to gain the evolution information of HcNAC members (Figure 4C). Of the 113 HcNACs, more than 50% contained three code sequences. The number of intron regions was mainly 2 and varied from 1 to 12, proving that significant variation existed in the gene structure of HcNAC genes. Additionally, genes within each subgroup were similar in intron–exon structures. These results suggested that HcNACs clustered in the same subgroup shared similar conserved motifs and exon–intron organizations.

[image: Phylogenetic tree and motif analysis. Panel A shows a phylogenetic tree of different sequences. Panel B displays the distribution of motifs, color-coded and labeled from Motif 1 to Motif 10. Panel C illustrates gene structures, highlighting UTRs in green, coding sequences (CDS) in yellow, and introns in gray.]
Figure 4 | Phylogenetic tree, conserved protein motif, and gene structure analysis of H. citrina NAC family. (A) Clusters of the HcNAC proteins. The 16 subgroups were indicated (NAC-A, C–F, and H–R) and marked with different colors. (B) The distribution of putative conserved motifs of HcNAC proteins. (C) Structural variations in the genetic exon–intron regions, including untranslated regions (UTRs, green rectangle), CDSs (yellow rectangle), and introns (black line).




3.3 Gene duplication and collinearity analysis of HcNACs in H. citrina, A. thaliana, and O. sativa

As effective methods for inferring the evolutionary history of species genome, intra- and inter-species collinear analysis are indispensable to address the study of NAC family expansions (Qiao et al., 2019). Through the annotation and intragenomic synteny analysis of HcNAC genes, 78 syntenic pairs were identified, among which two pairs of tandemly duplicated genes were detected (Figure 5A). It can be seen that tandem duplication and segment duplication might be major driving forces that form the expansion of the HcNAC gene family. Comparative syntenic maps of night lily with one monocot (O. sativa) and one dicot (A. thaliana) were constructed (Figure 5B). As a result, a comparison between night lily and O. sativa showed that 85 orthologous gene pairs were presented, whereas 21 HcNAC genes formed collinearity pairs with NAC genes from A. thaliana. The number of collinear NAC genes was higher in O. sativa than in A. thaliana, reflecting the closer relationship between night lily and monocots. The Ka, Ks, and Ka/Ks ratio, measurements of the protein conservation, were used to determine whether selective pressures occurred on genes encoding the HcNAC proteins (Figure 5C and Supplementary Table S4). The Ka/Ks value of only one HcNAC gene pair was greater than 1, which signified strong positive selection. The remaining genes were subjected to purification selection considering Ka/Ks ratios less than 0.5. The results revealed that the HcNAC gene family was mainly affected by purifying selection in evolutionary selection.

[image: Diagram A displays a circular plot illustrating gene relationships between linkage groups (LGs) of H. citrina. Diagram B is a synteny comparison between H. citrina, O. sativa, and A. thaliana, highlighting conserved regions with connecting lines. Diagram C is a violin plot showing Ka, Ks, and Ka/Ks distributions, with median values labeled for each.]
Figure 5 | Collinearity analysis of NAC gene and Ka/Ks value in H. citrina. (A) Schematic representations for distribution and inter-chromosomal relationships of NACs in the H. citrina genome. The duplicated gene pairs were displayed in red lines, while the tandemly duplicated gene pairs were displayed in blue. (B) Synteny analysis between the NAC genes of H. citrina and two other representative plants including O. sativa and A. thaliana. (C) The Ka, Ks, and Ka/Ks values of NAC genes in H. citrina.




3.4 Functional Gene Ontology, and Kyoto Encyclopedia of Genes and Genomes enrichment of HcNACs

Gene Ontology (GO) analysis of 113 HcNACs were subsequently performed to exposit biological processes, molecular functions, and cellular components (Figure 6). The enrichment results showed that the cellular component was mainly the nucleus,
accounting for 108 of 113. HcNAC34, HcNAC42, HcNAC87, HcNAC88, and HcNAC94 were not enriched. For the category of biological process, all other NAC proteins except HcNAC33, HcNAC34, and HcNAC42 of night lily were enriched in the regulation of transcription. Furthermore, some HcNAC proteins were enriched in the regulation of nucleic acid–templated transcription, regulation of RNA biosynthetic process, and response to abiotic stresses. The main enriched function was functional DNA binding, accounting for 109 of 113 total functions, and either HcNAC34, HcNAC42, HcNAC80, or HcNAC106 were enriched. The next most enriched function was DNA-binding TF activity (total of 11 of 113). Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed that most HcNACs except HcNAC106 were not involved in any pathway (Supplementary Table S5). The HcNAC protein GO enrichment information was provided in Supplementary Table S5.

[image: Three bar charts display gene ontology analysis: Biological Process, Cellular Component, and Molecular Function. Each chart shows gene counts on the y-axis and categories on the x-axis, with colors indicating q-values. Biological processes include response to stress, cellular components like organelles, and molecular functions such as DNA binding.]
Figure 6 | GO enrichment analysis of HcNACs in night lily.




3.5 Expression patterns of HcNAC genes in different tissues and cis-regulatory element analysis in promoter regions

Seven different tissues, including bud, tender leaf, mature leaf, tender root, mature root,
tender scape, and mature scape were used to check the tissue-specific expressions of the identified 113 HcNACs. RNA-Seq data were shown in Supplementary Table S6. Based on the analysis, the expression of HcNAC genes was detected in
selected tissues, whereas their expression levels varied considerably (Supplementary Figure S1). Except for eight of the HcNACs not having expression data, the expressions of remaining genes in roots were relatively higher than the other tissues. Furthermore, 21 of 105 genes showed high transcript abundances in all tissues. To validate the RNA-Seq result, 16 HcNACs were selected for RT-qPCR analysis (Figure 7A). The expression levels were consistent with those from RNA-Seq data (Figure 7B). The results described herein represented that HcNACs might perform distinct functions through different tissues and be worth further studies.

[image: Diagram A displays multiple images of a plant with varying shades of green to red, each labeled with gene names like HcNAC24, indicating gene expression. Color bars indicate expression levels. Diagram B is a heatmap showing gene expression across different plant parts, with a color scale from red to green.]
Figure 7 | Diagram and expression heat maps of the selected HcNAC genes in different tissues. (A) Diagram for various tissues of night lily. Annotation of different tissues was shown in the first figure. The remaining 16 plants represented cartoon heat maps with red representing high gene expression and green representing low expression by RT-qPCR. (B) Expression heat map of 16 HcNACs in different tissues based on RNA-Seq data.

To elucidate the potential transcriptional regulation of HcNAC genes, cis-acting elements of the upstream promoter regions (2,000 base pairs) were classified and analyzed (Figure 8 and Supplementary Table S8). A total of 115 abundant regulatory elements were detected via the online PlantCARE
database, HcNAC111 hosted 295 cis-elements whose number was the largest (Supplementary Table S7). We selected 21 typical responsive cis-elements to further unveil transcriptional regulation of HcNAC genes (Figure 7; Supplementary Table S8). All HcNAC genes had regulatory elements linked to stress response, involving defense and stress, wound, drought, and low-temperature responsive elements. In addition, elements of CAT-box, circadian, GCN4_motif, and O2-site were identified as key regulars of plant development. Light-response covered TCT-motif, TGA-elements, G-box, and SpI elements. Hormone-related elements were associated with auxin, abscisic acid, gibberellin, salicylic acid, and MeJA, respectively, CGTCA-motif, ABRE, AuxRR-core, GARE-motif, and P-box. Our analysis revealed the presence of different types of cis-acting elements in the HcNAC gene family, which potentially regulate plant growth and development, and in response to hormone and abiotic stress.

[image: Diagram shows a gene family analysis with two panels. Panel A displays a phylogenetic tree of NAC genes, categorized into various groups, each with distinct colors. Panel B presents a heatmap illustrating the expression levels of these genes under different conditions, with variations indicated by color gradients from blue to orange. Legend describes color codes indicating responses to stress, development, light, and hormones. Both visualizations provide insight into gene expression patterns and functional classifications.]
Figure 8 | Distributions and numbers of cis-acting elements of the HcNAC genes. (A) The positions of diverse cis-acting elements in the promoter region. HcNACs belonging to different subgroups were denoted with different colors. (B) The corresponding number of cis-acting elements in the promoter region of each HcNAC gene.




3.6 Expression profiles of HcNAC genes under drought and salinity stresses

To better illustrate the possible roles of HcNACs in abiotic stress, we
collected night lily roots to carry out RNA-Seq sequencing to identify the expression patterns of HcNAC genes after drought (PEG) treatment for 0–108 h and salt (NaCl) treatment for 0–96 h. The expressions of night lily HcNACs under drought stress were shown in Supplementary Tables S9, S10 under salinity stress. In 16 subgroups, a total of 12 HcNACs of night lily were detected with no expressions when suffering from drought while 11 were under salinity stress (Figures 9A, B). As the treatment time increased from 0 to 108 h under drought stress and 96 h under salinity stress, 10 HcNAC genes were upregulated and 5 genes were downregulated, among which HcNAC57 and HcNAC86 belonging to the NAC-A subgroup exhibited the opposite trends under two stresses. The results from RNA-Seq data revealed that the HcNAC genes were likely to function distinguishably in response to different abiotic stresses.

[image: Heatmap diagram illustrating gene expression data with two panels labeled A and B. Panel A displays timepoints D.0h to D.96h. Panel B shows timepoints S.0h to S.96h. Colors range from blue (low expression) to red (high expression), with some sections marked by green (no expression), red (down-regulated), and stars (up-regulated). Gene names are listed alongside the heatmaps.]
Figure 9 | Expression analysis of HcNACs under abiotic stresses based on RNA-Seq data. (A, B) Expression heat maps of HcNACs under drought (A) and salinity (B) stresses. Hierarchical clustering was used in the data analysis. A, C–F, and H–R represented 16 subgroups based on phylogenetic analysis. Red and blue colors indicated high- and low-expression levels calculated with log2FPKM values. Different types of genes in expression were marked with different shapes and colors.

According to the analysis of cis-elements of upstream 2,000 bp sequence of night lily NAC genes (Figure 8 and Supplementary Table S8), most of HcNACs in 16 subgroups contained six general stress response elements: MYC, stress response element (STRE), WUN-motif, MYB-binding sites (MBS), TC-rich repeat (cis-acting factor involved in defense and stress response), and low-temperature response motif (LTR). They accounted for 40%, 34%, 1%, 12%, 5%, and 8% of the total number of cis-elements identified in abiotic and biotic stress categories, respectively. In 16 genes which showed high expression in different tissues and abiotic stresses, the number of stress response elements ranged from 2 to 14. Among them, seven HcNAC genes (HcNAC34, HcNAC35, HcNAC45, HcNAC57, HcNAC65, HcNAC75, and HcNAC89) contain more stress response elements than other genes. HcNAC63 in the NAC-E subgroup did not contain MYC response element involved in abiotic stress response. Three genes (HcNAC71, HcNAC86, and HcNAC102) did not contain STRE response element. It was speculated that HcNACs might be involved in diverse abiotic stress responses and regulatory pathways.

Several NAC genes have been reported to regulate the growth and development of plants against abiotic stress (Huang et al., 2013). To gain insights into the putative functions of HcNAC genes in growth and development, the transcription levels of 16 genes, which showed significant expression disparities under PEG treatment, were scrutinized by RT-qPCR (Figure 10A). HcNAC65, HcNAC86, and HcNAC102 were downregulated. On the contrary, seven HcNAC genes (HcNAC34, HcNAC35, HcNAC47, HcNAC63, HcNAC75, HcNAC89, and HcNAC112) showed an increasing trend with time extension after treatment. Furthermore, HcNAC35 showed the most significant upregulation by drought stress. Therefore, HcNAC35 was considered a candidate gene for abiotic stress responses, and further studies of the gene expression during PEG treatment were needed. The results hinted at the consistency of RT-qPCR and transcriptome results under drought stress (Figures 10A, B), which provided a crucial reference for functional gene selection in the NAC gene family of H. citrina.

[image: Panel A shows bar graphs of relative expression levels for various HcNAC genes across five time points: D-0h, D-24h, D-48h, D-72h, and D-108h. Each graph is labeled with the respective gene name. Panel B features a heat map with colored circles representing expression levels for the same genes and time points. The color gradient ranges from light to dark, indicating increasing expression levels. Each row corresponds to a gene, and each column represents a time point.]
Figure 10 | The expression of 16 HcNAC genes under drought stress (20% PEG) for 0–108 h in roots. (A) Expression levels of the HcNACs after drought treatment by RT-qPCR. The lowercase letters indicated statistically significant differences (p < 0.05). (B) Expression patterns of the HcNACs after drought treatment based on transcriptome data.

For salinity stress, we also performed RT-qPCR experiments to confirm the data accuracy of the selected 16 genes. As observed in Figure 11A, the expression of HcNAC57 displayed a decrease of twofold to threefold obviously while HcNAC67 was downregulated slightly, being suppressed at all processing times. In contract, eight genes (HcNAC35, HcNAC47, HcNAC65, HcNAC71, HcNAC75, HcNAC89, HcNAC102, and HcNAC112) exhibited upregulation after NaCl treatment. Notably, the expression of HcNAC35 and HcNAC71 were significantly increased by threefold to sevenfold at 24–96 h of treatment in response to salinity stress. Therefore, the consistency was equally manifested between RNA-Seq and qPCR results under salinity stress (Figures 11A, B), indicating that the sequencing data were highly reproducible. Overall, the expression patterns of HcNAC genes under different stress conditions proved that down- or up-expressed genes might engage in various stress responses.

[image: A: Bar graphs showing relative expression levels of various HcNAC genes (HcNAC24 to HcNAC112) over time intervals S-0h, S-24h, S-48h, S-72h, and S-96h. Different letters indicate significant differences. B: A heatmap with circles indicating expression levels from two to eight for the same HcNAC genes across the same time intervals, with darker shades representing higher expression.]
Figure 11 | Expression levels of the selected HcNAC genes under salinity stress (250 mM NaCl) for 0–96 h in roots. (A) Relative expression levels of the HcNACs after salt treatment by RT-qPCR. The lowercase letters indicated statistically significant differences (p < 0.05). (B) Expression patterns of the HcNACs after salt treatment based on RNA-Seq data.




3.7 Subcellular localization of HcNAC35 and HcNAC71

Subcellular localization is known to be used to predict protein function. As one of the gene
families classified into the TFs, most HcNAC genes in addition to
HcNAC35 and HcNAC71 were predicted to locate in the nucleus (Supplementary Table S2). To test the accuracy of predicted results, we selected HcNAC35 and HcNAC71, which exhibited distinct patterns in expression under drought and salt treatment, to construct HcNACs-GFP fusion proteins. As shown in Figure 12, the results of the empty vector showed that strong fluorescence signals could be detected in the nucleus, cytoplasm, and cell membrane when pSuper1300-GFP was transformed. The signal location of HcNAC35-GFP and HcNAC71-GFP was only within the nucleus, which was the same as the predictions. It is speculated that HcNAC35 and HcNAC71 may play a role in the nuclear regulation as typical TFs, and the deep specific functions remain to be uncovered in future studies.

[image: Microscopy images showing fluorescence and mCherry labeling in three samples: pSuper1300-GFP, HcNAC35-GFP, and HcNAC71-GFP. Each sample has four panels: Fluorescence, mCherry, Bright, and Merge. Fluorescence panels display green signals; mCherry panels display red signals. Bright images depict the cell structure. Merge panels combine fluorescence and mCherry signals on the bright background, highlighting overlapping areas in yellow. Scale bars are present in each panel.]
Figure 12 | Subcellular localization of HcNAC35 and HcNAC71. Empty pSuper1300:GFP was used as the negative control. The second panel mCherry represented a positive marker for the nucleus. The merged image (rightmost panel) indicated the fusion of GFP (green fluorescence), mCherry (red fluorescence), and bright field. Bar = 50 μm.




3.8 Overexpression of HcNAC35 improved drought and salt tolerance in watermelon

Previous experiments have implied that HcNAC35 exhibited significant upregulation under drought and salt treatments. To investigate the biological function of HcNAC35 in watermelon abiotic stress responses, we generated HcNAC35-OE plants in the TC watermelon genetic background. Based on expression levels of HcNAC35, two independent transgenic lines were chosen for further analysis. The RT-qPCR results showed that the transcript abundance of HcNAC35 in the OE-1 and OE-2 plants was about 4.82-fold and 6.25-fold higher than WT plants, respectively (Figure 13A).

[image: Graphical analysis showing various parameters in transgenic and wild-type plants. Panel A depicts relative expression levels of HcNAC35, showing higher levels in OE-1 and OE-2 compared to WT. Panel B shows photos of plants at different time intervals and conditions, comparing WT, OE-1, and OE-2. Panels C, D, and E illustrate MDA, O2-, and H2O2 content over time, with all showing increased stress markers in OE lines compared to WT at specific times. Stars indicate statistical significance.]
Figure 13 | Performance and responses of HcNAC-OE plants of watermelon to salt and drought stresses. (A) Relative expression of HcNAC35 among WT and OE plants by RT-qPCR. (B) The phenotypes of the WT and HcNAC-OE plants under abiotic stress conditions (D, drought; S, salt). Bar = 4 cm. (C–E) MDA (C), O2− (D), and H2O2 (E) contents in leaves from plants under normal and salt stress. The significant variations were marked by asterisk(s) (*p < 0.05, **p < 0.01).

To further assess whether alteration of HcNAC35 expression affects drought and salinity stress tolerance, we treated 4-week-old HcNAC35-OE plants and WT seedlings with 25% PEG and 250 mM NaCl, respectively (Figure 13B). The obvious wilting was observed in the shoot tips (STs) and leaves of WT seedlings after 12 h under 250 mM NaCl treatment, while STs and leaves of OE seedlings showed little damage. Additionally, visible damage was also caused in WT seedlings when 0–24 h under 25% PEG treatment. The phenotype observation indicated that HcNAC35 might play a critical role in response to abiotic stresses, especially salinity stress.

As indicators of membrane peroxidation, contents of MDA were measured to further evaluate the damage degree under salinity stress. MDA levels increased in all treated plants, but 30% and 38% lower in the OE plants than those of WT plants when 0–12 h after salt treatment (Figure 13C), indicating that the overexpression of HcNAC35 contributed to decreased damage under salinity stress. The levels of superoxide radicals (O2−) were determined to explore the change of sensitivity caused by altered redox status in OE plants under salinity stress. HcNAC35-overexpressing plants showed lower O2- and H2O2 contents during salinity stress than the TC plants (Figures 13D, E). These results indicated that overexpression of HcNAC35 increased the tolerances of watermelon to salt and drought stresses to different degrees.





4 Discussion

With members further supplemented by transcriptome and genome analysis, the NAC family has become one of the largest families of plant-special transcriptional regulators. As important switches to accurately regulate gene expression, NACs play pivotal roles in regulating plant development and various physiological processes in response to abiotic stress (Kumar et al., 2021; Singh et al., 2021). NAM, ATAF1/2, and CUC2 constitute the NAC acronym, and they were initially discovered to hold a common conserved NAC domain (Souer et al., 1996; Aida et al., 1997; Ooka et al., 2003). The NAC TF family, identified in a variety of species, remains undescribed in night lily so far (Ooka et al., 2003; Nuruzzaman et al., 2010; Su et al., 2013; Wang N. et al., 2013; Le et al., 2011; Yan et al., 2017; Li et al., 2018; Gong et al., 2019; Jin et al., 2020; Li et al., 2020; Nie et al., 2020; Zong et al., 2020; Li et al., 2021; Meng L. et al., 2022). Based on previously reported genome sequences, 113 NAC gene family members were identified and randomly distributed on 11 chromosomes (Figure 1), similar to the corresponding families of other angiosperms in classification standard and number (Huang et al., 2013; Liu et al., 2023). This may reflect the relative stability of the HcNAC family evolution process. A total of 18 subgroups were classified among H. citrina, O. sativa, A. thaliana, and C. lanatus. However, the number of four species in individual subgroups was discrepant (Figure 2), indicating that although different NAC family proteins originate from the same ancestor, they evolve distinguishably among species.

Extensive variations existed in protein length, predicted molecular weight, and isoelectric point (Supplementary Table S1). In contrast, of identified 113 HcNAC genes, NAM domain was detected in 112 NAC proteins, and more than 50% contained two CDS regions (Figures 3, 4), indicating relative conservation of gene structures and functions of the NAC family. The diversity of gene structure occurs in the evolutionary process of numerous gene families, which is valuable for excavating potential new functions to adjust to environmental changes (Liu et al., 2023). In general, the members belonging to the same phylogenetic group possess a high degree of similarity in gene structure and conserved motif (Figure 4), suggesting they have a closer phylogenetic relationship (Zhang et al., 2014). Motifs made up of short sequences are involved in important biological processes. The conserved motif analysis of HcNACs showed high coverage to the conserved protein region. Moreover, members of different subfamilies may contain non-identical motifs, but hold the DNA binding domain, consistent with those reported in Liriodendron (Liu et al., 2023).

Currently, duplication events of NAC genes including segmental and tandem duplications have been widely reported in different plant species (Li et al., 2020; Shan et al., 2020). In our study, 2 tandem and 78 segmental duplication events were screened out in the HcNAC genes (Figure 5A), revealing that segmental duplication might be the main force for forming and expanding the NAC gene families (Song H.Y. et al., 2022). The collinear relationships of NACs between night lily and monocotyledon NAC family were found to be greater, and less with dicotyledon (Figure 5B), which may be associated with the classification of monocot and dicot plants produced by angiosperms during long-term natural selection and evolution (Xiong et al., 2024). In particular, the high similarity between homologous gene pairs was detected in constructed gene structures and predicted protein properties. This result suggests that duplicate genes derived from the progenitors can evolve separately simultaneously and show few changes (Wang et al., 2010). We calculated the Ka/Ks value for selective pressure analysis, finding purifying selection as a primary force in the evolutionary process of NAC genes in night lily (Figure 5C and Supplementary Table S4), concluding that they might retain primitive functions from their ancestry (Li et al., 2016).

To be public knowledge, gene functional enrichment analysis is a requisite method to elaborate the biological processes and signaling pathway. In this study, we found that members of the identified HcNAC gene family were widely involved in abiotic stress responses and regulation of transcription (Figure 6 and Supplementary Table S5), indicating their potentially significant roles in dealing with abiotic stress. The promoter structures and their regulatory pathways are tightly associated with many plant traits (Wu et al., 2018). Multiple regulatory elements with central physiological functions in the HcNAC promoters implied that HcNACs might respond to various internal factors (growth and development) and external factors (abiotic stresses) (Figure 8 and Supplementary Table S8). Our results revealed that HcNAC35 contained eight stress response elements (two MYC, four STRE, and two LTR), similar to seven stress response elements (three MYC, one STRE, two LTR, and one MBS) of the homolog At3g10500 (ANACO53) in Arabidopsis (Olivier et al., 2016). Taken together, it is noteworthy that these genes might play conserved functions in stress responses across species (Cao et al., 2024).

The analysis of expression patterns can be one effective way to explore the functions and evolutionary relationships of gene families (Wang Y. et al., 2013). Our study implied that most of the HcNAC genes displayed tissue-specific expression through RNA-Seq and RT-qPCR analysis (Figure 7 and Supplementary Figure S1); furthermore, the relatively higher expressions were preferentially concentrated on roots. These results provided useful clues for understanding gene functions concerning specific physiological processes. Several researches have been conducted to find out the roles of NAC TFs in coping with diverse stresses, such as salinity, drought, and flooding (Singh et al., 2021; Puranik et al., 2012; Yuan et al., 2020). Likewise, RNA-Seq and RT-qPCR were also combined to check the expression patterns of HcNAC genes under two abiotic stresses (Figure 9 and Supplementary Tables S10, S11). The expressions of most HcNAC genes changed dramatically at 48 h after drought and salinity stresses, which might be due to the sudden increase of osmotic pressure, leading to the reduction of enzymatic activity in the plant. We speculated that the defense system of the plant has been fully activated after stress treatment for about 72 h, and gene expressions related to stress response in addition to HcNACs were enhanced through signal transmission. In particular, the expression levels of HcNAC35 and HcNAC71 holding the NAM domain fluctuated significantly (Figures 10, 11), implying that they might perform remarkable functions as TFs in response to diverse abiotic stresses. Furthermore, our investigation shows most NAC TFs including NAC35 and NAC71 in night lily have been predicted to locate in the nucleus, consistent with our experimental results (Figure 12). Overexpression of HcNAC35 in watermelon further indicated the strong resistance to abiotic stresses (Figure 13). However, whether notable developmental anomalies are caused remains to be continuously explored based on other phenotypes of HcNAC35-OE plants in subsequent growth and development. Thus, further investigations are needed to clarify the cellular mechanisms of the HcNAC35 regulatory gene in watermelon.




5 Conclusions

In this study, a genome-wide characterization of NAC TFs was comprehensively performed in night lily. We identified 113 HcNACs encoding NAC TFs, which were unevenly distributed across 11 chromosomes. Based on the evolutionary relationship, HcNACs could be divided into 18 distinct subgroups. The identified HcNAC proteins have a closer evolutionary relationship with O. sativa proteins, suggesting their higher similarities with NACs of monocots in the natural selection and evolution. The identified cis-acting elements were predicted to regulate different biological processes, reflecting the diversification of HcNAC genes in function. Our RNA-Seq data and RT-qPCR results identically showed that HcNAC genes expressed specifically and distinctly in different tissues. Moreover, HcNACs especially HcNAC35 and HcNAC71 might be involved in response to environmental stresses, including drought and salinity. Overexpression of HcNAC35 in watermelon enhanced abiotic stress tolerances, especially salinity, and might affect leaf development. These results help to elucidate the response of HcNAC35 to abiotic stress and set the stage for further functional research on NAC35 in perennial crops. However, whether these NAC TFs perform regulatory roles in the growth and development of night lily remains to be further confirmed in future studies.
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Introduction

Mitochondria are essential organelles in eukaryotic cells, producing ATP through the electron transport chain to supply energy for cellular activities. Beyond energy production, mitochondria play crucial roles in cellular signaling, stress responses, and the regulation of reactive oxygen species. In plants, mitochondria are one of the keys to responding to environmental stresses which can significantly affect crop productivity, particularly in crops like wheat. RNA editing, a post-transcriptional RNA modification process in mitochondria, is linked to regulating these stress responses.





Methods

This study explores RNA editing patterns in the nad9 gene of wheat drought-tolerant (Giza168) and drought-sensitive (Gemmiza10) wheat cultivars under drought stress to understand plant adaptation mechanisms. RNA-seq data for these cultivars were analyzed using CLC Genomic Workbench to identify RNA editing sites in the nad9 gene, examining subsequent amino acid changes and predicting secondary structure modifications. These RNA editing sites were validated using qRT-PCR on drought-treated seedlings at 0, 2, and 12 hours post-treatment. Protein models were generated using AlphaFold, with functional predictions and structure verification conducted using various bioinformatics tools to investigate the effect of RNA editing on protein level.





Results

The results showed significant RNA editing events, especially C-to-T conversions, in the nad9 gene across different drought exposure times. Giza168 had 22 editing sites, while Gemmiza10 had 19, with several showing significant differences between control and stress conditions. RNA editing influenced the NAD9 protein's secondary structure, particularly beta sheets, and 3D modeling highlighted the structural impacts of these edits. The N-terminal region of NAD9 contained important regulatory motifs, suggesting a complex regulatory environment.





Discussion

This study reveals key editing sites that differ between drought-tolerant and sensitive wheat cultivars, impacting NAD9 protein structures and highlighting the role of RNA editing in enhancing drought resilience. Additionally, the study suggests potential regulatory mechanisms, including phosphorylation and ubiquitination that influence mitochondrial stability and function.





Keywords: RNA editing, nad9 gene, drought stress, Triticum aestivum, post-translational modification




1 Introduction

Mitochondria play a critical role in eukaryotes by hosting some of the most vital biochemical pathways essential for cellular function. These organelles are central to the production of adenosine triphosphate (ATP) through the electron transport chain, which serves as the primary energy source for the cell. Beyond energy production, mitochondria are involved in cellular signaling, stress responses, reactive oxygen species (ROS) regulation, biosynthesis of essential biomolecules, photorespiration, and programmed cell death (Qin et al., 2021; Rasool et al., 2022). Mitochondrial functions are also critical targets for abiotic stresses, which are major environmental factors that limit plant growth and productivity (Munns and Millar, 2023). Furthermore, mitochondria are crucial in plant cell adaptation to abiotic stresses, such as drought and salinity, which induce oxidative stress at the cellular level (Xiong et al., 2017). Energy-dissipating mechanisms regulate the production of ROS in plant mitochondria, and respiration plays a pivotal role in synthesizing ascorbate, an antioxidant critical for detoxifying ROS (Rasool et al., 2022).

Global climate change exacerbates various abiotic stress conditions, including droughts, floods, and salinity (Munns and Millar, 2023). Drought is one of the most detrimental environmental stresses, significantly limiting plant growth and threatening global agricultural production by causing substantial yield losses in major crops such as wheat (Trenberth et al., 2014). Wheat, a staple crop consumed by nearly half of the world’s population, is particularly vulnerable to drought stress, severely impacting its productivity (Rasool et al., 2022). Various biotic and abiotic stress factors, including drought, challenge wheat and other crops, affecting their agronomic performance and productivity (Xiong et al., 2017; Pandey et al., 2017).

In higher plants, RNA editing is a post-transcriptional modification primarily occurring in mitochondrial- and chloroplast-encoded transcripts, where cytidine residues are converted into uridine. This editing process ensures the homology of encoded proteins and is crucial for gene expression (Qin et al., 2021). RNA editing is observed in coding sequences and untranslated regions, tRNAs, and rRNAs, with significant implications for protein function and cellular stress responses (Edera et al., 2018; Xiong et al., 2017). RNA editing in plant mitochondria is linked to regulating environmental stress responses, including oxidative stress caused by abiotic factors such as drought and salinity (Rasool et al., 2022).

The phosphorylating NADH dehydrogenase (Complex I) and non-phosphorylating NAD(P)H dehydrogenases are vital components of the NAD(P)H oxidation pathways in plant mitochondria (Xiong et al., 2017). The NAD protein complex plays a crucial role in cellular respiration, particularly in the oxidative phosphorylation pathway, which involves a series of redox reactions that generate the proton gradient necessary for ATP synthesis (Ghifari and Murcha, 2020). These reactions occur primarily in the inner mitochondrial membrane, facilitated by large protein complexes within the electron transport chain (Ramadan, 2020).

Research has shown that RNA editing of NADH dehydrogenase subunits, such as NAD9, occurs in plant mitochondria and is associated with varying stress responses. For example (Xiong et al., 2017), identified 90 RNA editing sites in nad9 transcripts in six mitochondrial genes across two rice varieties, many of which were stress-responsive. Such findings underscore the importance of RNA editing in mitochondrial function and stress adaptation, particularly under drought conditions (Rasool et al., 2022).

The present study aims to investigate nad9 RNA editing patterns in wheat in response to drought stress and compare these patterns between drought-tolerant and sensitive wheat cultivars. This research aims to enhance our understanding of how RNA editing contributes to plant adaptation to environmental stresses, potentially guiding the development of more resilient crop varieties.




2 Materials and methods



2.1 RNA-seq data acquisition

RNA-seq data for Triticum aestivum were retrieved from the Sequence Read Archive (SRA) databank available through the National Center for Biotechnology Information (NCBI). The specific datasets included SRR3089142 and SRR3089143 (G168 control), SRR3089150 and SRR3089151 (GM10 control), SRR3089146 and SRR3089147 (G168 after 2 hours of drought stress), SRR3089152 and SRR3089153 (GM10 after 2 hours of drought stress), SRR3089148 and SRR3089149 (G168 after 12 hours of drought stress), and SRR3089144 and SRR3089145 (GM10 after 12 hours of drought stress).




2.2 In silico RNA editing analysis

RNA editing sites were identified using CLC Genomic Workbench version 21.0.3 (Qiagen, Denmark). The mapping parameters were set with a similarity threshold of 98% and a length fraction of 98% to exclude undesired reads. The reads were aligned to the Triticum aestivum G168 mitochondrial nad9 gene (GenBank accession no. OQ079951) and GM10 mitochondrial nad9 gene (GenBank accession no. OQ079955) as described by Hisano et al. (2016). The minimum similarity fraction was set at 80%, and the minimum read length fraction at 50%. Nucleotide editing parameters were defined as follows: 5% low-frequency variant, 20% minimum coverage, 4% minimum count, and 5% minimum frequency. The RNA editing sites, total read counts, and coverage depth counts were subsequently established. The nucleotide conversion frequency at each editing site was calculated across all drought exposure periods and compared to the control using the ratio of nucleotide conversion reads to total reads (Wang et al., 2015).




2.3 Analysis of nad9 RNA editing-derived amino acid changes

Genomic and complementary DNA (cDNA) sequences of the nad9 gene were analyzed using CLC Genomic Workbench 21.0.3 to identify RNA editing sites and resultant amino acid changes. The same software also predicted secondary structure modifications in proteins.




2.4 RNA editing site validation via qRT-PCR

To validate RNA-seq predicted editing sites, drought stress was applied to nine-day-old seedlings of the drought-tolerant wheat cultivar Giza168 and the moderately drought-tolerant cultivar Gemmiza10. The seedlings were treated with Hoagland solution containing 20% w/v polyethylene glycol (PEG-6000) to simulate drought conditions. Leaf samples from individual plants were collected in triplicate at 0, 2, and 12 hours post-treatment. Tissues were flash-frozen in liquid nitrogen and stored at -80°C until further analysis. Total RNA was extracted using Qiazol (Qiagen, Cat No. 79306), and RNA editing sites were validated using the Mx3005P qPCR system (Stratagene). First-strand cDNA synthesis was performed using 1 µg of total RNA, 0.5 µg of reverse primers for each gene (Supplementary Table S1), and M-MuLV reverse transcriptase (MIR BIOTECH, Cat. No. chb20004) as per the method of Slugina et al. (2019). Amplification was conducted in 25 µL reaction volumes, containing 12.5 µL RT2 SYBR-Green qPCR Mastermix, 0.2 µM of each gene-specific primer, and PCR-grade water to a total volume of 24 µL, with 1 µL of diluted cDNA as the template. The qRT-PCR cycling conditions were 94°C for 15 s, 55°C for 30 s, and 72°C for 45 s over 40 cycles. Data analysis was performed by generating amplification plots of ΔRn versus cycle number, and RNA editing percentages were calculated as described by (Rodrigues et al., 2017).

[image: Equation for percentage of RNA editing: \( \left(2^{(\text{Ct mean of T variant} - \text{Ct mean of C variant})}/2^{(\text{Ct mean of T variant} - \text{Ct mean of C variant})} + 1\right) \times 100 \).]	




2.5 3D modeling and functional prediction

Protein models for all treatments were generated using AlphaFold, a state-of-the-art deep-learning approach for accurate protein structure prediction (Jumper et al., 2021). Functional predictions of the unstructured N-terminus loop were conducted using the ELM (Eukaryotic Linear Motif) resource (Gould et al., 2010). The protein structures were visualized using PyMOL (Alexander et al., 2011), and model verification was conducted with MolProbity (Chen et al., 2010). Align Uniprot (2023) and PROMALS3D (Pei et al., 2008) were utilized for sequence alignment.




2.6 Statistical analysis

Data were statistically analyzed using SPSS software, with analysis of variance (ANOVA) followed by Tukey’s Honestly Significant Difference (HSD) test for post-hoc comparisons (Tukey, 1949).





3 Results



3.1 Detection of nad9 transcripts in wheat

Genomic and cDNA sequences of the nad9 gene were successfully recovered for the Giza168 cultivar, which is known for its drought tolerance, under different conditions: control (GenBank acc. no. OQ079952), 2 hours after drought stress (GenBank acc. no. OQ079953), and 12 hours after drought stress (GenBank acc. no. OQ079954). The RNA sequencing data consisted of approximately 170,200,000 paired-end reads for the control condition, 170,450,000 for the 2-hour drought stress condition, and 172,700,000 for the 12-hour drought stress condition.

For the Gemmiza10 cultivar, which is more susceptible to drought, genomic and cDNA sequences of the nad9 gene were also retrieved under similar conditions: control (GenBank acc. no. OQ079956), 2 hours after drought stress (GenBank acc. no. OQ079957), and 12 hours after drought stress (GenBank acc. no. OQ079958). The corresponding RNA sequencing data included 172,880,000 paired-end reads for the control, 173,800,000 for the 2-hour stress condition, and 172,900,000 for the 12-hour stress condition.




3.2 RNA editing, validation and amino acid modifications

RNA editing events were analyzed by comparing the mitochondrial nad9 DNA sequence with its cDNA sequence after 2 and 12 hours of drought exposure in the Giza168 cultivar. The analysis revealed 22 editing sites, including 17 C-to-T conversions (e.g., at positions C178, C208, C308), and additional conversions such as G-to-C, C-to-G, G-to-A, T-to-A, and T-to-C at specific positions. Of these, 16 editing sites showed significant changes after 2 and 12 hours of drought treatment, whereas six sites exhibited non-significant differences. Editing ratios varied with drought exposure and duration (Figure 1; Supplementary Figure S1; Supplementary Tables S2, S4).

[image: Bar graph titled "CLC data analysis" showing RNA editing percentages at different positions. Each group of bars represents RNA editing at a specific position, with bars colored green, blue, and yellow for Control, 2 hours, and 12 hours respectively. High RNA editing percentages are seen for most codons across both 2 and 12 hours, with error bars indicating variability. Statistical significance is marked with asterisks above certain bars.]
Figure 1 | CLC data analysis of the nad9 gene of Triticum aestivum cultivar Giza168 editing sites at three different times of drought (control, 2 hours after drought exposure, 12 hours after drought exposure). Data are expressed as means with ± SD (black bars) of three biological replicates. ** indicate significant difference between treatments (P < 0.01).

The RNA editing sites identified in the nad9 gene were validated using qRT-PCR for Giza168 cultivar. The editing positions were quantified and analyzed at three-time intervals (control, 2 hours, and 12 hours), with the data confirming the RNA-seq predictions. In Giza168 (Figure 2), the analysis revealed a significant increase in RNA editing at several key positions after drought exposure, particularly at the 2-hour and 12-hour marks. For instance, sites C178, C208, and C308 showed near-complete editing after 12 hours of drought treatment, with editing rates exceeding 90%, compared to lower editing percentages in the control condition. Similarly, sites such as C517 and C553 exhibited significant changes in editing percentages (P < 0.01) across all time points, highlighting the role of RNA editing in regulating gene expression in response to drought stress.

[image: Bar graph showing RNA editing percentages for different codons at various positions, comparing control, 2 hours, and 12 hours. Blue bars represent control, orange bars represent 2 hours, and gray bars represent 12 hours. Significance is indicated with asterisks above certain bars. Codons and their positions are labeled on the x-axis, and RNA editing percentage is on the y-axis.]
Figure 2 | qRT-PCR confirmation of nad9 RNA editing sites in the Triticum aestivum cultivar Giza168 predicted by CLC genomic workbench in three different times of drought (control, 2 hours after drought exposure, 12 hours after drought exposure). Data are expressed as means with ± SD (black bars) of three biological replicates. ** indicate a significant difference between treatments (P < 0.01).

In the Gemmiza10 cultivar, 19 RNA editing sites were identified, with 15 C-to-T conversions and several other nucleotide changes. Eight sites exhibited significant differences across the time points, while the rest showed non-significant differences. Editing at specific codons, such as C178 and C405, was consistently observed across both cultivars (Figure 3; Supplementary Figure S2; Supplementary Tables S3, S4).

[image: Bar chart titled "CLC data analysis" showing RNA editing percentages for various genetic positions. Positions are labeled on the x-axis, with corresponding amino acids in parentheses. Bars represent Control, 2H, and 12H conditions, color-coded in orange, teal, and purple. The y-axis ranges from 0 to 120 percent. Significant differences are indicated by asterisks above several bars.]
Figure 3 | CLC data analysis of the nad9 gene of Triticum aestivum cultivar Gemmiza10 editing sites at three different times of drought (control, 2 hours after drought exposure, 12 hours after drought exposure). Data are expressed as means with ± SD (black bars) of three biological replicates. ** indicate a significant difference between treatments (P < 0.01).

In contrast, the RNA editing sites in drought-sensitive cultivar Gemmiza10 is validated by qRT-PCR (Figure 4). While RNA editing at positions such as C178 and C208 also reached high levels in the 12-hour treatment, several sites, including C820 and C850, exhibited lower editing percentages under drought conditions compared to Giza168. This discrepancy between cultivars suggests that RNA editing might contribute to the differential drought responses observed in these two wheat varieties. Significant differences between treatments were confirmed by qRT-PCR, as indicated by the statistical markers (**P < 0.01) in Figure 4.

[image: Bar graph showing RNA editing percentages at different genomic positions under control, 2-hour, and 12-hour conditions. Each position, labeled at the bottom, indicates corresponding amino acids. Significant differences are marked with asterisks. Error bars display variability.]
Figure 4 | qRT-PCR confirmation of nad9 RNA editing sites in the Triticum aestivum cultivar Gemmiza10 predicted by CLC genomic workbench in three different times of drought (control, 2 hours after drought exposure, 12 hours after drought exposure). Data are expressed as means with ± SD (black bars) of three biological replicates. ** indicate a significant difference between treatments P < 0.01.




3.3 secondary structure of the NAD9 protein

Secondary structural changes in the NAD9 protein due to RNA editing were analyzed using CLC Genomic Workbench. In the Giza168 cultivar, modifications in beta sheets were observed under different drought conditions, with a decrease in the number of beta sheets from 23 in the control to 21 after 12 hours of drought. Notably, specific beta sheets, such as those at positions 228-230, were only present in the control condition. No significant changes were observed in the number of alpha helices, although some shifts in their locations were detected. Similar structural modifications were observed in the Gemmiza10 cultivar, with changes in the number and position of beta sheets and alpha helices under drought conditions (Figures 5, 6; Supplementary Figures S3, S4).

[image: Horizontal arrows represent translated protein sequences aligned in different DNA translation frames for four samples named nad9_G168, nad9_G1_G168_ctrl, nad9_G1_G168_t2, and nad9_G1_G168_t12. Arrows of varying lengths indicate peptide segments, with conserved amino acids shown by single-letter codes. Dotted lines represent sequence gaps. Sequence positions are marked by numbers, evenly spaced in tens, from 0 to 288.]
Figure 5 | Changes in secondary structure regions in cultivar Giza168 (G168) NAD subunit 9 before and after RNA editing due to drought treatment. Blue and brown arrow heads indicate alpha helices and beta sheets, respectively.

[image: Diagram displaying translated protein sequences in nad9 genes across different genomic translational frames. Arrows represent polypeptide fragments, and letters indicate amino acids. The sequences are colored in pink and blue, showing variations and reading frames with positions numbered from 1 to 288.]
Figure 6 | Changes in secondary structure regions in cultivar Gemmiza10 (GM10) NAD subunit 9 before and after RNA editing to drought treatment. Blue and brown arrow heads indicate alpha helices and beta sheets, respectively.




3.4 3D structure of the NAD9 protein



3.4.1 NAD9 protein modeling

Due to the inability of AlphaFold to accurately model the N-terminal region of the NAD9 protein, multiple sequence alignment (MSA) was used to discern the structural significance of the protein (Figure 7). These MSAs juxtapose sequences from various plant species, including Arabidopsis, Stipa capillata, Triticum turgidum, Triticum dicocoides, and Aegilops. Notably, the Arabidopsis structure did not encompass the initial 98 amino acids in Triticum aestivum Gemmiza10 or Triticum aestivum Giza168. This model provides a visual reference for the protein’s secondary structure, with the species-specific structural attributes indicating how sequence variations manifest in the protein’s three-dimensional conformation. MSA inferred the potential secondary structure of these 98 amino acids, aligning with prior data (Figures 5, 6). This inferred secondary structure provides insight into the likely configuration of the N-terminal region, filling the gaps left by the incomplete structural model.

[image: Panel A shows a sequence alignment of various Triticum species, including conservation scores and consensus sequences. Panel B depicts the structural model of a protein, illustrating secondary structures such as alpha-helices and beta-sheets.]
Figure 7 | Comparative analysis and structural modeling of the NAD9 protein across species. (A) Multiple sequence alignment of the NAD9 protein from seven diverse species, highlighting a 98-amino acid (in dark color) region unique to Triticum aestivum. The alignment is annotated to indicate conserved alpha helices (represented by ‘h’) and beta strands (‘e’), with conserved residues highlighted against the consensus sequence at the bottom. Complete conservation across species is denoted by an asterisk above the alignment. (B) Ribbon diagram depicting the NAD9 protein structure in Triticum aestivum, detailing the arrangement of alpha helices and beta strands corresponding to the annotated sequence alignment.




3.4.2 N-terminal NAD9 in Triticum aestivum: implications for mitochondrial function

This study’s detailed bioinformatic analysis of the N-terminal peptide (amino acids 1-98) of the NAD9 protein from Triticum aestivum revealed a constellation of posttranslational modification sites, which may confer intricate regulatory capabilities. Notably, a serine/threonine-rich motif corresponding to the SPOP-binding consensus (SBC) was identified (Figure 8). This motif, typically embedded within regions of intrinsic disorder in substrate proteins, suggests potential regulation via the SPOP/Cul3-dependent ubiquitination pathway.

[image: Protein sequence diagram with highlighted regions. Green and red markers indicate specific modification and degradation sites. "MOD_GSK3_1" regions are marked in green at positions 23-30, 27-34, 54-61, 60-67, 79-86, 85-92, and 89-96. "DEG_SPOP_SBC_1" regions in red highlight positions 53-57 and 54-58. A horizontal scale bar shows positions from 1 to 97, with amino acids labeled along the sequence.]
Figure 8 | Predicted post-translational modification motifs in the N-terminal region of NAD9. The localization of predicted post-translational modification motifs within the first 98 amino acids of the NAD9 protein from Triticum aestivum. GSK3 phosphorylation sites (MOD_GSK3_1) are marked in green, and SPOP-binding consensus motifs (DEG_SPOP_SBC_1) are indicated in red. The positions of each motif are numerically labeled. The amino acids 1-98 shown in this figure is directly based on the nad9 DNA sequence without considering RNA editing.

The analysis further highlighted two predominant types of motifs: MOD_GSK3_1, indicative of potential GSK3 kinase phosphorylation sites, depicted in green, and DEG_SPOP_SBC_1, suggestive of potential ubiquitination sites via the SPOP/Cul3 pathway (Figure 8). These motifs are located at positions 53–57 and 54–58 and are highlighted in red.

Moreover, the analysis of the N-terminus of the NAD9 protein from Triticum aestivum revealed several predicted GSK3 phosphorylation sites. The predicted phosphorylation sites by GSK3 (MOD_GSK3_1) are distributed across the sequence at the following positions: 23–30, 27–34, 54–61, 60–67, 79–86, 85–92, and 89–96 (Figure 8). These predicted sites are highlighted in green on the protein sequence. The distribution of GSK3 phosphorylation sites throughout the N-terminal sequence strongly regulates phosphorylation, which could significantly impact the protein’s role and interactivity within the mitochondrial complex. In contrast, the SPOP-binding consensus motifs are nearby, though fewer, forming a cluster that may serve as a focal point for regulatory control, mediating protein stability and signaling cascades within the cell.




3.4.3 RNA editing and its impact on the NAD9 protein structure in the Triticum aestivum Giza168 cultivar

Detailed observations of RNA editing within the NAD9 protein of the Triticum aestivum Giza168 cultivar have been observed, highlighting specific amino acid changes and their respective positions within the protein sequence (Figure 9). In Panel A, an edit at position 103 changes a serine (S) in the DNA sequence to a phenylalanine (F) in the protein. This may influence the hydrophobicity and protein interaction at this site within the alpha-helical region. Panel B illustrates an editing event at position 129, where serine (S) is also converted to phenylalanine (F), suggesting a possible conserved editing mechanism to alter the dynamic properties of the alpha helix. In Panel C, proline (P) at position 136 is changed to threonine (T) a change that could impact the local structure by introducing a polar side chain. Panel D presents multiple editing sites: at position 154, serine (S) is changed to leucine (L); at position 162, histidine (H) is replaced by tyrosine (Y); at position 173, a histidine (H) change tyrosine (Y)” is observed; and at position 185, arginine (R) is altered to glycine (G) at the 2-h and 12-h time points, which may affect beta-strand stability and intermolecular interactions. In panel E, the substitutions at residue 198, which changes proline (P) to serine (S); at residue 202, which changes threonine (T) to leucine (L); at residue 208, which changes arginine (R) to tryptophan (W); at residues 217 and 221, which changes serine (S) to phenylalanine (F); and at residue 225, which changes proline (P) to serine (S), are displayed for the 2 hours and 12 hours drought treatments. At position 231, serine (S) is also changed to leucine (L) Panel F shows a change at position 274 from arginine (R) to cysteine (C) in the 2-hour and 12-hour drought treatments.

[image: Structural alignment images with sequence conservation data for a protein. Panels A to F show different sections of the protein structure aligned with corresponding conservation scores. Each panel includes a 3D structural overlay with highlighted amino acid residues and specific sequences marked for conservation. Consensus amino acid sequences and secondary structures are noted below each alignment, with notable residues like phenylalanine, serine, and proline labeled.]
Figure 9 | Structural analysis of RNA editing variants in the NAD9 protein of the Triticum aestivum Giza168 cultivar across the three drought treatment time points (control, 2 hours, 12 hours). (A-F) Structural variants resulting from RNA editing in the NAD9 protein of the Triticum aestivum Giza168 (G168) cultivar were analyzed through alignment with the NAD9 protein virtual translated from DNA (G168_ gray) and three additional models: NAD9_G168_control (G168_C) in cyan, NAD9_G168_2H (G168_2H) in the Limon, and NAD9_G168_12H (G168_12H) in the dark salmon. (A) Detailed view of an alpha-helix region showing conserved RNA editing sites across different treatment time points (control, 2 hours, 12 hours). (B) Ribbon diagrams of the protein structure around RNA editing sites with accentuated changed residues, illustrate the potential impact on the local structure. (C) no-effect in alpha helix integrity due to RNA editing. (D) Beta-strand representation of RNA editing sites showing the conservation of structural changes. (E, F) C-terminal region alignment, emphasizing the conserved RNA editing sites and their structural significance.




3.4.4 RNA editing and its impact on the NAD9 protein structure in the Triticum aestivum Gemmiza10 cultivar

The Gemmiza10 cultivar harbors a series of RNA editing-induced amino acid modifications at distinct positions that align with critical functional domains of the protein. At position 103, an edit converts a serine (S) to phenylalanine (F), introducing a more hydrophobic residue into the alpha-helical region (Figure 10A). Similarly, at position 129, another serine is substituted with phenylalanine, reinforcing the propensity for increased hydrophobic interactions within the protein structure. Moreover, at position 136, a proline (P)-to-threonine (T) transition occurs, which may introduce a new site for potential phosphorylation (Figure 10B).

[image: Five panels labeled A to E display molecular structures and conservation sequences of a protein. Each panel shows a helicoidal or strand structure with labeled amino acids and a conservation sequence. Panels A, B, D, and E feature helical structures, while Panel C shows a strand configuration. The text highlights consensus amino acid and secondary structure alignments.]
Figure 10 | Structural analysis of RNA editing variants in the NAD9 protein of the Triticum aestivum Gemmiza10 cultivar across the three drought treatment time points (control, 2 hours, 12 hours). (A–E) The panels display a structural alignment of the NAD9 protein virtual translated from DNA (GM-DNA) in comparison with highlighting RNA editing-induced changes in samples collected from the control (GM-C), 2-hour (GM-2H) and 12-hour (GM-12H) post drought treatments. (A) Structural comparison of an alpha-helix region across the three time points, illustrating the substitution of an amino acid from the control sequence and its conservation across the treated samples. (B) Visualization of another alpha-helical segment where RNA editing modifies residues. (C) Beta-strands featuring multiple editing sites, indicating extensive structural alterations post-RNA editing. (D) A conserved alpha-helix with RNA editing sites. (E) C-terminal beta-strand region, with mapped RNA editing sites.

The leucine (L) to serine (S) conversion at position 154 and the histidine (H) to tyrosine (Y) substitution at position 162 could result in significant alterations to the local structural dynamics due to changes in the side chain size (Figure 10C). Due to its phenolic group, tyrosine, which is bulky and more reactive, could play a role in enzyme catalysis or in stabilizing protein structure through additional hydrogen bonding.






4 Discussion

Identifying RNA editing sites provides novel insights into regulating the Triticum aestivum nad9 gene, with potential implications for understanding plant responses to stress. RNA editing is crucial for ensuring the correct expression of functional proteins, particularly within mitochondria and chloroplasts. Prior research has established a link between abiotic stress and RNA editing, underscoring the importance of this mechanism in maintaining cellular homeostasis (Yuan and Liu, 2012). NADH dehydrogenase 9 (NAD9) is a mitochondrially encoded subunit of plant respiratory chain complex I (Maldonado et al., 2022). The relationship between RNA editing and plant responses to environmental stress has been extensively studied (Rodrigues et al., 2017; Xiong et al., 2017), highlighting a potential role in stress regulation (Yuan and Liu, 2012). Partial editing of mitochondrial nad9 transcripts, which encode the NADH dehydrogenase subunit 9, has been observed in several plant species, including potatoes (Grohmann et al., 1994). In this study, we examined RNA editing of the nad9 gene in response to drought stress in two wheat cultivars, one sensitive and the other tolerant. In the drought-tolerant cultivar Giza168, 22 RNA editing sites were identified, predominantly involving C-to-T transitions (Figure 1; Supplementary Tables S2, S4), consistent with common plant editing mechanisms (Mohammed et al., 2022). Although other types of editing have been reported (Ramadan et al., 2023), the mechanisms underlying these processes remain largely unknown.

Drought stress significantly affected 14 of the 22 editing sites (C178, C208, C308, C386, C517, C553, C592, C604, C673, G807, C820, T837, T855, and C861); however, seven of these sites resulted in synonymous amino acid changes, suggesting an unexplored involvement of tRNA in these processes. A similar pattern was observed in the sensitive cultivar Gemmiza 10, where seven of the 19 identified sites were significantly affected by drought stress (C178, C592, C622, C662, C820, T855, and C861), with synonymous amino acids detected at three sites (C178, T855, and C861). Three critical editing sites distinguished the tolerant cultivar Giza168 from the sensitive cultivar Gemmiza10: C553, where editing leads to a synonymous amino acid change (arginine), but is absent in the sensitive cultivar; C673, which is fully edited in the tolerant cultivar but not in the sensitive one; and C820, where editing increases under stress in the tolerant plants but decreases in the sensitive ones. These findings suggest that drought stress may negatively impact several factors, such as the PPR protein responsible for editing these sites, which may be absent or dysfunctional in sensitive plants (Laluk et al., 2011; Lu et al., 2022; Sun et al., 2018).

Generally, RNA editing directly impacts proteins’ primary, secondary, and tertiary structures. At the primary structure level, amino acids such as arginine 185 (R) to glycine (G), threonine 202 (T) to leucine (L), proline 225 (P) to serine (S), and arginine 274 (R) to cysteine (C) are altered due to drought stress. In the sensitive cultivar, changes such as threonine-60 (T) to leucine (L), serine-221 (S) to phenylalanine (F), and aspartic acid-256 (D) to tyrosine (Y) were observed (Supplementary Figures S1, S2). Our result, like most RNA editing sites in the mitochondrial nad and atp genes, resulted in the production of hydrophobic amino acids, which may enhance the affinity of the resulting subunits for the mitochondrial inner membrane (Ibrahim et al., 2023; Rusman et al., 2023).

Drought stress also induces changes in secondary structures, particularly affecting the conformation of alpha helices and beta sheets by altering the amino acid composition. Overall, the protein profiles (beta sheets and alpha helix) of both cultivars were highly similar under control conditions. However, significant differences emerged under stress, both at the 2-hour and 12-hour time points (Supplementary Figures S5-S7). In the drought-tolerant cultivar Giza168, beta-sheet formation was modified, with one segment becoming two due to an R185G substitution, an increase in beta-sheet length due to a T202L substitution, and the disappearance of alpha helices due to an R274C substitution, however, the P225S substitution preserved the protein loop structure (Supplementary Figure S3). In contrast, the sensitive cultivar Gemmiza10 did not exhibit a specific pattern in response to editing, except for an increase in length in some protein regions, such as regions in amino acids 39-94, 212-214, etc. Our study suggests that RNA editing plays a significant role in enhancing plant resilience to drought. If RNA editing fails to improve protein efficiency, the plant may become more susceptible to abiotic stress. These conclusions align with other studies exploring the relationship between RNA editing and environmental stress adaptation (Qin et al., 2021; Ramadan et al., 2023; Xiong et al., 2017).

The predicted secondary structure of the 98 amino acids from multiple sequence alignment underscores the variability and conjectured secondary structure of the 98 N-terminal amino acids, indicating structural plasticity that may facilitate regulatory protein interactions and posttranslational modifications. This level of regulatory sophistication, inferred from sequence variability, indicates the evolutionary adaptations of Triticum aestivum, which could profoundly affect the organism’s metabolic efficiency, stress adaptability, and agricultural yield. These insights augment our understanding of the regulatory intricacies governing plant mitochondrial proteins and highlight the potential of these posttranslational modifications as targets for enhancing crop resilience in an era of climatic uncertainty. The elucidation of the structure of plant mitochondrial complex I lagged that of chloroplasts until the complete complex I structure was recently resolved in Arabidopsis thaliana via cryo-electron microscopy (cryo-EM) (Klusch et al., 2021). The observed variability in the initial 98 amino acids among the different plant species suggested that the regulatory function of these genes’ merits further investigation. The absence of the first 98 amino acids in the Arabidopsis structure, present in Triticum aestivum Gemmiza10 and Giza168, presents a unique opportunity to explore species-specific adaptations.

An examination of the N-terminal region of the NAD9 protein in Triticum aestivum revealed a complex regulatory environment characterized by posttranslational modifications. Identified phosphorylation sites for GSK3 kinase suggest that phosphorylation events could significantly influence the functions of NAD9. Concurrently, SPOP-binding motifs hint at targeted protein degradation pathways that may be crucial for controlling protein turnover. The ubiquitination mechanism, often a precursor to proteasomal degradation, is hypothesized to play a critical role in regulating mitochondrial function, particularly the specific responses to environmental stress observed in Triticum aestivum. These regulatory mechanisms underscore the versatility of the NAD9 protein and its potential importance in plants’ metabolic regulation and ecological response. The coexistence of these regulatory motifs within the NAD9 sequence exemplifies the complexity of cellular control systems, particularly in organisms where metabolic adaptability is essential. The GSK3 (MOD_GSK3_1) motif suggests a modulatory effect on the activity of the NAD9 protein, indicating its involvement in diverse signaling pathways that govern mitochondrial metabolic processes. Previous studies have shown that GSK3 regulates various cellular functions, including metabolism and energy production (Cohen and Frame, 2001; Jope and Johnson, 2004). Given the pivotal function of complex I in cellular energy production (Hirst, 2013), these phosphorylation sites are posited to be critical for the delicate modulation of metabolic activity, which is essential for wheat growth and development. The phosphorylation of mitochondrial proteins by GSK3 has been implicated in regulating ATP production and maintaining mitochondrial integrity (Rusman et al., 2023), further supporting the significance of these sites in the NAD9 protein.

The RNA editing-induced NAD9 protein structural changes of the Giza168 cultivar could significantly impact the protein’s stability by introducing a sulfur-containing side chain (Figure 9). These RNA editing events collectively suggest a posttranscriptional modification pattern that may play a critical role in the structural and functional adaptation of the NAD9 protein in response to temporal cues in Triticum aestivum. Replacing amino acids within the protein sequence can alter the protein’s physicochemical properties, potentially affecting complex I’s assembly and function in the mitochondria. The S103F amino acid change in Gemmiza10, potentially alters its interaction with the mitochondrial membrane or affect the protein’s stability. Similarly, P136 T may influence the protein’s regulation and interaction with other mitochondrial components (Figure 10). This editing event could be critical for modulating the enzyme’s activity in response to cellular energy needs.

Our findings extend the understanding of plant mitochondrial dynamics, highlighting how posttranslational modifications orchestrate energy production and contribute to a plant’s ability to withstand fluctuating conditions. Such insights promise to advance wheat crop resilience, offering a foundation for future research to optimize plant performance in response to global agricultural challenges.




5 Conclusion

This study examined RNA editing in the NAD9 in response to drought stress in wheat cultivars, focusing on tolerant and sensitive varieties. The study identified 22 RNA editing sites in the drought-tolerant cultivar Giza168, with 14 sites influenced by drought stress and seven exhibiting synonymous amino acids. Additionally, three critical editing sites were found to differentiate the tolerant cultivar Giza168 from the sensitive cultivar Gemmiza10. Drought stress altered the primary and secondary structures of nad9 due to changes in alpha helices and beta sheets, with the tolerant cultivar Giza168 experiencing alterations in beta-sheet length and alpha-helix number. In contrast, the sensitive cultivar Gemmiza10 did not exhibit a specific pattern in response to editing, except for an increase in length in some regions. These findings suggest that RNA editing plays a crucial role in enhancing plant drought tolerance, and failure to improve protein efficiency through RNA editing may increase plant susceptibility to abiotic stress.





Data availability statement

The original contributions presented in the study are publicly available. This data can be found at the National Center for Biotechnology Information (NCBI) using accession numbers SRR3089142 - SRR3089153, OQ079951, OQ079955.





Author contributions

NM: Conceptualization, Writing – original draft. AR: Conceptualization, Project administration, Writing – review & editing. MA: Software, Visualization, Writing – review & editing. YM: Software, Writing – original draft. RM: Visualization, Writing – original draft. OS: Formal analysis, Writing – original draft. MI: Writing – original draft, Data curation. SH: Investigation, Writing – review & editing. HE: Investigation, Writing – review & editing. AA: Validation, Writing – original draft.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research work was funded by Institutional Fund Projects under grant no. IFPIP: 261-130-1443. Therefore, the authors gratefully acknowledge technical and financial support from the Ministry of Education and King Abdulaziz University, Jeddah, Saudi Arabia.




Acknowledgments

This research work was funded by Institutional Fund Projects under grant no. IFPIP: 261-130-1443. Therefore, the authors gratefully acknowledge technical and financial support from the Ministry of Education and King Abdulaziz University, Jeddah, Saudi Arabia.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1490288/full#supplementary-material


References
	 Alexander, N., Woetzel, N., and Meiler, J. (2011). “Bcl::Cluster: A method for clustering biological molecules coupled with visualization in the Pymol Molecular Graphics System,” in Proceedings of the 2011 IEEE 1st International Conference on Computational Advances in Bio and Medical Sciences (ICCABS). (Orlando, FL, USA), 13–18. doi: 10.1109/ICCABS.2011.5729867
	 Chen, V. B., Arendall, W. B., Headd, J. J., Keedy, D. A., Immormino, R. M., Kapral, G. J., et al. (2010). MolProbity: all-atom structure validation for macromolecular crystallography. Acta Crystallographica Section D: Biol. Crystallogr. 66, 12–21. doi: 10.1107/S0907444909042073
	 Cohen, P., and Frame, S. (2001). The renaissance of GSK3. Nat. Rev. Mol. Cell Biol. 2, 769–776. doi: 10.1038/35096075
	 Edera, A. A., Gandini, C. L., and Sanchez-Puerta, M. V. (2018). Towards a comprehensive picture of C-to-U RNA editing sites in angiosperm mitochondria. Plant Mol. Biol. 97, 215–231. doi: 10.1007/s11103-018-0734-9
	 Ghifari, A. S., and Murcha, M. (2020). Plant mitochondria. eLS. 1 (3), 581–591. doi: 10.1002/9780470015902.a0029217
	 Gould, C. M., Diella, F., Via, A., Puntervoll, P., Gemünd, C., Chabanis-Davidson, S., et al. (2010). ELM: the status of the 2010 eukaryotic linear motif resource. Nucleic Acids Res. 38, D167–D180. doi: 10.1093/nar/gkp1016
	 Grohmann, L., Thieck, O., Herz, U., Schrüoder, W., and Brennicke, A. (1994). Translation of nad9 mRNAs in mitochondria from Solanum tuberosum is restricted to completely edited transcripts. Nucleic Acids Res. 22, 3304–3311. doi: 10.1093/nar/22.16.3304
	 Hirst, J. (2013). Mitochondrial complex I. Annu. Rev. Biochem. 82, 551–575. doi: 10.1146/annurev-biochem-070511-103700
	 Hisano, H., Tsujimura, M., Yoshida, H., Terachi, T., and Sato, K. (2016). Mitochondrial genome sequences from wild and cultivated barley (Hordeum vulgare). BMC Genomics. 17 (1), 824.
	 Ibrahim, M. I., Ramadan, A. M., Amer, M., Khan, T. K., Mohamed, N. G., and Said, O. A. (2023). Deciphering the enigma of RNA editing in the ATP1_alpha subunit of ATP synthase in Triticum aestivum. Saudi J. Biol. Sci. 30, 103703. doi: 10.1016/j.sjbs.2023.103703
	 Jope, R. S., and Johnson, G. V. (2004). The glamour and gloom of glycogen synthase kinase-3. Trends Biochem. Sci. 29, 95–102. doi: 10.1016/j.tibs.2003.12.004
	 Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O., et al. (2021). Highly accurate protein structure prediction with AlphaFold. nature 596, 583–589. doi: 10.1038/s41586-021-03819-2
	 Klusch, N., Senkler, J., Yildiz, Ö., Kühlbrandt, W., and Braun, H.-P. (2021). A ferredoxin bridge connects the two arms of plant mitochondrial complex I. Plant Cell 33, 2072–2091. doi: 10.1093/plcell/koab092
	 Laluk, K., Abuqamar, S., and Mengiste, T. (2011). The Arabidopsis mitochondria-localized pentatricopeptide repeat protein PGN functions in defense against necrotrophic fungi and abiotic stress tolerance. Plant Physiol. 156, 2053–2068. doi: 10.1104/pp.111.177501
	 Lu, K., Li, C., Guan, J., Liang, W. H., Chen, T., Zhao, Q. Y., et al. (2022). The PPR-domain protein SOAR1 regulates salt tolerance in rice. Rice (N Y) 15, 62. doi: 10.1186/s12284-022-00608-x
	 Maldonado, M., Abe, K. M., and Letts, J. A. (2022). A structural perspective on the RNA editing of plant respiratory complexes. Int. J. Mol. Sci. 23, 684. doi: 10.3390/ijms23020684
	 Mohammed, T., Firoz, A., and Ramadan, A. M. (2022). RNA editing in chloroplast: advancements and opportunities. Curr. Issues Mol. Biol. 44, 5593–5604. doi: 10.3390/cimb44110379
	 Munns, R., and Millar, A. H. (2023). Seven plant capacities to adapt to abiotic stress. J. Exp. Bot. 74, 4308–4323. doi: 10.1093/jxb/erad179
	 Pandey, P., Irulappan, V., Bagavathiannan, M. V., and Senthil-Kumar, M. (2017). Impact of combined abiotic and biotic stresses on plant growth and avenues for crop improvement by exploiting physio-morphological traits. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00537
	 Pei, J., Kim, B.-H., and Grishin, N. V. (2008). PROMALS3D: a tool for multiple protein sequence and structure alignments. Nucleic Acids Res. 36, 2295–2300. doi: 10.1093/nar/gkn072
	 Qin, T., Zhao, P., Sun, J., Zhao, Y., Zhang, Y., Yang, Q., et al. (2021). Research progress of PPR proteins in RNA editing, stress response, plant growth and development. Front. Genet. 12, 765580. doi: 10.3389/fgene.2021.765580
	 Ramadan, A. M. (2020). Salinity effects on nad3 gene RNA editing of wild barley mitochondria. Mol. Biol. Rep. 47, 3857–3865. doi: 10.1007/s11033-020-05475-7
	 Ramadan, A. M., Mohammed, T., Firoz, A., Alameldin, H. F., and Ali, H. M. (2023). RNA editing in chloroplast NADH dehydrogenase (ndhA) of salt stressed wild barley revealed novel type G to A. J. King Saud University-Science 35, 102755. doi: 10.1016/j.jksus.2023.102755
	 Rasool, F., Ishtiaq, I., Uzair, M., Naz, A. A., Léon, J., and Khan, M. R. (2022). Genome-wide investigation and functional analysis of RNA editing sites in wheat. PloS One 17, e0265270. doi: 10.1371/journal.pone.0265270
	 Rodrigues, N. F., Christoff, A. P., Da Fonseca, G. C., Kulcheski, F. R., and Margis, R. (2017). Unveiling chloroplast RNA editing events using next generation small RNA sequencing data. Front. Plant Sci. 8, 1686. doi: 10.3389/fpls.2017.01686
	 Rusman, F., Floridia-Yapur, N., Díaz, A. G., Ponce, T., Diosque, P., and Tomasini, N. (2023). Hydrophobicity-driven increases in editing in mitochondrial mRNAs during the evolution of kinetoplastids. Mol. Biol. Evol. 40, msad081. doi: 10.1093/molbev/msad081
	 Slugina, M. A., Shchennikova, A. V., and Kochieva, E. Z. (2019). The expression pattern of the Pho1a genes encoding plastidic starch phosphorylase correlates with the degradation of starch during fruit ripening in green-fruited and red-fruited tomato species. Funct. Plant Biol. 46 (12), 1146–1157. doi: 10.1071/FP18317
	 Sun, Y., Huang, J., Zhong, S., Gu, H., He, S., and Qu, L. J. (2018). Novel DYW-type pentatricopeptide repeat (PPR) protein BLX controls mitochondrial RNA editing and splicing essential for early seed development of Arabidopsis. J. Genet. Genomics 45, 155–168. doi: 10.1016/j.jgg.2018.01.006
	 The UniProt Consortium. (2023). UniProt: the universal protein knowledgebase in 2023. Nucleic Acids Res. 51, D523–D531. doi: 10.1093/nar/gkac1052
	 Trenberth, K. E., Dai, A., van der Schrier, G., Jones, P. D., Barichivich, J., Briffa, K. R., et al. (2014). Global warming and changes in drought. Nat. Climate Change 4, 17–22. doi: 10.1038/nclimate2067
	 Tukey, J. W. (1949). Comparing individual means in the analysis of variance. Biometrics. 5 (2), 99–114. doi: 10.2307/3001913
	 Wang, M., Cui, L., Feng, K., Deng, P., Du, X., Wan, F., et al. (2015). Comparative analysis of Asteraceae chloroplast genomes: structural organization, RNA editing and evolution. Plant Mol. Biol. Rep. 33, 1526–1538. doi: 10.1007/s11105-015-0853-2
	 Xiong, J., Tao, T., Luo, Z., Yan, S., Liu, Y., Yu, X., et al. (2017). RNA editing responses to oxidative stress between a wild abortive type male-sterile line and its maintainer line. Front. Plant Sci. 8, 2023. doi: 10.3389/fpls.2017.02023
	 Yuan, H., and Liu, D. (2012). Functional disruption of the pentatricopeptide protein SLG1 affects mitochondrial RNA editing, plant development, and responses to abiotic stresses in Arabidopsis. Plant J. 70, 432–444. doi: 10.1111/j.1365-313X.2011.04883.x




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 Mohamed, Ramadan, Amer, Morsy, Mohamed, Said, Alnufaei, Ibrahim, Hassanein and Eissa. 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.




REVIEW

published: 15 November 2024

doi: 10.3389/fpls.2024.1482739

[image: image2]


Exploring plant-microbe interactions in adapting to abiotic stress under climate change: a review


Ali Muhammad 1,2, Xiangjun Kong 1, Shuaichao Zheng 1, Na Bai 1, Lijie Li 1, Muhammad Hafeez Ullah Khan 1, Sajid Fiaz 3 and Zhiyong Zhang 1*


1 Henan Collaborative Innovation Center of Modern Biological Breeding, Henan Institute of Science and Technology, Xinxiang, China, 2 State Key Laboratory of Crop Stress Adaptation and Improvement, College of Agriculture, Henan University, Kaifeng, China, 3 Institute of Molecular Biology and Biotechnology, The University of Lahore, Lahore, Pakistan




Edited by: 

Milan Kumar Lal, National Rice Research Institute (ICAR), India

Reviewed by: 

Afeez Adesina Adedayo, Western Illinois University, United States

Mallesham Bulle, Texas Tech University, United States

Shobhit Raj Vimal, University of Allahabad, India

*Correspondence: 

Zhiyong Zhang
 z_zy123@126.com


Received: 18 August 2024

Accepted: 28 October 2024

Published: 15 November 2024

Citation:
Muhammad A, Kong X, Zheng S, Bai N, Li L, Khan MHU, Fiaz S and Zhang Z (2024) Exploring plant-microbe interactions in adapting to abiotic stress under climate change: a review. Front. Plant Sci. 15:1482739. doi: 10.3389/fpls.2024.1482739



Climatic change and extreme weather events have become a major threat to global agricultural productivity. Plants coexist with microorganisms, which play a significant role in influencing their growth and functional traits. The rhizosphere serves as an ecological niche encompassing plant roots and is a chemically complex environment that supports the growth and development of diverse plant-interactive microbes. Although plant-microbe interactions have been extensively investigated however, limited exploration have been made how abiotic stresses affect the structure and assembly of microbial communities in the rhizosphere. This review highlights climate change influence on plant growth, functional traits, and microbial communities. It explores plant mechanisms for mitigating abiotic stress, such as removing reactive oxygen species (ROS), regulating antioxidant activity and indole-3-acetic acid (IAA) production, and controlling growth-inhibitory ethylene levels through colonization by bacteria producing ACC deaminase. Additionally, we elaborated the systematic communicatory network steered by hormonal crosstalk and root exudation, which can modulate and initiate the dialogues between plants and surrounding microbes. This network ultimately promotes the chemotactic movement of microbes towards the rhizosphere, facilitating their early colonization. Finally, we reviewed the recent advancements for understanding how plant-microbe interactions foster resilience under climate stress.
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1 Introduction

Climatic trends show a significant increase in global mean temperature since 1970s, coupled with shift in precipitation patterns, and the frequency of extreme weather events (Capua and Rahmstorf, 2023). Agriculture sector is directly affected by climatic factors, experiencing a significant reduction in farm productivity. In addition, climate change could expand the range of pathogens and pests, leading to more frequent and severe disease outbreaks (De Wolf and Isard, 2007; Garrett et al., 2021). Recent findings has shown that global agricultural production is highly vulnerable to abiotic stresses (Bowerman et al., 2023). Furthermore, to meet the demand of growing human population, about 50% increase in agricultural production is needed by 2029 (Nawaz et al., 2024b). Consequently, a significant increase in deforestation and loss of natural habitats is occurring to acquire more land for cultivation (Foucher et al., 2024). To ensure food security with a limited expansion of agricultural land, a sustainable strategy involves improving the resilience of plants to climate change. Therefore, plant growth-promoting microorganisms represents one of the valuable resources to explore for increasing farm productivity (Bender et al., 2016).

Plants are associated with a diverse group of microorganisms, responsible for many essential functions e.g., plant growth, root development, nutrient use efficiency, and promoting resistance to abiotic and biotic stresses (Ojuederie et al., 2019). The rhizosphere serves as the central hub for the interactions among plant roots, soil, microorganisms, and environment (Trivedi et al., 2020). It is a specialized layer of soil around the root system, and the microbes in the soil are referred to as rhizosphere microorganisms (Rout and Southworth, 2013). Macro-nutrients such as nitrogen, phosphorous, and potassium, are assimilated by plants through the rhizosphere, enabling their integration into the nutrient cycle (Thepbandit and Athinuwat, 2024). Plants establish beneficial associations with various microorganisms in the rhizosphere to shape their community composition through rhizosphere deposition (Toju et al., 2018). Several important symbiotic microorganisms have been identified to promote plant growth by reducing the occurrence of different plant diseases, the regulation of phytohormones, and enhancing nutrient acquisition (Kuypers et al., 2018; Hu et al., 2020; Lopes et al., 2021). Plant growth-promoting rhizobacteria (PGPR) act as biofertilizers by enhancing the availability of both macro and micronutrients, thereby improving crop yield and soil fertility (Lopes et al., 2021). Therefore, a critical understanding of plant-microbe interactions in the rhizosphere, steered by hormonal crosstalk and root exudation, and their combined application for improving crop productivity is required.

Abiotic stresses impact not only plant physiology and metabolism but also soil microorganism activities. However, the impact of stress varies depending on the time, host plants, intensity, and other environmental factors (Georgieva and Vassileva, 2023). For instance, a significant reduction in growth and grain yield was observed in wheat grown under drought conditions, primarily due to the negative impact on photosynthesis, leaf area, seed set and weight (Rahimi-Moghaddam et al., 2023). In contrast, Thymus serphyllum exhibits increased production of osmolytes, such as proline, sorbitol, mannitol, and other amino acids, which confer tolerance to drought stress (Moradi et al., 2017). Furthermore, under salt stress, the rhizosphere of groundnuts exhibited a notable presence of Acidobacteria and Cyanobacteria, enhancing their salt tolerance (Xu et al., 2020). On the other hand, rice plants revealed significant yield penalties, including reduced growth, germination, and tillering which in turn affected plant biomass and height (Fang et al., 2023). Thus, interactions between plants and microbes during abiotic stress conditions are dynamic and complex. In order to harness the potential of plant microbiota in agriculture, it is essential to understand the impact of abiotic stressors on plants, microorganisms, and plant-microbe interactions (Fadiji et al., 2023). In the present review, we have summarized the effects of changing climatic conditions on plant-microbe interactions and highlighted the positive roles of plant associated microbes in enhancing agricultural production. Additionally, we discuss recent advancements in mitigating different stressors and their significance for achieving key objectives in future research.




2 Deciphering the coexisting relationship between plants and soil microbiota

Plants are associated with a varied and taxonomically organized community of microbiomes i.e., viruses, fungi, bacteria, and archaea that co-exist with plants in the rhizosphere (root-surrounding soil), endosphere (internal tissue), and phyllosphere (above-ground parts) to perform important activities regulating host health and fitness (Afridi et al., 2022). Among these micro-environments, rhizosphere is one of the most complex and diverse habitats for microbial communities. Plant-associated microorganisms may come from different sources, including soil, seeds, water, and other neighboring organisms i.e., insects and animals. Some of these organisms can develop a complex symbiotic relationship with plants (Fitzpatrick et al., 2018). Specifically, plant-associated microbiome form a symbiotic unit known as “holobiont” which can be influenced by environmental factors (Trivedi et al., 2020). A holobiont is a complex and interconnected system of organisms, living together in a close association in all types of ecosystems (Matthews, 2024). These microorganisms within the holobiont can significantly improve plant health by enhancing mineral solubility (Lemanceau et al., 2017), altering the signaling of phytohormones such as auxin (IAA), gibberellin (GA), and cytokinin (CK) (Spaepen and Vanderleyden, 2011), and directly providing nutrients (Saleem et al., 2024), alongside strengthening resistance against phytopathogens (Jin et al., 2024).

Plant-microbe crosstalk initiates with the release of chemical signals i.e., flavonoids and amino acids, establishing a favorable environment where microbes ultimately reside and assist plants in coping with stress and regulating growth (Stefan et al., 2018) (Figure 1). Therefore, plants recognize signals created by beneficial microbes during the early phases of symbiosis (Ravelo-Ortega et al., 2023). According to Fadiji et al. (2023), when plants receive adequate water and nutrient supply, rhizosphere microorganisms consistently aid in helping plants adapt to abiotic stresses, thereby potentially enhancing crop yield. At present, there are several studies on the isolation, identification, and application of useful symbiotic microorganisms as an alternative to chemical fertilizers, that are hazardous to humans, animals, aquatic lives, and environment (Kumar et al., 2022; Shahwar et al., 2023). Abdelaziz et al. (2019) demonstrated significant improvements in tomato growth and yield by introducing the root endophytic fungus (Piriformospora indica) into the soil. The interactions between plants and rhizobia are very specific and exist at a level of species and genotype, leading to the formation of effective symbiotic relationships (Wang et al., 2018). Overall, the rhizobia are the key members in the soil to produce and fix nitrogen compounds that help plants to grow and survive under unfavorable circumstances for better ecosystem productivity.
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Figure 1 | Systematic overview of plant-microbe interaction to mitigate abiotic stresses in changing climates. Plants release root exudates, such as flavonoids and amino acids that attract nearby microbes to their roots, helping the plants optimize water and nutrient allocation for better growth and survival in unfavorable circumstances.




3 Climate-associated abiotic stresses alter plants and their associated microbes in the rhizosphere

Plants are consistently exposed to the external environment that constantly changes in many ways (Nawaz et al., 2024a). Certain regions of the world are already facing extreme climatic shifts, such as drought, salinity, and extreme temperatures. These climatic stresses have detrimental effects on plant-associated microbial communities, which in turn influence plant growth and development (Afridi et al., 2022). In response to unfavorable conditions, plants induce a wide range of physiological and morphological modifications to adapt to these abrupt changes thus, experiencing significant growth and yield penalties (Xu et al., 2023). Abiotic stresses can affect rhizosphere microbial communities in various ways including the alteration in composition and function of microbial population in the rhizosphere. For instance, prolonged exposure to drought stress can lead to an increase in the abundance of Actinobacteria and Firmicutes (Vescio et al., 2021). Additionally, a proportionate rise in the abundance of Acidobacteria and Cyanobacteria was observed in the peanut rhizosphere, when exposed to salt stress (Xu et al., 2020). Recently, Dollete et al. (2024) revealed a reduction in symbiotic nitrogen fixation in forage legumes, thereby effecting plant growth and development. Furthermore, altered phosphate solubilizing efficiency of the biocontrol fungus Trichoderma sp. was observed under abiotic stress conditions such as pH, temperature, and heavy metals (Rawat and Tewari, 2011).

Plant growth promoting microorganisms (PGPMs) have been frequently investigated to mitigate certain abiotic stresses while enhancing plants adaptation under unfavorable conditions (Chieb and Gachomo, 2023; Kibret et al., 2024). To sustain their growth under stressed conditions, plants employ various strategies i.e., induction of chemical signaling and regulation of phytohormones (biochemical adaptation), stomatal closure (physiological adaptation), changes in growth pattern (morphological adaptation) (Naamala and Smith, 2020) (Table 1). Climate-associated abiotic stresses may influence plants in different ways and at different growth stages, limiting plant performance (Lata et al., 2018). These abiotic stresses are discussed in detail to further elaborate their detrimental effects on plant adaptation, which may hinder the development of a sustainable ecosystem and reduce agricultural production.

Table 1 | Plant growth promoting microorganisms enhancing abiotic stress tolerance through various mechanisms.
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3.1 Harnessing plant-microbes interplay to alleviate temperature stress

Temperature serves as a fundamental factor influencing plant development and phenological features together with shaping the microbial community associated with the plants (Kashyap et al., 2017). Compant et al. (2010) suggested a projected increase of about 1.8-3.6°C in global mean temperature by the year 2100 resulting water scarcity across several regions of the world which may significantly influence the composition, activities, and distribution of rhizosphere microbiome (Farooq et al., 2022). A substantial shift in microbial respiration rate in response to higher temperatures may accelerate their growth and abundance (Classen et al., 2015). Similarly, Vargas (2024) revealed that increased temperature may lead to an exponential increase in soil respiration. Furthermore, higher temperatures may influence the utilization of organic matter by microorganisms (Frey et al., 2013). Moreover, Velásquez et al. (2018) reported the connection between the pathogenicity of microorganisms with temperature changes. Higher temperatures may also mediate bacterial virulence, such as Pectobacterium atrosepticum causing the occurrences of soft rot disease and further affects the degradation of cell walls, resulting in an increased disease incidence in plants (Hasegawa et al., 2005).

Temperature stress greatly affects microbial activities as they require an optimal range of temperature for sustaining their growth, reproduction, and ability to cause diseases, unless they quickly acclimatize to cope with temperature changes (Wang et al., 2021a). For example, several microbes have developed specialized adaptations to counter extreme environmental conditions while supporting their host plants by efficiently utilizing carbon allocation (Vera-Gargallo et al., 2023). They also contain specific enzymes and complex regulatory networks of secondary metabolites to overcome the adverse effects of temperature stress (Raddadi et al., 2015). Several thermotolerant microbes i.e., endophytic bacteria and arbuscular mycorrhizal fungi (AMF), modify their structures to survive under high temperature and protect their host plants from extreme environmental conditions. Rasmussen et al. (2020), studied the impact of temperature on plant-associated AMF colonization and plant performance and found that under continuous temperature increase, both fungal colonization and plant growth increase. Several experimental studies reported similar findings about the increased colonization of AMF in response to rising temperatures (Compant et al., 2010; Xie et al., 2024). Khan et al. (2020a) revealed the positive effect of plant growth-promoting endophytic bacteria on crop production under higher temperatures and suggested their use as biofertilizers to mitigate heat stress damage in soybean plants. Additionally, other studies reported the use of thermotolerant bacteria enhancing the content of chlorophyll in rice and canola (Glick et al., 1997; Chaganti et al., 2023).

Moreover, certain microbes may help plants to cope with multiple stresses i.e., Burkholderia phytofirmans PsJN strain has been reported to enhance heat tolerance in tomatoes, salinity and freezing resistance in Arabidopsis, cold resilience in grapevines, and drought tolerance in wheat (Miotto-Vilanova et al., 2016; Issa et al., 2018). Similar findings have also been reported for other crops, indicating that heat-resistant bacteria could enhance crop growth and development in wheat, rice, tomato, potato, chickpea, sorghum, and canola plants under heat stress (Table 1). Altogether, it is crucial to understand the effects of elevated temperature on plant-microbe interactions, and to identify target microbes and their association with crops under a specific environment for sustainable ecosystem with improved agricultural production.




3.2 Drought and the role of plant-microbe symbiosis

Drought is one of the major causes of agricultural losses worldwide, threatening food security. Climate change and global warming will further intensify the situation with severe drought episodes, posing a greater threat to agricultural sustainability (Fadiji et al., 2023). One of the noticeable impacts of climate change is higher variation in precipitation patterns, which directly influences the moisture content in the atmosphere and soil, resulting in flood or drought conditions (Tabari, 2020). Water scarcity leads to several physiological and morphological responses in plants as a consequence of drought (Kumar and Verma, 2018). Drought limits the normal growth and development, disturbs water requirements, and reduces water use efficiency in plants. During the seedling stage, drought stress in plants maintains root development while limiting shoot growth, leading to a higher root/shoot ratio (Kou et al., 2022). Additionally, extreme water-limiting conditions cause retarded leaf development due to the shrinkage of the plant cells which ultimately reduces turgor pressure, resulting a decline in plant fresh weight (Fahad et al., 2017). The root morphology also adapts certain modifications such as shrinking, to optimize the distribution of water and nutrients to several parts of the plant under drought conditions, thus preventing the loss of water that might affect leaves potential to utilize photosynthesis II (Ma et al., 2020). Prolonged water scarcity affects cell wall integrity, resulting in the generation of ROS, causing premature leaf senescence, promoting ethylene accumulation, affecting chlorophyll content, and suppressing photosynthetic mechanisms (Kumar and Verma, 2018). In addition, drought impairs the dissolution and translocation of salts, leading to their accumulation in the rhizosphere soil, which ultimately causes salinity stress (Gupta et al., 2022).

Several plant species faced drought conditions for a long time have modified several traits to tolerate drought conditions, e.g. better utilization of phytohormones, increased synthesis of osmolytes, and heat-shock proteins to sustain growth and yield (Figure 2). These plants also activate cellular mechanisms to maintain water and salt balance by transporting excessive salt from specific cells to other parts of plant, producing suitable solutes that promote drought tolerance and increase several compatible antioxidant enzymes for scavenging excessive ROS (Gupta et al., 2022). During a metabolomic analysis, it was revealed that Thymus serphyllum exhibits increased production of osmolytes, such as proline, sorbitol, mannitol, and other amino acids conferring drought stress tolerance (Moradi et al., 2017). Drought significantly influences soil characteristics and the microbial community in the rhizosphere (Manzanera, 2021). The root system and rhizosphere microorganisms influence each other through mutual interactions (Figure 1).
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Figure 2 | Plant adaptation and utilization of certain protective mechanisms against abiotic stresses in changing climates.

Rhizosphere microorganisms through symbiotic interaction greatly reduce the effects of drought by improving root architecture and facilitating water and nutrient absorption. This association also promotes the release of certain beneficial metabolites that may help plants in enhancing the root/shoot ratio, promoting yield with greater biomass production, improving water absorption capacity, and enhancing nutrient availability (Figure 1) (He et al., 2021; Rawal et al., 2022). The host plant in turn, initiates root exudation, which generates other factors that affect the performance of these microorganisms (Gupta et al., 2022). Consequently, manipulating rhizosphere microbiomes can boost the capacity of crops in stress reduction (Xu and Coleman-Derr, 2019; de Vries et al., 2020). For instance, certain plant species can tolerate higher drought by allocating more endosphere Streptomyces (Fitzpatrick et al., 2018). Similarly, sorghum seedlings with Streptomyces colonization resulted in increased root growth under drought, while no noticeable effects were observed in well-watered conditions (Xu et al., 2018). Furthermore, AMF significantly contributes to the water availability of crops by utilizing external hyphae and glomalin, thereby enhancing crop drought tolerance (Wang et al., 2023). Likewise, AMF has a prominent role in root growth and development in citrus, and maize under arid soil conditions (Wu et al., 2013; Zhao et al., 2015). Several similar studies reported the role of PGPMs in plant defense against several abiotic stresses (Table 1). These findings revealed that plant health is greatly dependent on the composition and activity of plant-associated microbiome, thereby harnessing rhizosphere microorganisms under drought stress may have significant effects on crop yield by optimizing water and nutrient allocation.




3.3 Interactive mode of plant–microbiota in mediating salt tolerance

Soil salinity is one of the major abiotic stress, exerting adverse effects on crop growth and yield (Julkowska and Testerink, 2015). It has been estimated that approximately 7% of the total global fields (1 billion hectares of soil) are affected by salinization (Bayabil et al., 2021). More seriously, the area occupied by salinity-affected soils is increasing by around 10% per year due to climate change, owing to less precipitation and increased surface evaporation, improper agricultural practices (increased use of fertilizers and saline water irrigation, and industrial pollution) (Ouhibi et al., 2014; McFarlane et al., 2016). Naturally, plants are adapted to absorb a reasonable quantity of soluble salts resulting from mineral weathering. However, inadequate precipitation hinders salt leaching, causing the deposition of soluble salts in the root zone (Shrivastava and Kumar, 2015). Additionally, the intrusion of saltwater through surface or groundwater connections may have escalated the problem of salinity (Bayabil et al., 2021). Furthermore, the higher salt concentration in the rhizosphere influences water and nutrient absorption, leading to osmotic stress. This condition causes oxidative damage by inducing an increased number of ROS (Isayenkov and Maathuis, 2019; Rahman et al., 2024). Additionally, soil salinity has adverse effects on the nodulation process, reducing crop production and hindering nitrogen fixation by decreasing nitrogenase activity (Kumar and Verma, 2018).

When facing saline conditions, plants may develop several defensive strategies to safeguard themselves e.g., developing salt-releasing glands or trichomes (Yuan et al., 2016), restoring ionic homeostasis, osmotic and ROS levels (Yang and Guo, 2018), adjusting stomatal conductance (Li et al., 2020) and regulating certain growth patterns like flowering time (Kazan and Lyons, 2016) (Figure 2). Soil microorganisms greatly contribute to plant tolerance against salt and drought stresses through certain plant-mediated mechanisms (Sangiorgio et al., 2020) (Table 1). Microorganisms also accelerate antioxidant responses to protect plants from oxidative injury. These adaptive responses are prevalent in bacteria as they enable them to survive numerous harsh conditions (Liu et al., 2019). Among these features, extracellular polymeric substance (EPS) production regulates several services including mass transfer restriction, preventing water loss, and regulating essential biomolecules such as enzymes, nucleic acids and exopolysaccharides (López-Ortega et al., 2021). EPS-producing microbes can enhance salt tolerance in plants by absorbing sodium ions in the soil, making them less available to plants (Bhagat et al., 2021). Additionally, bacterial exopolysaccharides play a prominent role in improving soil structure under salt stress by producing micro and macro-aggregates (Grover et al., 2011).

Halophiles or halo-tolerant represent a diverse group of microorganisms with a remarkable ability to grow in a wide range of NaCl concentrations (Abbas et al., 2019). These microbes can be categorized ranging from highly halophilic (2.5-5.2 M) to halotolerant (0.3-0.5 M) through various adaptive mechanisms (López-Ortega et al., 2021). Some of the major contributions of these microbes include ACC deaminase activity, EPS production, nitrogen fixation, IAA production, biofilm development, building-up osmolytes in the cytoplasm of plant cells, maintaining turgor pressure in salt-stressed cells, and limiting osmotic and oxidative stress by producing plant hormones and antioxidants (Table 1) (Rajput et al., 2018; Rima et al., 2018; Nawaz et al., 2020; Kumar et al., 2021). According to Li et al. (2021), a diverse microbial community was recruited by plant roots in the rhizosphere of the salt-treated plants, enhancing plant salt tolerance. Similarly, the rhizosphere of groundnuts exhibited a notable presence of Acidobacteria and Cyanobacteria, when exposed to salt stress (Xu et al., 2020). Even though these findings reveal the importance of microbial communities in the defense mechanisms of plants under salt stress, further in-depth mechanistic investigation using different plant species under saline condition are required to fully understand the effects of salt stress on the plant-associated microorganisms.





4 Signaling and cross-talk involved in plant-microbe interactions

Plants in their natural habitat engage in dynamic crosstalk with various environmental signals, facilitating the integration of microbial communities. In such communicatory networks, plants possess the ability to efficiently sense and respond to interactive stimuli. However, upon recognizing of microbial substances, they have the potential to establish symbiosis or develop immune responses. Overlooking this complicated web of communication networks, the significance of chemical signaling in perception and modulation is highly pivotal for stationary organisms like plants (Afridi et al., 2022). Plants utilize chemical signals as stimuli to establish beneficial relationships with surrounding microorganisms, either aboveground (trunk, shoots, leaves) or belowground (roots). This sophisticated communicatory network is steered by hormonal crosstalk and root exudation, regulating the intricate interactions between plants and their diverse biotic and abiotic environments.



4.1 Role of root exudates in shaping rhizosphere microbiota

During various growth stages, plants exudate a wide array of metabolites including primary and secondary metabolites, through their roots. Primary metabolites regulate processes including growth, development, and nutrient acquisition. On the other hand, secondary metabolites are generally not involved in plant survival; however, they serve essential functions in plant defense and protection against insects and pests. Additionally, secondary metabolites are important for plant adaption to changing environments and resilience to different biotic and abiotic stresses. A diverse range of defensive functions are performed by these secondary metabolites under both biotic and abiotic stresses including photoprotection, signaling, antimicrobial ability and structural stabilization (Ingle et al., 2016). Moreover, plant secondary metabolites contribute to pest and disease tolerance, act as signaling molecules for plant-microbe interactions, and influence microbial communities associated with their hosts (Fakhri et al., 2022).

The chemical composition of root exudates is greatly dependent on the genetics and age of the plant species (Zhang et al., 2021) as well as the soil physico-chemical properties (Sasse et al., 2020). Variation in the root exudates among different plant species is mainly dependent on the intricate regulation of root system architecture (RSA) (Galindo-Castañeda et al., 2024). The area below the root cap is recognized as the major exudation site, although various root zones have been reported active in different plant species (Haldar and Sengupta, 2015). Furthermore, different root parts have different exudations. For instance, the root meristem and elongation site are responsible for asparagine and threonine, the root hair zone exudes glutamic acid, valine, leucine, and phenylalanine, whereas the whole root secretes aspartic acid (Haldar and Sengupta, 2015). Plant root exudation is the central source of nutrients in the rhizosphere, attracting indigenous microbes that thrive in that specific environment (Pascale et al., 2020). Root exudates not only function as signaling molecules, such as chemoattractants and stimulants, but in certain situations, they act as repellents and inhibitors. These chemicals continuously evolve with the changes in their immediate environment, modulating the initial dialogue between plant roots and soil microorganisms (Wiesenbauer et al., 2024). Chemotaxis and colonization are necessary for the establishment of a microbiome in the rhizosphere. Root exudates are considered the central source of signaling molecules for microorganisms, promoting their chemotactic movement toward the rhizosphere and facilitating early colonization. Thus, root exudates play key role in plant-soil feedback by modifying microbial communities.




4.2 Hormonal crosstalk in plant-microbe symbiosis for enhanced stress tolerance

Plants growing under natural conditions constantly interact with both biotic and abiotic environments. To ensure their survival and to sustain the effects of these diverse and often hostile conditions, plants developed a sophisticated and adaptable environmental signaling network steered by phytohormones (Jain et al., 2021). This elaborate hormonal crosstalk fine-tunes plant responses to extremely dynamic and varied circumstances. Plant hormones are organic substances produced in small amounts that serve as important regulators of plant developmental processes in response to external stimuli by triggering different physiological mechanisms (Hirayama and Mochida, 2022). Plants naturally synthesize a multitude of hormones including auxins, GA, CK, and ABA to oversee their growth and metabolism (Iqbal et al., 2022). Studies indicate that phytohormone application during stress greatly enhances plant functioning and metabolic processes. Among phytohormones, auxin and ABA have pivotal roles in alleviating abiotic stresses (Hu et al., 2013). However, researchers have also deciphered the potential roles of other phytohormones in numerous studies (Singh and Singh, 2017; Sharma et al., 2019). The crosstalk of ABA, SA, jasmonates, and ethylene with the major growth-2promoting hormones such as auxins, GA, and CK, greatly contributes to plant defense against several abiotic stresses (Figure 3).
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Figure 3 | Hormonal crosstalk and signaling mediating abiotic stress tolerance in plants. IAA promotes antioxidant activity by neutralizing ROS. CK works with ABA to modulate stress responses. ABA is crucial for regulating stomatal conductance and promoting drought tolerance. SA interacts with other hormones like ABA and JA, influencing plant defense mechanisms. ACC deaminase modulates ethylene levels to mitigates stress effects. IAA, Indole acetic acid; ROS, reactive oxygen species; CK, cytokinins; ABA, abscisic acid; ACC, 1-aminocyclopropane-1-carboxylate; SA, salicylic acid; JA, jasmonic acid.

Microorganisms establish symbiotic relation with plants to protect them against abiotic and biotic stresses by triggering phytohormone signaling and activating defense mechanisms (Khan et al., 2020b). However, it is noteworthy that the influence of microbes on the regulation of phytohormones has significance not only in directly promoting plant growth but also in several other aspects of microbial effects on plants, such as enhancing nutrient acquisition and mediating stress resistance. Phytohormones play a significant role in mitigating abiotic stress by regulating vital functions in plants, including nutrient acquisition, water balance homeostasis, tolerance against pathogens, antioxidant activities, increased chlorophyll and protein content and stress-inducible gene regulation (Figure 3).

It is worth mentioning that microbes can modulate mineral acquisition through nitrogen fixation or phosphate solubilization, thereby indirectly influencing the concentration of phytohormones in plants, as the status of phytohormones partially contingent on the efficiency of nutrient acquisition (Kudoyarova et al., 2015). Moreover, the role of rhizosphere microorganisms in modulating plant hormonal status is likely involved in the majority of well-established mechanisms through which microbes promote plant growth. This could include activities like engineering the interplay of phytohormones or integrating microbial biocontrol solutions based on plant hormones (Shigenaga et al., 2017). Therefore, a detailed overview is required to better understand the multifaceted roles of phytohormones in regulating plant defenses and fitness (Vos et al., 2013; Guo et al., 2018). This will facilitate the optimized use of the phytohormone network for practical applications in plant cultivation and protection.





5 ACC deaminase mediated suppression of abiotic stress in plants

The enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase is present in many PGPR, regulating plant growth by reducing the ethylene level produced in response to stress signals (Ali and Kim, 2018). Ethylene is a gaseous phytohormone that regulates plant growth at optimal concentrations; however, at higher concentrations, it affects various plant developmental processes, including root growth, nodulation, fruit ripening, flowering, and leaf senescence (Vanderstraeten et al., 2019). Prolonged exposure to various stresses can lead to increased accumulation of ethylene, which can significantly impact plant developmental processes (Dubois et al., 2018). IAA may elicit ACC synthesis, which severs as an intermediate precursor to ethylene biosynthesis and act as a key milestone in the regulation of ethylene production in plants.

When ACC is secreted by plant roots in the presence of high concentrations of ethylene, ACC deaminase-producing bacteria catalyze the breakdown of α-ketobutyrate and ammonia rather than ethylene, thereby reducing plant growth-inhibitory ethylene levels in developing or stressed plants (Ratnaningsih et al., 2023). Furthermore, IAA synthesis by these bacteria enhances root development and nutrient uptake, further supporting plant resilience against several abiotic stresses (Figure 4) (Etesami and Glick, 2024). Specifically, the role of IAA in promoting root and shoot growth significantly enhances plant adaptation to heavy metal stress (Shah et al., 2024). For instance, the availability of IAA has been shown to improve plant growth under heavy metal stress by increasing the phytoextraction of Pb, Zn, and Cd (Sytar et al., 2019). Similarly, the application of IAA can enhance plant growth in metal contaminated soil by mitigating the hazardous effects of heavy metals on plants (Sharif et al., 2022). Another study reported that the application of IAA-producing fungal endophyte Penicillium roqueforti greatly reduced the uptake of heavy metals by wheat plants (Ikram et al., 2018). Altogether, the synthesis of IAA by microbes plays significant role in enhancing plant growth and resilience, particularly in metal-contaminated soils.
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Figure 4 | A schematic model proposing how ACC deaminase-producing bacteria promote plant growth by reducing ethylene concentration. The stress response in plants initiates with SAM conversion to ACC by the enzyme ACC synthase. ACC is subsequently converted to ethylene through ACC oxidase, which can hinder plant growth and restrict IAA biosynthesis. Meanwhile, ACC conversion in bacteria proceeding through ACC deaminase, resulting in the synthesis of α-ketubutyrate and ammonia, which in turn diminishes the synthesis of ethylene and promote plant growth. IAA biosynthesis is a complex and multi-enzymes/proteins process. Lines with an arrowhead represent a positive effect while those with flattened head represent inhibition. SAM, S-adenosyl-L-methionine; ACC, 1-aminocyclopropane-1-carboxylate; ACS, ACC synthase; ACO, ACC oxidase; IAA, indole-3-acetic acid.

Inoculating plants with ACC deaminase-producing bacteria provides protection against various stresses (Herpell et al., 2023; Roy Choudhury et al., 2023). Notably, Trichoderma strains containing ACC deaminase have been found to show phytopathogenic biocontrol and plant growth regulation activity in mangrove seedlings (Saravanakumar et al., 2018). Additionally, Increased ACC deaminase activity and IAA production was observed in the presence of Serratia K120 bacterium under heavy metal stress (Carlos et al., 2016). Similarly, it has been reported that Paraburkholderia dioscoreae Msb3, a novel bacterium designated strain, interacts with other symbionts, enhancing plant growth in tomato through ACC deaminase activity (Herpell et al., 2023). While the importance of ACC deaminase in plant growth promotion and abiotic stress resilience have been demonstrated, there is a lack of comprehensive studies on the plant root ACC exudation and microbial ACC deaminase activity under various abiotic stresses. In-depth investigation of the plant responses following the utilization of IAA- and ACC deaminase-producing bacteria would be rewarding, especially to reveal the best strategy for PGPR application in crop production, leading to more sustainable practices that reduce reliance on chemical fertilizers for better ecological safety.




6 Current challenges for optimizing plant-microbe interaction

Plants have been significantly affected due to the abrupt changes in climatic conditions, resulting in severe impacts on cellular homeostasis. These impacts eventually lead to stunted plant growth and development, highlighting the emerging need to shift from conventional breeding to more advanced and sustainable approaches. To address these challenges genetic engineering has emerged as a promising solution for developing microbial strains that are effective and possess extended lifespans to achieve crop yield under drought conditions. Recent developments in microbiology, molecular biology, and biotechnology have led to the discovery of novel genes linked to drought tolerance (Salvi et al., 2022). The integration of microbiotechnology concepts in agriculture should be leveraged to isolate microbial strains from the stress-affected soils, and further evaluation of these strains based on their stress tolerance may be useful in the process of bio-inoculation of crops cultivated in drylands (Kaushal and Wani, 2016).

Exploring diverse microbial communities poses a significant challenge in plant-microbe interaction research, as it is difficult to address important questions like the basic characteristics of a specific microbial community, the complex interplay among different community members, and how these members contribute to the survival of plants under such circumstances. It is now well-recognized that plants can regulate the recruitment of various root-associated microorganisms for required purposes (Bag et al., 2022). Moreover, the mechanisms of various signaling pathways in the rhizosphere that lead to the assembly and stability of intrinsic microbiome require investigation. Recent research breakthroughs in the area of plant-microbe interactions may have a significant impact on agricultural productivity. Research on these beneficial plant-microbe interactions in the rhizosphere will further elucidate how these microbes impact the nutritional composition of plant materials. However, it remains a challenging and demanding area of research to systematically exploit and utilize these beneficial microbial species living in the plant rhizosphere. Therefore, there is an urgent need to develop new and advanced scientific approaches to comprehend the complex interplay between plants and the microbiome under changing environmental conditions.




7 Recent innovations in plant-microbe interaction

The rhizosphere is an ever-changing environment, offering diverse and intriguing aspects to researchers. The advent of highly sophisticated molecular biology techniques has brought a new era for thoroughly investigating the complex plant-microbe crosstalk for green efficient production. The emergence and continuous updating of omics, gene-editing techniques, and high-throughput sequencing technology have opened up new ideas for studying the complex networks of plant-microbe interactions and plant resilience to different biotic and abiotic stresses (Kimotho and Maina, 2024). Genomics has proven to be an efficient tool in investigating and predicting plant-microbe interactions, as well as enhancing plant resilience to different stresses (Frantzeskakis et al., 2020). Multiple sequencing technologies, including prokaryotic 16S amplicon sequencing (Qin et al., 2024), fungal internal transcribed spacer (ITS) regions sequencing (Labouyrie et al., 2023), and metagenomics (Masuda et al., 2024) have been employed to analyze the extensive genetic variability present within the soil microbiome.

Next generation sequencing (NGS)-based transcriptomics is the most comprehensive and efficient approach to uncover the molecular background of plant-microbe interactions (Katara et al., 2024). It is mostly employed to evaluate plant performance under various stress conditions, revealing the physiological responses of plants to pathogens and elucidating the signaling mechanisms occurring in the rhizosphere (Roy et al., 2024). NGS has paved the way to investigate beneficial plant-microbe interactions and plant performance under abiotic stresses (Rehman et al., 2024). For instance, enhanced drought tolerance in wild soybean (Kim et al., 2024), the cold tolerance response in upland cotton (Wang et al., 2024), the impact of short-term flooding on the expression profile of orchard grass genes (Qiao et al., 2020), and altered gene expression level in Arabidopsis under cold stress (Zhang et al., 2024), have been revealed through NGS. Metagenome sequencing using oxford nanopore technologies (ONT) is currently the most effective strategy for pathogen detection (Yu et al., 2023). It is a robust and direct method of long-read sequencing without the need for an amplification step (Wang et al., 2021b). Due to its ability to directly detect pathogens except RNA viruses, it can be used without prior knowledge of pathogens (Javaran et al., 2023). The MinONTM technology has already been used for metagenome sequencing of bacteria, fungi, and viruses, affecting various crops (Jongman et al., 2020; Mechan Llontop et al., 2020). Overall, these modern molecular techniques have greatly improved agricultural productivity and sustainability with enhanced resilience to various ongoing climatic challenges.




8 Future perspectives

Plants, and specifically the rhizosphere are bustling with microorganisms. When plants encounter unfavorable conditions, they can recruit beneficial microbes to help mitigate these stresses by releasing a range of chemical signals, which is known as the ‘cry for help’ strategy (Bai et al., 2022). To understand the mechanistic background of ‘cry for help’ strategy of plants, it is important to investigate these molecular aspects of plant-microbe interactions in the rhizosphere (Zancarini et al., 2021). Identifying genes with specific functions is mandatory for understanding the signaling cascades that regulate plant growth and stress responses (Depuydt and Vandepoele, 2021). Understanding the interplay between plant functional genes and rhizosphere microbes will be essential for regulating plant growth and development processes, including root architecture, microbial abundance, phytohormones, secondary metabolites, nutrient acquisition, and plant immune responses (Liu et al., 2023). For instance, the MYB72 transcription factor in Arabidopsis, recognized for its prominent role in the induced systematic response (ISR) mediated by beneficial microbes, represents a promising area for further investigation (Vlot et al., 2021). Additionally, the roles of members of the plant multidrug and toxic compound extrusion (MATE) family in transporting phytohormones and secondary metabolites require further exploration (Wang et al., 2022). Moreover, the co-expression of the Arabidopsis gene AVP1, the rice gene OsSIZ1, and the cyanobacterium flavodoxin gene FId revealed their important contributions to plant growth and resilience to multiple environmental adversities through delicately fine-tuned their genetic and epigenetic regulation (Zhao et al., 2024).

Innovations in plant-microbe interactions at the molecular level offer a new direction for genetic breeding (Nerva et al., 2022). Exploring this relationship will help us develop crop varieties with enhanced adaptability to various stresses. Future research using cutting-edge technologies such as multi-omics, NGS, and imaging techniques as discussed in section 7, will enhance our understanding of the microbes that mutually interact with host genes is expected to provide new germplasm resources. Furthermore, the molecular and mechanistic background of microbial ACC deaminase activity in response to root-exuded ACC under various abiotic stresses is still at a preliminary stage. In-depth investigation of plant responses to IAA- and ACC deaminase-producing bacteria would be rewarding, especially in revealing the best strategies for PGPR application in crop production, leading to more sustainable practices that reduce reliance on chemical fertilizers for better ecological safety.




9 Conclusions

Climate change, with increased adversity, is a concurrent global concern that leads to implications for worldwide food security, negatively impacting both plant and microbial growth. Identifying innovative approaches to meet the growing demand for food in a changing climate is challenging, particularly as plant stresses and diseases greatly affect crop production and sustainability. Improving plant adaptations to these stressors while increasing agricultural production is one of the potential demands. In this context, the current review explores comprehensive insights into how plants and their microbiomes enhance resilience to stresses like drought, salinity, and temperature variations. We highlight key microbial strategies that mediate plant tolerance, including ROS scavenging, antioxidant regulation, and IAA synthesis. Additionally, we emphasize the role of ACC deaminase-producing bacteria in regulating ethylene levels, suggesting that future research should focus on the interaction between plant root ACC exudation and microbial ACC deaminase activity for effective ethylene mitigation during stress. Recent advancements in molecular techniques, such as next-generation sequencing and multi-omics approaches, are discussed to optimize these interactions, along with the chemotactic movement of microbes driven by hormonal crosstalk and root exudation.
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Salt stress could lead to plant growth barriers and crop yield reduction. Strawberries are sensitive to salt stress, and improving salt tolerance is important for strawberry production. This study aimed to explore the potential of hydrogen-rich water (HRW) to enhance salt tolerance in strawberries. Through pot experiments, we investigated how HRW affects plant growth, ion absorption, osmotic stress, oxidative stress, antioxidant enzyme levels, hormone levels, and root endophytic bacteria in strawberry seedlings under salt stress. The results showed that under 100 mM NaCl treatment, 50% and 100% HRW treatments significantly increased strawberry biomass by 0.29 g and 0.54g, respectively, wherein, 100% HRW significantly increased the shoot and root length by 15.34% and 24.49%, respectively. In addition, under salt stress the absorption of K+ by strawberry seedlings was increased with the HRW supplement, while the absorption of Na+ was reduced. Meanwhile, HRW treatment reduced the transfer of Na+ from root to shoot. Furthermore, under salt stress, HRW treatment increased the relative water content (RWC) by 12.35%, decreased the electrolyte leakage rate (EL) by 7.56%. HRW modulated phytohormone levels in strawberry seedlings, thereby alleviating the salt stress on strawberries. Moreover, HRW was found to promote plant growth by altering the diversity of bacteria in strawberry roots and recruiting specific microorganisms, such as Tistella. Our findings indicate that HRW could help restore the microecological homeostasis of strawberry seedlings, thus further mitigating salt stress. This study provides a novel perspective on the mechanisms by which HRW alleviates salt stress, thereby enriching the scientific understanding of hydrogen’s applications in agriculture.




Keywords: endophytic bacteria, hydrogen, hydrogen rich water (HRW), salt stress, strawberry



Graphical Abstract | [image: Diagram illustrating the effects of salt stress on plant growth and the alleviation through hydrogen-rich water (HRW). On the left, salt stress increases sodium (Na+) levels and reactive oxygen species (ROS), reducing potassium (K+) and causing inhibited growth. On the right, HRW treatment improves ion balance and antioxidant enzyme activity, enhancing growth by altering endogenous bacteria diversity and recruiting beneficial bacteria, with indicators like IAA, SA, and GAI.]






1 Introduction

Strawberry (Fragaria ananassa duch.) is a perennial herb belonging to genus Fragaria in the family Rosaceae, which is widely planted in the world. The world’s strawberry planting area and yield have indeed been increasing, with the planting area reaching 396,400 hectares and the yield reaching 8.89 million tons. This indicates a positive trend in the global strawberry production industry (Lv et al., 2021). China is the world’s largest producer of strawberry, and the planting area and output are also increasing (Su et al., 2022). Additionally, Strawberry has become one of the most popular fruits because of its unique taste and flavor. Strawberries are rich in potential functional compounds such as phenols, phenylpropane compounds, L-ascorbic acid, and other compounds with antioxidant potential. Therefore, they are classified as a functional food source with a variety of health benefits Its demand and availability in the market have greatly increased (Crizel et al., 2020; Moradi et al., 2022). However, strawberries are relatively sensitive to salinity and are vulnerable to salinity. Salt stress will affect the growth and development of strawberries, affecting the absorption of mineral elements, the activity of antioxidant enzymes and the quality of strawberries (Perin et al., 2019; Saidimoradi et al., 2019). Therefore, improving the salt tolerance of strawberries can expand the suitable range of strawberries.

Soil salinity is a major environmental stress that affects agricultural production and environmental health. This phenomenon poses a serious threat to crop growth and also has a profound impact on the physicochemical properties of soil and the stability of ecosystems. In the context of current population growth and climate change, it also poses a threat to food and cultivated land security (Hayat et al., 2020a). Currently, approximately 20% of the global arable land is impacted by salt stress, with around 33% of irrigated land being categorized as affected and deteriorated by salinity (Tefera et al., 2022). Soil salinity will affect the sustainable development of agriculture, ecological environment and food safety. Excessive salinity can alter plant osmotic potential, leading to a decrease in water absorption. Additionally, excessive accumulation of Na+ can disrupt ion homeostasis and lead to ion toxicity (Sun et al., 2018; Yang and Guo, 2018b). Na+ excessive accumulation effects include inducing the outflow of cell cytosolic K+, thereby reducing the cell cytosolic K/Na ratio (Guo et al., 2020). Furthermore, salt stress can cause a sharp increase in H2O2 levels within plant cells, which might be a crucial signal for salt stress. The excessive accumulation of ROS disrupts cellular metabolism by oxidizing lipids, proteins and nucleic acids, leading to severe oxidative damage (Miller et al., 2010; Xiao and Zhou, 2023). This highlights the urgency of finding solutions to mitigate the adverse effects of soil salinity on crops.

Hydrogen is one of the abundant elements in the universe, and also one of the basic elements of life. Hydrogen is a weak reducing gas with simple structure, which widely exists in the primitive atmosphere. As the most promising energy carrier, hydrogen contributes to the transformation of low-carbon energy and has been widely studied (Zhang et al., 2023). Similarly, numerous studies have shown that hydrogen can significantly improve the oxidative damage of animal cells caused by trauma (Tian et al., 2021; Zhao et al., 2019). In 1964, the botanical effect of H2 was first confirmed in Secale cereale. In 2007, Japanese scholars first published hydrogen rich solution, which can be used as a safe and effective exogenous H2 source for scientific research (Wang et al., 2024). It is found in nature that microalgae and cyanobacteria can express hydrogenase and reduce protons to gaseous H2 (Yacoby et al., 2011). Using hydrogen rich water (HRW) as hydrogen supply mode can improve the tolerance to abiotic and biological stresses, regulate plant growth and development, improve nutritional quality, prolong the shelf life of fruits, and prolong the in bottle-life of fresh cut flowers (Cui et al., 2013; Hu et al., 2018; Su et al., 2019). In addition, the explosion limit of hydrogen in air is 4%-75.6% (Shirvill et al., 2019), and the dissolution limit of hydrogen in water is far less than the explosion concentration. Therefore, it is of great significance to use hydrogen rich water to improve the salt stress resistance of strawberries, alleviate adverse stress, and maintain their normal growth and development, which is a green and sustainable method. In addition, hydrogen can alter the composition of soil bacteria and promote plant growth (Dong et al., 2003). However, the impact of hydrogen on endophytic bacteria within plant roots is still unclear. Therefore, conducting hydrogen research is of great significance for enriching the application of hydrogen in agriculture and improving the theoretical system.

In this study, Fragaria×ananassa Duch.’Benihoppe’ was used as the experimental material to screen for salt stress and HRW concentrations that met experimental requirements. The objectives of this study were to: (1) evaluate the effects of hydrogen-rich water (HRW) on the growth of strawberry seedlings under salt stress; (2) investigate the changes in ion absorption, osmotic response, oxidative stress, antioxidant enzyme levels, and hormone levels in strawberry seedlings under salt stress with HRW treatment; and (3) investigate the response of root endophytic bacteria to HRW under salt stress. The study aimed to explore the mechanisms by which HRW alleviates growth inhibition in strawberry seedlings under salt stress, providing a theoretical foundation for the practical application of hydrogen in agricultural environments, thereby contributing to the broader application of hydrogen in enhancing agricultural sustainability.




2 Materials and methods


2.1 Preparation of HRW

To prepare hydrogen-rich water (HRW) with different saturation levels, pure hydrogen gas (99.99%, v/v) was produced through electrolysis using a QL-300 hydrogen generator from Saikesaisi Hydrogen Energy Co., Ltd., Shandong, China (Su et al., 2019). This hydrogen gas was then bubbled into 4000 mL of deionized water at a flow rate of min-1 for a duration of 2h. After the saturation process, the resultant saturated HRW was immediately diluted to create concentrations of 50% and 100% saturation, respectively.




2.2 Experimental design

The sources of plant materials and the locations of experiments were provided in the supplemental information. The experiment used a completely randomized block design, with 5 strawberry seedlings planted in each plastic pot (length 44 cm * width 33 cm * height 21 cm). The experiment set up 3 NaCl concentrations: CK (0), Na1 (50 mM), Na2 (100 mM), and 3 hydrogen rich water concentrations: T1(0), T2 (50%), T3 (100%) for a total of 9 treatments (n = 4 each), To mitigate osmotic shock, the plants were watered with a total of 2800 mL of NaCl solution, administered in increments of 400 mL every other day over a period of 2 weeks. Treated with HRW every 2 days. Measured all indicators after 21 days of treatment. The growth parameters of seedlings were determined and frozen at -80°C for other analysis.




2.3 Determination of plant physicochemical properties

After 21 days of NaCl stress, the plants were removed from the soilless substrate and washed 3 times with deionized water. Then, divide the plant into shoot and root parts based on the surface of the medium as the boundary. After measuring the length and fresh weight, the separated plants oven-drying at 105°C for 30 minutes, and dry at 70°C for 72 hours until reach a constant weight, measured the dry weight. Dried plant samples were further investigated for determining nutrient elements content and ion accumulation.




2.4 Determination MDA, H2O2, TP and proline

The content of malondialdehyde (MDA) was tested using the thiobarbituric acid (TBA) method at a wavelength of 450, 532 and 530 nm. For the determination of H2O2, a modified titanium sulfate method was employed, with absorbance measured at 405 nm. The proline content was determined by the acid ninhydrin method, which was measured at a wavelength of 520 nm (Wang et al., 2020; Yang et al., 2023a). The total protein (TP) content in the tissue was measured using a Coomassie Brilliant Blue assay kit, and absorbance was measured at 595 nm using a microplate reader (Nanjing Jiancheng Bioengineering Institute).




2.5 Determination of osmotic stress response in strawberry

After washing and wiping the surface of the fresh leaves dry, 2cm x 1cm leaf sections were cut away from the main vein and weighed for their fresh weight (FW). The leaves were then incubated at room temperature (25°C) in 50 ml centrifuge tubes with 20 ml of deionized water for 24 hours, shaken periodically. After incubation, the surface of the leaves was wiped dry again, and they were re-weighed for their turgid weight (TW). Finally, the samples were dried at 70°C for 72 hours, after which they were weighed for their dry weight (DW) (Fairoj et al., 2023). The following formula was used for calculations:

[image: Equation for Relative Water Content (RWC percent) is shown as: RWC (%) = [(FW - DW) / (TW - DW)] × 100.] 

Leaves were washed with deionized water and cut into 2 cm lengths (Lutts et al., 1996). It was placed in a 15 mL centrifuge tube containing 10 mL of deionized water and incubated on a shaking table at 30°C for 6 hours. The conductivity (EC1) of the sample solution was measured using a conductivity meter (Orion Star ™ A212, Thermo Scientific, USA). The centrifuge tubes were boiled in water for 30 minutes, and then measured the conductivity of the sample solution again (EC2).

[image: Equation showing EL equals EC1 divided by EC2, labeled as equation two.] 




2.6 Determination of antioxidant enzymatic activities

For the assessment of oxidative damage and the activities of antioxidant enzymes in strawberry seedlings, leaf tissues weighing 0.5 g were pulverized in an ice bath using 2 mL of cold phosphate buffer solution (PBS, 0.1 M, pH 7.4). The homogenate was then centrifuged at a speed of 4000 rpm for 15 minutes at a temperature of 4°C. Subsequently, the clear liquid above the sediment, or supernatant, was extracted for additional analyses. The oxidative damage in strawberry seedlings was evaluated by measuring the contents of hydrogen peroxide (H2O2), malondialdehyde (MDA), and free proline. Antioxidative enzymes including SOD, POD, CAT and APX according to the Wang’s method (Wang et al., 2020).




2.7 Determination of ion elements in plant

To analyze the presence of K, Na and nutrient elements (K, Na, Ca, Mg) within plant samples, a quantity of 50 mg of plant tissue was subjected to an acid digestion process using a blend of 69% HNO3 and 30% HClO4 (4:1 v/v) utilizing a graphite digestion unit. This process was continued until the mixture became a clear liquid (Chen et al., 2022). Concentrations of the nutrient elements in the plant tissues were subsequently quantified using an inductively coupled plasma optical emission spectrometry (ICP-OES, Optima 8000, PerkinElmer, USA).




2.8 Quantification of phytohormone content

A quantity of 1.5 g of fresh samples was triturated into powder in liquid nitrogen and placed into a glass tube. The extraction of the mixture was carried out by the addition of an isopropanol-water-hydrochloric acid solution, followed by the addition of 8 µL of a 1 µg/mL internal standard. This mixture was then subjected to shaking for 30 min at 4°C. Subsequently, dichloromethane was introduced, and shaking was continued for an additional 30 min under the 4°C. Afterwards, the mixture was centrifuged at 13,000 rpm at 4°C for 5 min, and the organic phase was collected. The organic phase was dried by blowing nitrogen gas under avoidance of light conditions and then re-dissolved in 0.1% v/v formic acid. The solution was subsequently centrifuged at 13,000 rpm at 4°C for 10 min and the supernatant was passed through a 0.22 µm filter membrane. The levels of indole-3-acetic acid (IAA), abscisic acid (ABA), salicylic acid (SA), and gibberellin (GA1) were determined by HPLC-MS/MS (Agilent 1290, USA) (Chi et al., 2022; Wang et al., 2022). For detailed information on the HPLC-MS/MS detection conditions, please refer to the supporting information.




2.9 16S rRNA gene sequencing

The collected root samples were placed on ice (to remove impurities adhering to plant roots), the samples were washed with sterile water for 0.5 minutes, then the samples were washed in 75% ethanol for 1 minute, washed with 2% NaClO for 3 minutes, transferred to 75% sterile ethanol for 1 minute, and finally the plant tissue was washed with sterile water for 0.5 minutes (Chi et al., 2023). The nucleic acid extraction of surface disinfected root tissue is carried out at Shanghai Majorbio Biomedical Technology Co., Ltd. Detailed information on specific procedures and analysis can be obtained in the supporting information. The raw data has been uploaded to NCBI (PRJNA1172171).




2.10 Statistical analysis

All the data were evaluated as means ± standard errors from three independent biological replications. Analysis of variance (ANOVA) was used for statistical analysis at p < 0.05 level, version 22.0 (SPSS, Chicago, IL, USA). Origin 2022b was used for mapping. In order to better understand the correlation between measured parameters, we applied Pearson’s correlation coefficient for analysis.





3 Results


3.1 Effect of HRW on the growth of strawberry seedlings under salt stress

To evaluate the potential of HRW in alleviating the growth inhibition of strawberry seedlings under salt stress, the effect of HRW on the phenotype of strawberry seedlings was measured under salt stress. Overall, salt treatment inhibited the growth of strawberry seedlings (Figure 1). Under the CK treatment, HRW had no significant effect on growth parameters. Without HRW treatment, the growth parameters of strawberry seedlings decrease with increasing salt concentration. The lengths of shoots and roots are shown in Figures 1A, B. On CK and Na1 treatments, different HRW concentration had no significant effect on shoot and root length. However, in the Na2 treatment, compared with T1, T3 significantly increased shoot length and root length by 15.34% and 24.49%, respectively.

[image: Bar graphs labeled (a), (b), (c), and (d) display different plant growth metrics: shoot length, root length, shoot dry weight, and root dry weight, respectively, across three treatments (T1, T2, T3) under conditions CK, Na1, and Na2. Various letters indicate statistical differences. On the right, image (e) shows plants with varying root systems under the same conditions and treatments. CK, Na1, and Na2 are used to denote experimental conditions, with a scale marking 5 cm for reference.]
Figure 1 | Effects of HRW on length and dry weight of strawberry seedlings shoot and root under salt stress. Different capital letters indicate significant differences between different concentrations of HRW treatments under the same salt treatment. Different lowercase letters indicate significant differences between different concentrations of salt treatments under the same HRW treatment (p < 0.05). CK: 0 NaCl, Na1: 50 mM NaCl, Na2: 100 mM NaCl, T1: 0 HRW, T2: 50% HRW, T3: 100% HRW.

HRW had significantly increased the biomass of strawberry seedlings under salt stress (Figures 1C, D). Under Na1 treatment, T2 and T3 had significantly increased shoot dry weight by 0.15 g and 0.21 g compared with T1 (0.68 g). In addition, T3 had enhanced root dry weight 0.80 g to 0.96 g (p<0.05). Under Na2 treatment, compared with T1, T2 and T3 had significantly increased shoot dry weight by 0.18 g and 0.30 g, and root dry weight by 0.11 g and 0.24 g, respectively. The phenotypic diagram of the plant is shown as Figure 1E. In summary, HRW significantly increased the shoot and root lengths and biomass of strawberry seedlings under Na2 treatment, indicating its potential application in alleviating salt stress-induced growth inhibition in strawberry seedlings.




3.2 Effect of HRW on shoot oxidative stress in strawberry seedlings under salt stress

As shown in Figure 2, MDA and proline concentration increased with increasing salt concentration. Total protein concentration decreased with increasing salt treatment. Meanwhile, salt treatment increased H2O2 concentration. Compared with T1 (Figures 2A, D), T2 and T3 significantly decreased the MDA and proline concentrations under Na2 treatment, proline decreased by 34.40% and 39.52%, respectively. MDA decreased by 32.12% and 40.33%, respectively. In addition, compared with T1 under Na2 treatment, T3 significantly decreased H2O2 concentration from 241.75 to 220.96 mmol g-1, and significantly increased total protein concentration from 1.18 to 1.80 g g-1FW (Figures 2B, C). However, T2 had no significant effect on H2O2 concentration and total protein concentration. Overall, HRW significantly reduced the MDA and proline concentrations, decreased H2O2 levels, and increased total protein concentration in strawberry seedlings under Na2 treatment, indicating its potential benefits in alleviating oxidative stress induced by salt stress.

[image: Four bar charts comparing different treatments (T1, T2, T3) across CK, Na1, and Na2 conditions. Chart (a) shows MDA concentration, highest in Na2 for T1. Chart (b) presents H2O2 concentration, with Na1 and Na2 showing higher results for T1 and T3. Chart (c) indicates total protein concentration, highest and consistent across treatments in CK. Chart (d) displays proline concentration, peaking for T1 in Na2. Error bars suggest variability in data.]
Figure 2 | Response of HRW to oxidative stress in strawberry seedlings under salt stress. Different capital letters indicate significant differences between different concentrations of HRW treatments under the same salt treatment (p < 0.05). Different lowercase letters indicate significant differences between different concentrations of salt treatments under the same HRW treatment (p < 0.05). CK: 0 NaCl, Na1: 50 mM NaCl, Na2: 100 mM NaCl, T1: 0 HRW, T2: 50% HRW, T3: 100% HRW.




3.3 Effect of HRW on nutrient absorption and ion homeostasis s in strawberry seedlings under salt stress

Based on the indicators mentioned above, we selected the following four groups of treatments for further research, as shown in Table 1. In terms of shoot nutrient absorption, Application of HRW had no significant effect on Mg content. Compared with CK, Na treatment was significantly increased Na content by 5.18 time. Similarly, Ca content had increased by 1.11 mg g-1 (p < 0.05), and K content decreased by 2.14 mg g-1 (p < 0.05). Compared with Na treatment, HRW treatment significantly reduced the Na and Ca content by 45.05% and 13.22%, respectively. Meanwhile, HRW treatment increased K content by 2.65 mg g-1 (p < 0.05). K/Na ratio decreased by 80.27% which caused by salt stress, and after HRW treated K/Na ratio increased by 63.96% (p<0.05). We also noticed that treatment with HRW alone increased Ca content and K/Na ratio (p < 0.05). In root tissue, compared with CK, Na treatment showed a significant increase in Na+ by 71.17% and a significant decrease in K+ by 6.01%. Na_HRW treatment showed a significant increase of 39.94% in Na+. Under salt stress, after applying HRW, K+ significantly increased by 12.26%, Na+ significantly decreased by 18.25%, Mg2+ significantly increased by 4.85%, and K/Na significantly increased by 37.4%. Salt stress significantly enhanced TFNa, compared with Na treatment, applying HRW decreased TFNa 32.39% (p < 0.05). In conclusion, HRW treatment significantly mitigated salt stress effects on ion uptake in strawberry shoots and roots, enhancing K/Na ratios, thereby improving plant resilience under salinity conditions.

Table 1 | Nutrient element content in the shoot of strawberry seedlings.


[image: Table comparing treatments CK, HRW, Na, and Na_HRW for potassium (K), sodium (Na), calcium (Ca), magnesium (Mg), K/Na ratio, and transfer factors (TF) in shoot and root parts. Values are given in milligrams per gram with standard deviations. Lowercase letters indicate significant differences between treatments (p < 0.05). Treatments include combinations of NaCl and HRW percentages.]



3.4 Effect of HRW on osmotic stress in strawberry seedlings under salt stress

As shown in Table 2, compared with CK, Na treatment had significantly decreased RWC by 16.65%, after treated with HRW, RWC increased to 78.44% (p < 0.05). Under salt treatment, HRW significantly increased RWC by 12.35%. Compared with CK, Na treatment increased EL by 21.42%, HRW and Na_HRW treatment had decreased EL by 7.31% and 7.56%, respectively (p < 0.05). However, compared with Na treatment, Na_HRW treatment increased EL by 13.86% These results indicated that HRW could alleviate adverse effects on water status and electrolyte leakage under salt stress.

Table 2 | Relative moisture content and electrolyte leakage rate of strawberry leaves.


[image: Table showing the relative water content (RWC) and electrolyte leakage (EL) percentages for four groups: CK, HRW, Na, and Na_HRW. CK has RWC of 82.74% ± 3.63 and EL of 40.33% ± 3.87. HRW shows RWC of 83.16% ± 1.77 and EL of 33.02% ± 1.83. Na has RWC of 66.09% ± 2.12 and EL of 61.75% ± 2.02. Na_HRW presents RWC of 78.44% ± 2.51 and EL of 54.19% ± 5.50. Different letters indicate significant differences between treatments (p < 0.05). Definitions for each group are provided below the table.]



3.5 Effect of HRW on antioxidant enzyme activity and hormone in strawberry seedlings under salt stress

As shown in Figure 3, salt stress significantly decreased SOD and CAT activity. Under salt stress, HRW treatment had significantly increased POD, SOD and CAT activity by 1.15, 1.11 and 1.27 times. Unlike POD, SOD and CAT, both salt stress and HRW treatments had no significant impact on POD activity. According to Table 3, compared with CK, salt stress significantly reduced the IAA and ABA content in strawberry seedlings. While the SA and GA1 content significantly increased. Compared with Na treatment, Na_HRW treatment significantly increased the IAA, ABA and GA1by 32.23%, 5.75%, and 6.90%, respectively. HRW significantly elevated POD, SOD, and CAT activities in strawberry seedlings under salt stress, and increased the levels of IAA, ABA, and GA1, indicating its role in alleviating the negative effects of salt stress on plant physiological indicators.

[image: Bar chart showing enzymatic activity (U mg^-1 FW) for CAT, SOD, and POD across four treatments: CK, HRW, Na, and Na HRW. SOD activity is highest in all treatments, with CK and HRW showing similar levels around 400 U mg^-1 FW. Na and Na HRW have lower SOD activity around 300 and 350 U mg^-1 FW, respectively. POD and CAT activities are significantly lower, with minor variations among treatments. Error bars indicate variability.]
Figure 3 | Response of HRW to antioxidant enzyme activity in strawberry seedlings under salt stress. Different lowercase letters indicate significant differences between different treatments (p < 0.05). CK: 0 NaCl+0 HRW, HRW: 0 NaCl+100% HRW, Na: 100 mM NaCl+0 HRW, Na_HRW: 100 mM NaCl+100% HRW.

Table 3 | The hormone content in strawberry seedlings.


[image: Table showing groups CK, HRW, Na, and Na_HRW with four columns: IAA, ABA, SA, and GA1. Each cell contains a mean value ± standard deviation followed by a letter indicating significant differences. The footnote states that different lowercase letters indicate significant differences between different concentrations of salt treatments under the same HRW treatment at p < 0.05.]



3.6 The variation of endosphere bacterial communities in strawberry seedlings

As shown in Figures 4A, B, the Chao index of HRW and Na_HRW was significantly lower than that of CK. However, there was no significant difference between the Na treatment group and the CK and Na HRW treatment groups. The Shannon index showed that all treatments were significantly lower than CK, and the Na_HRW treatment group was significantly lower than the Na treatment group. In addition, Principal Component Analysis (PCA) based on Bray-Curtis showed significant differences between Na-HRW and Na treatments (Figure 4C). Further analysis was conducted on the differences in bacterial community composition, according to the results of ASV classification, as shown in Figure 4D. At the phylum level, Proteobacteria is the dominant bacterial phylum, followed by Actinobacteriota and Bacteroidota. Compared with CK, the relative abundance of Proteobacteria in the Na treatment group increased from 72.53% to 88.55%, and compared with Na treatment, the Na-HRW treatment increased to 92.50%. At the genus level, the top three genera in relative abundance in the control group were unclassified _ Alcaligenaceae (13.97%), Streptomyces (7.81%), and Stenotrophomonas (6.93%). HRW treatment significantly increased the relative abundance of unclassified _ Alcaligenaceae to 68.82%, while the abundance of other genera was below 5%. Na treatment, the relative abundance of unclassified _ Alcaligenaceae was 32.04%, Pseudomonas was 13.11%, and Novosphingobium was 7.96%. Na_HRW enhanced the relative abundance of unclassified _ Alcaligenaceae to 48.43%, while also increasing the abundance of Tistrella to 12.73% and Uliginosibacterium to 5.47% (Figure 4E).

[image: Five-panel data visualization showing analysis of microbial diversity and abundance. (a) Box plots of Shannon index at ASV level, with significance levels marked. (b) Box plots of Chao index at ASV level, also indicating significance. (c) Principal Coordinates Analysis (PCoA) plot on ASV level, differentiating groups by color. (d) Bar chart of relative abundance of major bacterial phyla. (e) Bar chart showing relative abundance of dominant bacterial genera across samples.]
Figure 4 | Effect of HRW on the bacterial community in the roots of strawberry seedlings α-diversity (A, B), and β-diversity (C), indicates significant correlations at p < 0.05. Effect of HRW inoculation on the composition of bacterial communities in strawberry roots. (D) Phylum level composition, (E) genus level composition. * indicates p < 0.05, *** indicates p < 0.001. CK: 0 NaCl+0 HRW, HRW: 0 NaCl+100% HRW, Na: 100 mM NaCl+0 HRW, Na_HRW: 100 mM NaCl+100% HRW.

Additionally, Linear Discriminant Analysis Effect Size (LEfSe) analysis was employed to identify the bacteria preferentially recruited by strawberry roots under various treatments, as illustrated in Supplementary Figure S1. CK treatment, Actinobacteriota and Rhizobiales emerged as the most significant biomarkers. For the HRW treatment, Alcaligenaceae and Burkholderiales were identified as the predominant biomarkers. In the Na treatment, Pseudomonas and Sphingomonadales were highlighted as the key biomarkers, while in the Na_HRW treatment, Proteobacteria and Tistrella were identified as the most significant biomarkers (LDA score = 4). We used PICRUSt2 to further investigate whether the use of HRW under salt stress alters the function of bacterial communities. Based on MetaCycle database predictions, results showed that PWY-7111 (pyruvate fermentation to isobutanol), PWY-5101 (L-isoleucine biosynthesis II), VALSYN-PWY (L-valine biosynthesis), ILEUSYN-PWY (L-isoleucine biosynthesis I) which in Na_HRW group was more abundant than Na treatment Endophytic bacteria (Supplementary Figure S2). HRW treatment significantly altered the composition of strawberry root bacterial communities under salt stress, increased the relative abundance of Proteobacteria, and identified key biomarkers for each treatment group through LEfSe analysis. Additionally, PICRUSt2 predictions indicated enhanced functional activity of bacterial communities, suggesting that these changes may contribute to the mechanism by which HRW mitigates salt stress in strawberry seedlings.




3.7 Correlation between plant growth indicators and parameters

As shown in Figure 5A, PC1 and PC2 were contributed 80.6% of the variance. PC1 explained 68.4% of total variance, which was correlated with Nas, TFNa and RL. PC2 explained 12.2% of total variance, which was correlated with SL, POD and ABA. PCC (Figure 5B) showed that the plant biomass (SW and RW) and RL were significantly positively correlated with SOD, POD, RWC and K/Na ratio etc., and negatively correlated with H2O2, proline, Na content and EL etc. In contrast, SL was positively correlated with RWC and CAT, and negatively correlated with Kr. RL and RW were positively correlated with IAA, while SA was negatively correlated.

[image: Four-panel scientific graphic showing: (a) PCA biplot at genus level showing distribution of samples (CK, HRW, Na, Na_HRW) and various metabolic markers like Proline and ABA along axes PC1 and PC2. (b) Heatmap displaying the correlation of various parameters like H₂O₂ and RWC with different treatments (SL, RL, SW, RW), using color gradients from blue to red. (c) RDA biplot illustrating the relationship between genus level distribution and stress markers. (d) Heatmap portraying the correlation of stress markers with specific bacterial genera, employing a similar color scheme as panel (b).]
Figure 5 | PCA (A) and PCC (B) were conducted across various treatments, examining the correlation between strawberry physiological attributes. RDA analysis (C) relationship between endophytic bacterial communities and key elements in strawberry roots (C). PCC analysis (D) between physicochemical factors with significant changes and biomarkers significantly enriched in endophytic bacterial of strawberry root. Plant growth, Na and K content, as well as osmotic and oxidative stress factors, paired with the plant’s antioxidant enzyme activity, employing the Pearson correlation coefficient. Red hues denote positive relationships; blue hues signify negative ones, with deeper coloration corresponding to stronger correlation intensity. * and ** indicates significant differences at the 0.05 and 0.01 probability levels, correspondingly. Ks, K content in shoot part; Kr, K content in root part; Nas, Na content in shoot part; Nar, Na content in root part; SL, length of shoot; RL, length of root; SW, shoot weight; RW, root weight.

Redundancy analysis (RDA) was used to further characterize the relationship between the bacterial community and key elements in strawberry root endosphere (Figure 5C). RDA 1and RDA 2 together explained 88.69% of the variation. Key elements had a major impact on the bacterial community structure (Supplementary Table S2). Additionally, based on the selected elements, CK and the Na treatments demonstrated better separation along Axis 2. In contrast, the control group (CK) was more distinctly separated from both the HRW and the Na_HRW treatments along Axis 1. Moreover, Na treatment showed greater separation from the Na_HRW treatment along Axis 2. As illustrated in Figure 5D, the biomarkers from Na treatment have a significant positive correlation with Na+ content and TFNa and a significant negative correlation with growth indicators. The biomarker Proteobacteria from Na_HRW treatment was significantly positively correlated with SA and negatively correlated with ABA. Moreover, Tistrella was significantly positively correlated with SL and Kr and negatively correlated with ABA. These results revealed the relationship between bacterial communities in strawberry roots and key elements, further indicating that HRW treatment improved the growth of strawberry seedlings under salt stress.





4 Discussion

Salt stress could inhibit plant growth, in this study, the application of HRW could alleviate the inhibition of salt stress on strawberry seedling growth (Figure 1). Previous studies have found that application of HRW can alleviate the inhibition of seedling growth (Zhao et al., 2021), reversed the reduced root length caused by salt stress (Wu et al., 2020), significantly increased fresh weight (Xie et al., 2012).



4.1 HRW regulates plant homeostasis and alleviates salt stress

Ion homeostasis is also an important manifestation of salt resistance. Excessive accumulation of Na ions could disrupt ion homeostasis, especially K/Na balance. In this study, Salt treatments increased the Na+ content by 5.18 fold, and HRW decreased by 1.82 fold. The K/Na ratio decreased by 5.07-fold under salt stress, while HRW increased the K/Na ratio by 63.96% under salt stress (Table 2). These results indicated that HRW positively regulates the potassium sodium ratio and reconstructs ion homeostasis. HRW treatment significantly reduced Na/K ratio under salt stress, caused by the lower Na+ accumulation. Similarly, the transcription levels of SOS1 and AHA3, plasma membrane-embedded proteins governing Na+ efflux, were measured in seedling roots (Xie et al., 2012). Moreover, during the Na+ influx phase, H2 alleviated the harmful impact of salinity by enhancing the cytoplasmic K/Na balance in roots exposed to salt (Wu et al., 2020). Sustaining a high potassium-to-sodium ratio when exposed to NaCl is seen as a prime measure of a plant’s salt tolerance and its detoxification mechanisms. Similarly, a high K/Na ratio in plant tissues was previously described as an important criterion for selecting salt tolerant/susceptible varieties (Cristina Paz et al., 2012; Hayat et al., 2020b).

A high concentration of Na in the soil can cause osmotic stress in plants, potentially leading to their dehydration. The main issue is that high levels of Na interfere with water potential, flow properties, and the permeability of cell membranes, thus hindering the soil and roots’ ability to transmit water, subsequently reducing the amount of water that enters the plant (Munns, 2002). RWC (%) is a vital parameter for gauging plant metabolic function and water status under conditions of abiotic stress (Ashraf et al., 2013). In response to salinity stress, plants could activate osmoregulatory mechanisms to preserve cellular volume and sustain turgor pressure (van Zelm et al., 2020).75 mM salinity caused remarkable decrease in strawberry RWC (Zahedi et al., 2019). We found that salt stress significantly reduced leaf RWC and increased EL, indicating that salt stress caused osmotic stress in strawberry seedlings. This is in consistent with the decrease in RWC (%) under NaCl exposure in tomato plant (Tanveer et al., 2020). While HRW significantly increased RWC and decreased EL in strawberry leaves under salt stress. Meanwhile, HRW reduced the content of proline in strawberry leaves under salt stress, which indicated that HRW treatment alleviated osmotic stress caused by salt stress.

ROS are highly active and produced independently in all or most cell compartments, so their levels are controlled to prevent accidental oxidation of cells. This is achieved by balancing the generation, clearance and transport of reactive oxygen species, which will keep the concentration of reactive oxygen species low and control the reactive oxygen signal reaction and its results (Mittler et al., 2022). H2O2 is a typical ROS in plants. H2O2 accumulation is a response to a wide range of biotic and abiotic stress (Chen et al., 2021). MDA is a product of membrane lipid peroxidation and is often considered an indicator of damage in plants under stress conditions. Excessive accumulation of MDA and H2O2 in plants indicates that salt stress induces oxidative stress. Under salt stress, the overproduction of ROS could be detrimental to plant and lead to oxidative stress. Oxidative stress could cause lipid peroxidation, chlorophyll degradation, and damage to the cell membrane, thereby reducing the stability of plant cells (Yang and Guo, 2018a). Salt stress induced H2O2 increase significantly in both of leaves and roots. Meanwhile, MDA content in the leaves and roots of strawberry was significantly increased under salt stress, which induced oxidative damage in strawberry seedlings (Wu et al., 2020; Xie et al., 2012). Salt stress resulted in a 2.11-fold increase in H2O2 in strawberry leaves, while HRW treatment significantly reduced the H2O2 content. Salt stress increased the MDA of strawberry leaves by 1.36 folds, while HRW significantly reduced MDA by 40.32% (Figure 2). However, HRW could reconstruct redox homeostasis to alleviate oxidative damage caused by increased ROS levels in strawberry seedlings under salt stress.

Enhancing antioxidant defense capability is considered a key mechanism for plants to cope with various stresses. SOD is considered the first line to clear ROS. It converts superoxide anion radicals into H2O2. Under normal conditions, POD, APX, and CAT can effectively remove H2O2. Our results indicate that salt stress reduces the activity of antioxidant enzymes to a certain extent, HRW treatments enhanced the POD, SOD, CAT actives in strawberry seedlings under salt stress (Figure 3). cAPX1 may be a target gene involved in H2 signal transduction (Xie et al., 2012). Studies have found that HRW can enhance the activities of antioxidant enzymes such as SOD, POD, CAT, and APX, thereby improving salt tolerance in cucumber plants. Additionally, HRW treatment has been shown to upregulate the expression of key genes associated with the activities of SOD, CAT, and POD (Yu et al., 2023). In many plant stress studies, H2 might act as a new antioxidant that can significantly reduce the levels of MDA and ROS in plants, and enhance the plant’s antioxidant capacity by markedly increasing the activity of antioxidant enzymes (Cui et al., 2020; Wang et al., 2019; Zhao et al., 2021, 2017). HRW might enable H2 readily permeate into the cell membrane thereby influencing gene expression of antioxidant genes (Cui et al., 2013). In summary, based on our results, hydrogen-rich water (HRW) could enhance the antioxidative capacity of strawberry seedlings.




4.2 HRW regulates plant hormones to promote strawberry seedlings growth

IAA is an important phytohormone that plays a crucial regulatory role in plant growth and development (Chi et al., 2022). Meanwhile, High concentrations of salt stress have been found to decrease the ability of plant tissues to synthesize IAA, resulting in a decrease in IAA content in plants (Dunlap and Binzel, 1996; Zheng et al., 2020). Therefore, the decrease of IAA content in strawberry seedlings under salt stress may be one of the reasons for the inhibition of their growth and development. However, under salt stress, HRW significantly increased the IAA content in strawberry (Table 3). The IAA content exhibited a significant positive correlation with RL, RW, and SW (Figure 4). Thereby alleviating the growth limitation of salt stress on strawberry seedlings. Similarly, SA plays a crucial role in defense signal transduction. In this study, under salt stress, the application of HRW significantly increased the SA content in strawberry seedlings (Table 3). Previous studies found that SA promoted the production of antioxidant enzymes in cells, thereby alleviating salt stress (Arif et al., 2020). SA could maintain membrane permeability and regulate membrane channels and transport proteins. It mainly regulates plant sodium-potassium balance by limiting the influx of Na+ into roots and its transport in shoots, as well as by enhancing the activity of root H+ ATPase. Additionally, endogenous SA signaling can also increase the concentration of K+ in the aboveground parts, further contributing to the maintenance of ion homeostasis within cells (Fahad et al., 2015; Yang et al., 2023b). GA has been found to play an important role in promoting seed germination, stem elongation, fruit ripening, and enhancing the stress tolerance of plants. Additionally, the application of exogenous GA could also increase the salt tolerance of plants (Hamayun et al., 2010; Wang et al., 2022). Under salt stress, the GA1 content was significantly increased by HRW, indicating its potential involvement in alleviating salt stress in strawberry seedlings (Table 3). Therefore, the growth limitation of strawberry seedlings under salt stress might have been mitigated by HRW through the regulation of salt stress phytohormone levels.




4.3 HRW modifies the endophytic bacterial community in strawberry roots to attract beneficial companions

The research conducted on the effects of hydrogen evolution during nitrogen fixation and the analysis of rhizosphere microorganisms led to the proposition of the “hydrogen fertilizer theory.” According to this theory, the hydrogen gas liberated by nitrogen-fixing rhizobia, which do not possess hydrogenase enzymes, can facilitate the proliferation of rhizosphere hydrogen-oxidizing bacteria, thereby augmenting plant growth. The successful isolation and purification of hydrogen-oxidizing bacteria provided empirical evidence that these microorganisms are capable of secreting 1-aminocyclopropane-1-carboxylate (ACC) deaminase, a mechanism that has been shown to stimulate plant growth significantly (Dong et al., 2003; Liu et al., 2010). We found that HRW treatment altered the community α-diversity and β-diversity under salt stress (Figures 4A, B). Under salt stress, hydrogen treatment was observed to have significantly reduced α-diversity (Figure 4A). This phenomenon was also detected in the rhizosphere soil, indicating that hydrogen treatment had decreased the α-diversity of the rhizosphere soil (Li et al., 2018).

Furthermore, hydrogen treatment changed community composition. Hydrogen treatment changed the composition of the root community in strawberry seedlings. Under salt stress, HRW treatment increased the relative abundance of Proteobacteria in the roots of strawberry seedlings, indicating that HRW can enhance the resistance of Proteobacteria to salt stress in strawberry seedlings. Numerous studies have shown that Proteobacteria is a salt tolerant endophytic bacterium identified in plants such as Maize, Potato, Rice Soybean, and Tomato (Yadav et al., 2024). Most proteobacteria in nature were Gram-negative and were found extensively throughout various environments. They played crucial roles in the cycling of nitrogen, sulfur, and carbon within ecosystems (Yue et al., 2022). Proteobacteria significantly contributed to regulate root growth and plant health (Gao et al., 2021). Which might be one of the factors that HRW alleviated growth limitations of strawberry seedlings under salt stress.

Under salt stress, hydrogen treatment increased the relative abundance of unclassified _ Alcaligenaceae, and studies have indicated that certain bacteria within the Alcaligenaceae play a role in promoting plant growth, including the production of IAA, involvement in the nitrogen cycle, and enhancement of disease resistance (Hou et al., 2022; Legrifi et al., 2022). Similarly, the relative abundance of Tistrella has also been increased. Limited research has shown that Tistrella is a promising microorganism that can be used for bioremediation to remove PAH pollutants from contaminated sites (Zhao et al., 2008). Tistrella was capable of degrading chlorpyrifos and breaking it down into non-toxic intermediate metabolites. Research on the effects of intermediate metabolites on mung bean seed germination indicated that, compared to chlorpyrifos, these intermediate metabolites had no toxic impact on seed germination and resulted in increased lengths of shoots and roots (Ahir et al., 2020). Correlation analysis shows that Tistrella and unclassified Alcaligenaceae have a positive correlation with strawberry growth, hormone and K ion absorption. Indicated that Tistrella and unclassified Alcaligenaceae may have a positive impact on plants under stress. However, further research and analysis were needed to uncover deeper mechanisms.





5 Conclusion

Based on the current findings, this study demonstrated that the use of HRW could mitigate excessive Na uptake and shoot transport, enhance the K/Na ratio, thereby increasing RWC, reducing EL, H2O2, and MDA accumulation. Furthermore, HRW alleviated osmotic stress and boosted antioxidant enzyme activity. HRW also mitigated the growth inhibition of strawberry seedlings caused by salt stress through phytohormone regulation. Notably, HRW altered the diversity of bacteria in strawberry seedling roots, recruiting beneficial bacteria to alleviate salt stress. Multiple mechanisms of HRW in improving plant salt tolerance were demonstrated from multiple perspectives. From the perspective of endophytic bacteria, this discovery not only expands our understanding of the mechanism of HRW action, but also provides a new perspective for improving plant salt tolerance through microbial community regulation. As a green method for enhancing plant salt tolerance, HRW provides valuable insights into the application of hydrogen in agricultural practices. Future research should focus on investigating the long-term effects of HRW on plant growth and further explore and evaluate the broader impacts of HRW across different ecological environments from a molecular ecology perspective.
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DELLA proteins act as master negative regulators in the gibberellin signaling pathway, which controls numerous aspects of plant growth and development. Despite the pivotal role of DELLA proteins, a comprehensive genome-wide analysis of the DELLA gene family in sweet potato (Ipomoea batatas) and its related species has yet to be conducted. Here, we performed a comparative analysis of this gene family among six Ipomoea species, including Ipomoea batatas, Ipomoea trifida, Ipomoea triloba, Ipomoea nil, Ipomoea cairica, and Ipomoea aquatica. Among the six Ipomoea species, only I. nil contains five DELLA genes, while the remaining species have three DELLA genes each. The DELLA genes were categorized into three distinct subgroups based on the phylogenetic topology in selected Ipomoea species. Comparative analysis of gene structure and protein motifs revealed that members within the same phylogenetic group exhibit comparable exon/intron and motif organization. The cis-regulatory elements of the DELLA gene in selected Ipomoea species contain unique promoter elements, indicating the presence of species-specific regulatory mechanisms. A multitude of shared cis-regulatory elements related to stress responses were identified in the DELLA gene promoters. Furthermore, a syntenic analysis indicates two groups of syntenic DELLA genes have undergone several rearrangements. The results of the duplication analysis indicated that dispersed duplications contribute to the expansion of the DELLA genes. Moreover, the DELLA genes in sweet potato display an expression pattern that tends to control the growth and development of either the aerial or below-ground parts, and they are responsive to a range of hormones and abiotic stresses. Thus, these findings provide insights into the evolutionary history of DELLA genes within the genus Ipomoea and the functions of sweet potato DELLA genes.
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Introduction

DELLA proteins are a subgroup of the GRAS family of transcription factors that are unique to plants. They are important regulators in various aspects of plant growth and development, including seed germination, stem elongation, leaf development, flowering time, and responses to environmental stresses (Davière and Achard, 2013; Olszewski et al., 2002; Peng and Harberd, 2002). They function as key negative regulators in the gibberellin (GA) signaling pathway, inhibiting plant growth by repressing the expression of growth-related genes (Sarwar et al., 2023). The DELLA domain, situated near the N-terminus of the protein, is a signature domain of the DELLA protein family and a crucial region for interaction with the GA receptor GID1. In the absence of GA, DELLA proteins accumulate and bind to growth-promoting factors, thereby inhibiting their transcriptional activity and consequently repressing the expression of growth-related genes. This results in the dwarfing of the plant (Shani et al., 2024). Conversely, in the presence of GA, the receptor GID1 binds to it, thereby facilitating the interaction between GID1 and DELLA proteins. The GID1-GA-DELLA complex is recruited to the SCFSLY1/GID2 E3 ubiquitin ligase complex, which catalyzes the ubiquitination and subsequent degradation of DELLA proteins, thereby relieving their inhibitory effect on growth. It is noteworthy that DELLA proteins are not solely involved in the GA signaling pathway; they also interact with other hormone signaling pathways, including auxin, brassinosteroids, and abscisic acid, as well as environmental signaling pathways, such as light, temperature, and nutrients (Fu and Harberd, 2003; Gao et al., 2011; Hou et al., 2010; Li et al., 2015, 2016). These interactions allow DELLA proteins to integrate diverse signals, thereby enabling precise regulation of plant growth and development (Degefu and Tesema, 2020; Lozano-Juste and León, 2011).

The origin of DELLA proteins can be traced back to the early stages of mosses and ferns, with the conserved domains of these proteins first evolving in ferns (Kato et al., 1962; Radley, 1961). As the terrestrial plants evolved, the DELLA proteins underwent a gradual process of evolution, resulting in the emergence of a mechanism enabling interaction with the gibberellin receptor GID1. This interaction was initially observed in ferns, rather than in mosses, suggesting an independent origin during the evolution of land plants. The GA-DELLA-GID1 signaling pathway was gradually formed in later plants (Gao et al., 2008; Yasumura et al., 2007). In vascular plants, the DELLA gene family underwent gene duplication, resulting in the emergence of multiple DELLA genes. This has led to considerable diversity in the number and expression patterns of DELLA genes in different species (Aya et al., 2011; Hirano et al., 2007). For example, the DELLA gene family in Arabidopsis consists of five members: GA insensitive (GAI), Repressor of ga1-3 (RGA), RGA-like 1 (RGL1), RGA-like 2 (RGL2), and RGA-like 3 (RGL3), while monocot species typically contain a single DELLA gene, such as SLR1 in rice and RHT-1 in wheat (Ikeda et al., 2001; Peng et al., 1999). The evolution of DELLA proteins is characterized by changes in their structure and function. These reflect the complex mechanisms that plants use to adapt to their environment and to regulate growth and development. DELLA proteins are highly conserved among terrestrial plants, ranging from mosses to angiosperms. This highlights the pivotal role that these proteins have played in the evolutionary history of plants.

Ipomoea is the largest genus in the family Convolvulaceae, with 600-700 species (Austin and Huáman, 1996). Ipomoea species are distributed globally and of great significant agricultural and industrial importance (Liu, 2017; Morita and Hoshino, 2018; Si et al., 2023; Sun et al., 2022). Water spinach (I. aquatica) is a widely cultivated vegetable known for its high nutritional value and potential medicinal applications (Malakar and Choudhury, 2015). I. cairica is often utilized as a ground cover plant, aiding in soil stabilization and erosion prevention (Srivastava and Shukla, 2015). The flowers of Japanese morning glory (I. nil) are highly prized for their ornamental value and used widely in landscaping and beautification projects (Hoshino et al., 2016). I. trifida and I. triloba are regarded as close wild relatives of the sweet potato, providing vital reference points for the study of sweet potato evolution and breeding (Hirakawa et al., 2015; Li et al., 2019; Wu et al., 2018). Sweet potato (I. batatas), a vital food and industrial crop, possesses storage roots that are rich in carbohydrates, vitamins, and minerals. Furthermore, the stems and leaves of this plant can also be used as animal feed (Bovell-Benjamin, 2007; Guo et al., 2024; Ji et al., 2015). In addition to its nutritional value, sweet potato is a valuable industrial raw material used in the production of starch, alcohol, and biofuels. This makes it an important source of materials for industrial applications (Bach et al., 2021; Odebode et al., 2008).

To date, there are no reports on the comparative genomics of DELLA in I. trifida, I. triloba, I. nil, I. cairica, I. aquatica and I. batatas. The evolutionary dynamics of DELLA genes in Ipomoea species remains unclear. This study provides a comprehensive comparative analysis of DELLA genes in six Ipomoea species, focusing on their evolutionary history, structural features, and functional diversification. The aim of this study is to identify genetic targets that could be used for the genetic improvement of sweet potato.





Materials and methods




Identification of DELLA genes in Ipomoea species

The complete genome sequences of I. aquatica, I. cairica, I. nil, I. triloba, I. trifida, I. batatas were obtained from National Genomics Data Center (NGDC) (https://ngdc.cncb.ac.cn/gwh/Assembly/986/show), the Zenodo repository (https://zenodo.org/records/6792002#.Y90Mb3ZBy4Q), the Shigen database (http://viewer.shigen.info/asagao/index.php), and the Ipomoea Genome Hub (https://sweetpotao.com/). To achieve a more comprehensive identification of DELLA genes, the BLAST algorithm and the Hidden Markov Model (HMM) were employed to predict the genes. The amino acid sequences of DELLA genes from the I. batatas, identified by previous study as queries (BLASTP, E value ≤ 1×10−5), were used in the identification of DELLA genes. Subsequently, all putative DELLA genes were validated using the CD-Search tool (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Then, the remaining DELLA proteins were numbered in accordance with their degree of similarity to the sweet potato DELLA protein.





Subcellular localization and signal peptide prediction

Subcellular localization prediction was performed using the DeepLoc 2.1 server (https://services.healthtech.dtu.dk/services/DeepLoc-2.1/). Furthermore, the ExPASy tool (https://web.expasy.org/protparam/) was used to analyze the physicochemical parameters of the identified DELLA proteins.





Phylogenetic and evolutionary analysis

Phylogenetic analysis of DELLA genes from different species was performed using MAFFT with the default parameters (Katoh et al., 2005). The results of multiple sequence alignment were then trimmed using the TrimAl software (Capella-Gutiérrez et al., 2009). Subsequently, the phylogenetic tree was constructed using the Iqtree2 software with 1000 bootstrap replicates, which can automatically select the best model (Minh et al., 2020). The phylogenetic trees were visualized using the Interactive Tree of Life (ITOL) platform (https://itol.embl.de/index.shtml).





Analysis of the conserved protein motifs and gene structure

The conserved motif of DELLA proteins was analyzed using Multiple Em for Motif Elicitation (MEME, https://meme-suite.org/meme/tools/meme), which identified 10 motifs using the classical discovery mode. The gene structure was visualized using the GSDC (http://gsds.gao-lab.org/).





Cis-element identification in the promoter

The 2000 bp sequence upstream of the translation start sites of the DELLA genes was extracted using the TBtools software (Chen et al., 2023). The PlantCARE tool (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) was employed for the analysis of the DELLA gene promoters. Visualization of the cis-elements was conducted using the TBtools software and the Python package Seaborn.





Prediction of protein secondary and three-dimensional structures

The secondary structure of the DELLA protein was predicted by NetSurfP-3.0 (Høie et al., 2022) and the three-dimensional (3-D) structures were predicted by the AlphaFold3 (Abramson et al., 2024). The 3-D structure of the DELLA domain was illustrated in PyMOL (DeLano, 2002).





Syntenic analysis and classification of gene duplication

The BLASTP result was subjected to analysis by MCScanX, which generated the collinearity blocks across the entire genome (Wang et al., 2012). The collinearity pairs were extracted and a collinearity map was generated using the CIRCOS software with modified parameters (https://circos.ca/documentation/course/). The duplicate_gene_classifier script of MCScanX was used to analysis the classification of gene duplications.





Expression analysis and gene interaction network construction

To analyze the expression of DELLA genes in sweet potato, publicly available RNA sequencing (RNA-Seq) based expression data under the BioProject accession numbers PRJCA000640 and PRJNA511028 in National Genomics Data were utilized. The RNA-Seq dataset covers a range of sweet potato tissues. Firstly, Fastp was used to remove the adapt and low-quality reads (Chen et al., 2018). Second, the resulting reads were mapped to the sweet potato reference genome using STAR (Dobin et al., 2013). Finally, Featurecount was used to obtain the exon abundance matrix (Liao et al., 2014). In-house python script was used to calculate the transcripts per kilobase of the exon model per million mapped reads (TPM) values for the DELLA genes. The multiple tissue expression profiles of sweet potato were normalized using the log2 (TPM+1) transformation. Finally, a heatmap was generated using the seaborn package in Python, based on the above normalized expression values. The String database was used to predict genome-wide gene interactions in sweet potato.

The expression of DELLA genes in sweet potato was confirmed by reverse transcription quantitative PCR (RT-qPCR). In vitro-grown sweet potato seedlings were cultured on Murashige & Skoog (MS) medium at 27 ± 1°C under a photoperiod consisting of 13 h : 11 h, light : dark (cool-white fluorescent light at 54 μmol m−2 s−1), then the 4-week-old sweet potato seedlings were treated with 100 μM ABA or 20% polyethylene glycol (PEG) 6000 for 12 h, respectively. Total RNA was extracted from samples of seedlings treated with the TRIzon reagent (CWBIO, Taizhou, China). First-strand cDNA was synthesized using a PrimeScript RT reagent Kit (TaKaRa, Dalian, China). StepOne PLus Real-Time PCR system (Applied Biosystems) with SYBR green assays was used for RT-qPCR analysis. Primers and reference gene information for RT-qPCR are listed in Supplementary Table S2. All experiments were performed in three biological repeats. The relative expression of genes was calculated using the 2−ΔΔCT method. Analysis for statistical significance was performed using least significant difference (LSD) test and two-tailed Student’s t-test in Python, P value < 0.05 for significance.





Subcellular localization analysis

Subcellular localization analysis was conducted using the DELLA genes in sweet potato. The coding sequence (CDS) without stop codon was cloned into the pCAMBIA2300-35S::eGFP (C) vector, which contained a 35S-driven enhanced green fluorescent protein (eGFP). The In-Fusion cloning kit named KunGre ™ II Multi One Step Cloning Kit, which is produced by Beijing Greact Biotechnology, was used to clone. KpnI and BamHI were used as the restriction sites of pCAMBIA2300-35S::eGFP (C) vector. The fusion constructs and empty vector were introduced into Agrobacterium tumefaciens strain EHA105, respectively. Agrobacterium-mediated transient expression system in the leaves of tobacco (Nicotiana benthamiana) as described previously (Xue et al., 2022). After 8 h of dark culture, the transformed tobacco was cultured normally (dark for 8 h at 22°C, light for 16 h at 24°C). After 48 h, the LSM900 confocal laser scanning microscope (Zeiss, Jena, Germany) was used to observe the GFP fluorescence signals. The primers used in this study are listed in Supplementary Table S3.






Results




Identification of the DELLA genes in the six Ipomoea species

To ensure the identification of DELLA family members, HMM and BLAST methods were employed for identification. The HMM identifier for DELLA is PF02309, and the BLAST input sequences were published DELLA family members from sweet potato. After filtering, we identified 20 members of the DELLA protein family in six Ipomoea species (Supplementary Table S1). We analyzed the physicochemical properties of the proteins, revealing that most DELLA proteins have amino acid counts between 500-600, with molecular weights typically in the range of 56-65 kDa, except for smaller InilDELLA3 and InilDELLA5, and notably larger ItfGRAS38 (Figures 1A, B). The isoelectric point (pI) values of most proteins range from 5.0 to 5.5, indicating these genes are prefer acidity. InilDELLA3 and InilDELLA5 have higher pI values, indicating their alkali tolerant nature. The instability index of most proteins falls between 42-49, indicating that these proteins are unstable. (Figures 1C, D). The aliphatic index of DELLA proteins exhibits a range of 70.15 to 91.7, with the majority of instances falling within the interval of 75 to 90. A higher aliphatic index generally indicates greater thermal stability of the protein. InilDELLA4 (91.7) may have higher heat tolerance than InilDELLA3 (70.15). Similar genes from different species may have comparable aliphatic indices. For instance, IaqDELLA3 and IcaDELLA3 both have an aliphatic index of 90.23. The mean hydropathicity of the proteins encoded by DELLA genes is consistently negative, indicating an overall hydrophilic character. However, the extent of hydrophilicity varies among these proteins. The majority of these proteins display GRAVY values within the range of -0.2 to -0.3, indicating a moderate level of hydrophilicity. It can be observed that certain proteins, including IaqDELLA3, IbGRAS37, IcaDELLA3, InilDELLA4, and ItbDELLA3, exhibit relatively higher grand average of hydropathicity values, suggesting a lower degree of hydrophobicity compared to the other proteins (Figures 1E, F).
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Figure 1 | Physicochemical properties of all identified DELLA proteins in six Ipomoea species. (A) Protein length; (B) Molecular weight (MW); (C) Isoelectric point (pI); (D) Instability index; (E) Aliphatic index; (F) Grand average of hydropathicity (GRAVY). Ipomoea aquatica, Iaq; Ipomoea batatas, Ib; Ipomoea cairica, Ica; Ipomoea nil, Inil; Ipomoea trifida, Itf; Ipomoea triloba, Itb. (G) Subcellular localization of IbGRAS37, IbGRAS44, and IbGRAS62. The images designated as GFP, Bright, and Merged represent the green fluorescence field, bright field, and superposition field, respectively. Bars = 20 μm.

Subcellular localization predictions indicate that the majority localize to the nucleus, with some (namely, IaqDELLA3, IbGRAS37, IcaDELLA3, ItfGRAS10, and ItbDELLA3) localizing to both the cytoplasm and the nucleus. The results of the signal peptide predictions indicate that the majority of the proteins possess nuclear export signals (Supplementary Table S1). The subcellular localization of DELLA proteins in sweet potato was further investigated by expressing DELLA-enhanced GFP (eGFP) fusion proteins under the control of the CaMV 35S promoter in Nicotiana benthamiana leaf hypodermal cells. Empty eGFP vector was transfected into N. benthamiana leaf hypodermal cells as a control. As anticipated, eGFP was observed to be distributed uniformly throughout the cytoplasm and the nucleus, while the DELLA proteins of sweet potato are localized in the nucleus (Figure 1G).

Taken together, these observations indicate that the DELLA protein family exhibits highly conserved features across different Ipomoea species. Nevertheless, there are some discrepancies between DELLA families in different species, which may be indicative of functional specialization and species-specific adaptive changes.





Consistency between Ipomoea species evolution and DELLA gene evolution

Initially, we constructed a phylogenetic tree for the six Ipomoea species, with the aim of elucidating the evolutionary relationships within this clade. The results indicated that I. aquatica is located at the base of the tree, suggesting that it is the earliest diverging member among the six Ipomoea species, while I. batatas and I. trifida diverged relatively later. In contrast, I. batatas and I. trifida are the most closely related species, forming a sister group. The analysis of branch lengths revealed that I. trifida exhibits shorter branches, whereas I. nil displays longer branches, which indicate that I. nil has undergone rapid evolutionary changes. Of the six species examined, five species (I. aquatica, I. batatas, I. cairica, I. trifida, and I. triloba) were found to possess three DELLA genes, while I. nil was observed to possess five DELLA genes (Figure 2A). This uniformity in the number of DELLA genes may be indicative of the conservation of the DELLA gene family across Ipomoea species. The variation in the number of DELLA genes between Ipomoea species suggests that the DELLA gene family may have undergone gene duplication events in certain lineages, resulting in multiple DELLA genes in different species.
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Figure 2 | The phylogenetic tree of DELLA genes within these species. (A) The evolutionary relationships between sweet potato and five related species. Values at the nodes indicate bootstrap support (1 = 100%). The heatmap illustrates the number of DELLA genes across six Ipomoea species. (B) Phylogenetic tree of DELLA genes without evolutionary rates, reflecting the phylogenetic relationships and branching order among six Ipomoea species. The full-length amino acid sequences of DELLA proteins were aligned using MAFFT, and the tree was constructed using the maximum-likelihood (ML) method implemented in IQ-tree. Genes belonging to the same organism were marked with the same color. (C) Phylogenetic tree of DELLA genes with evolutionary rates, reflecting the inferred evolutionary speed of genes among six Ipomoea species. The length of branch represents the evolutionary distance.

To gain further insight into the phylogenetic relationships among Ipomoea species, we compared the DELLA protein sequences to jointly construct a phylogenetic tree. The results revealed that the 20 DELLA genes from six Ipomoea species were classified into three groups. Group A comprises the largest number of DELLA genes among the groups, with eight genes in total. Groups B and C each comprise six DELLA genes. The DELLA genes from the same species were distributed across different groups. For example, the DELLA genes from I. batatas appeared in Groups A, B, and C. This distribution indicates that the DELLA protein family in these species may have formed through gene duplication events and acquired varying degrees of functional differentiation during evolution (Figure 2B). A certain degree of homology was observed among DELLA genes from different species based on the phylogenetic topology. For example, DELLA genes in Group C were found to cluster together, suggesting that they have a common ancestral origin. Additionally, DELLA proteins from closely related species (I. batatas, I. triloba and I. trifida) frequently clustered together (ItfGRAS38, ItbDELLA1, and IbGRAS62), reflecting the consistency between species evolution and gene evolution. The phylogenetic tree displays some elongated branches, such as those of InilDELLA5 and InilDELLA3, which may indicate that these genes may have undergone a rapid evolutionary rate. The branch lengths of some gene pairs (IbGRAS62 and ItbDELLA1) are almost zero, suggesting that they may be recently diverged homologous genes or subject to strong functional constraints (Figure 2C). Overall, the evolutionary history of the DELLA family in the genus Ipomoea is complex and potentially involves gene duplication, functional differentiation, and other evolutionary events.





The diversity in gene structure and motif plays a role in the functional diversification of DELLA genes in Ipomoea species

The gene structure, motifs, and domains are correlated with their functions. A phylogenetic analysis of the conserved DELLA and GRAS domains of 20 genes revealed that all genes contain these domains (Supplementary Table S1). This identify result is consistent with that of a previous study (Chen et al., 2019). The gene structure analysis indicates that the majority of DELLA genes possess a single CDS, while some genes own two CDSs. InilDELLA3 and InilDELLA5 display the insertion of introns within the 5’ untranslated region (UTR) of the gene. The DELLA genes within the same clade have comparable lengths and structures (Figures 3A, B). These observations suggest that genes with different structures may possess distinctive biological functions.
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Figure 3 | Comparison of domains, gene structure, and conserved protein motifs of DELLA genes in six Ipomoea species. (A) The Neighbor-Joining (NJ) phylogenetic tree was constructed based on the full-length sequences of DELLA proteins in six Ipomoea species. The genes are divided into three groups according to the evolutionary tree. Group A is labeled light green, group B is labeled blue and group C is labeled chartreuse. (B) The exon-intron structure of DELLA genes in six Ipomoea species. Yellow boxes indicate coding sequences (CDSs), blue boxes indicate untranslated regions (UTRs), and black lines represent introns. (C) The motif composition of DELLA genes in six Ipomoea species. The motifs, numbered from 1 to 10, are displayed in boxes of varying colors.

Identification of conserved motifs revealed that InilDELLA5 lacks motif 1, while InilDELLA3 and InilDELLA4 lack motif 2. Motifs 3-10 are present in the majority of DELLA genes. Furthermore, ItfGRAS38 displays multiple repeated motifs, which may be attributed to partial gene duplication (Figure 3C). In any case, the conservation of structure and motifs within subfamilies may serve to corroborate the results of the phylogenetic analysis.





Cis-elements of DELLA gene promoters reveal complex regulatory mechanisms in the Ipomoea species

Regulation of gene expression is typically mediated by cis-acting elements located within the upstream promoter sequence. These cis-elements, located in the non-coding DNA upstream of the gene transcription start site, regulate the stress receptor or tissue-specific expression behavior of genes under different environmental conditions. It is therefore essential to analyze the cis-elements that may be involved in the regulation of DELLA genes, as this is a crucial step in understanding the regulatory mechanism of DELLA genes and evaluating their potential functions. A comprehensive analysis of the cis-elements in DELLA gene promoters was conducted based on phylogenetic analysis. The results indicate that the majority of gene promoters in Group A contain ABRE, GATA-motif, LAMP-element, and RY-element sequences, whereas these elements are less prevalent in Group B genes. This finding suggests that genes in Group A are likely to be involved in stress response (ABRE), photosynthesis regulation (GATA), and seed development (LAMP, RY). Most of the Group B gene promoters contain CARE, AuxRP-core, CCAAT-box, and LTR elements, whereas these elements are less common in Group A and C gene promoters. This suggests that genes in Group B are primarily involved in growth regulation (AuxRP-core), signal transduction (CARE), and environmental response (LTR). Most gene promoters in Group C contain A-box, CCGTCC-box, and TGA-box elements, whereas these elements are less prevalent in Group A and B gene promoters. This finding suggests that genes in Group C are primarily involved in tissue-specific expression (A-box), cell cycle regulation (CCGTCC-box), and plant defense responses (TGA-box). These results highlight the functional diversity of the DELLA genes. Such differences may be due to evolutionary divergence between species and the need to adapt to different environmental conditions.

Additionally, our results suggest that IaqDELLA1 is evolutionarily distant from other genes, forming an independent branch. The cis-acting element composition of IaqDELLA1 is significantly different from that of other genes, with a reduced number of CAAT-boxes (29) and TATA-boxes (15). This suggests that IaqDELLA1 may have distinct transcriptional regulation and functional properties compared to other genes. IcaDELLA2 and InilDELLA3 are found to cluster together and have similar compositions of cis-acting elements, with comparable numbers of ABRE (4 and 1), CAAT-box (36 and 47) and TATA-box (23 and 40). This indicates the possibility of analogous patterns of expression regulation. The IaqDELLA3, IcaDELLA3, and InilDELLA4 genes form a large cluster with the IbGRAS37, ItfGRAS10, and ItbDELLA3 genes. The high content of AT-rich elements observed in IbGRAS37 and ItfGRAS10, in comparison to the almost complete absence of such elements in IaqDELLA3, IcaDELLA3, and InilDELLA4, suggests the loss and gain of regulatory elements between the sub-branches. InilDELLA2 clusters with IbGRAS44, ItfGRAS6 and ItbDELLA2, yet it forms a discrete sub-branch. The ABRE content of the four genes is similar, but InilDELLA2 has a slightly lower TATA-box than the other three genes, indicating some differences in the composition of regulatory elements. Additionally, InilDELLA5 and IaqDELLA2 contain a circadian element, whereas the remaining genes lack this feature, indicating the potential for a distinctive circadian rhythm expression (Figure 4A). Subsequently, the number of elements present in specific biological pathways was counted. The results demonstrate that light responsiveness and methyl jasmonate (MeJA) responsiveness are the most prevalent regulatory characteristics. Abscisic acid (ABA) responsiveness is observed in many genes, with the quantity exhibiting considerable variation. The regulatory features of seed-specific regulation and zein metabolism regulation are present in only a few genes (IaqDELLA1, ItfGRAS6, IbGRAS44, InilDELLA3, IcaDELLA2, InilDELLA2, InilDELLA4, and IaqDELLA2) (Figure 4B).

[image: Panel A shows a heatmap of gene induction rates across various conditions with a clustered dendrogram on the left. Panel B features a bar chart displaying counts of gene regulation categories, color-coded by specific responsiveness types. Panel C presents a bar chart depicting the percentage of protein structures categorized as coil, extended, or helix for each gene.]
Figure 4 | Analysis of DELLA gene promoters. (A) Cis-elements in the promoters of the DELLA genes in six Ipomoea species. The genes are divided into three groups according to the evolutionary tree. Group A is labeled light green, group B is labeled blue and group C is labeled chartreuse. (B) The number of functional cis-elements present in the promoters of the DELLA genes across six Ipomoea species. (C) 3-D structure analysis of the DELLA protein.





The secondary and 3-D structures of DELLA proteins in Ipomoea species display notable variations

To further elucidate the structural characteristics of the DELLA protein in six Ipomoea species, we analyzed the secondary structure of the proteins. The results revealed that in all proteins, the proportion of ‘Coil’ exceeded 50%, indicating that it was the predominant secondary structure. The proportion of extended structures was generally low, around 10-12%. The proportion of helix structures was between coil and extended, approximately 30-35% (Figure 4C). Notable differences were observed in the secondary structure proportions of the DELLA protein across different species. For example, IaqDELLA1 and InilDELLA5 had almost identical helix proportions, but their extended proportions showed significant differences.

Additionally, AlphaFold3 was used to predict the 3-D structure of DELLA proteins. The results showed both similarities and differences in the 3-D structures of various DELLA proteins. For instance, the majority of DELLA proteins featured a prominent loop following the conserved DELLA domain. Some genes exhibited the presence of helices preceding the DELLA domain, whereas in the case of IaqDELLA1 and InilDELLA3, these structures were absent (Supplementary Figure S1). Overall, significant differences were also observed in the secondary structure proportions of different genes within the same species. For example, the coil proportions of InilDELLA1 and InilDELLA3 differed significantly. The secondary structure proportions of the same gene may vary between different species, possibly due to evolutionary divergence. Furthermore, variations in secondary structure proportions were observed between different genes within the same species, probably due to functional differences.





Multiple positional rearrangements of DELLA genes occurred in Ipomoea species

To investigate the evolutionary dynamics of the DELLA genes, a synteny analysis was performed based on the evolutionary relationships of six Ipomoea species. The results revealed that IaqDELLA1, IaqDELLA2, and IaqDELLA3, which are situated at the base of the Ipomoea species evolution, have syntenic relationships with other species. The selected genus Ipomoea contains three groups of syntenic DELLA gene pairs. The first group (Group s1) contains the following syntenic DELLA gene pairs: IaqDELLA1-IcaDELLA2-InilDELLA2-ItbDELLA2-ItfGRAS6-IbGRAS44. The second group (Group s2) consists of the following pairs: IaqDELLA3-IcaDELLA3-InilDELLA4-ItbDELLA3-ItfGRAS10-IbGRAS37. The third group (Group s3) is made up of the following pairs: IaqDELLA2-IcaDELLA1-InilDELLA1-ItbDELLA1-ItfGRAS38-IbGRAS62.

Furthermore, the syntenic DELLA genes in the six Ipomoea species are consistently located on two chromosomes per species, suggesting that they have remained conserved throughout the evolutionary process. Rearrangements in the order of the syntenic genes were identified between the s1 and s2 groups. For example, IaqDELLA1 and IcaDELLA2 have a syntenic relationship, as do IaqDELLA3 and IcaDELLA3. In I. aquatica, the order of the syntenic DELLA genes on the same chromosome is IaqDELLA1-IaqDELLA3. I. cairica, however, the chromosomal order is altered, with IcaDELLA3-IcaDELLA2 occurring instead.

Subsequently, a series of positional rearrangements occurred. In I. nil, I. triloba, and I. trifida, the syntenic DELLA genes did not undergo rearrangements, indicating evolutionary stability (Figure 5A). Then, a synteny analysis was performed between I. batatas and the other five Ipomoea species. The results demonstrated that the three DELLA genes in I. batatas have syntenic relationships with the DELLA genes in the other five species, indicating a high conservation of the DELLA genes in I. batatas (Figure 5B). An intraspecies synteny analysis of I. batatas revealed the absence of syntenic relationships among DELLA genes within the I. batatas genome, suggesting functional divergence of DELLA genes within this species (Figure 5C). The Duplicate_gene_classifier tool in MCScanX was employed to determine the duplication modes of DELLA genes in Ipomoea species. The primary duplication mode of DELLA genes in Ipomoea species was identified as dispersed duplication (Supplementary Table S1).
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Figure 5 | Synteny analysis of the DELLA genes. (A) Synteny analysis based on the phylogeny of six Ipomoea species. The phylogeny of the six Ipomoea species indicates the evolutionary order. The blue lines represent syntenic DELLA genes. (B) Synteny analysis of DELLA genes between sweet potato and the other five Ipomoea species. The blue lines represent syntenic DELLA genes. (C) Synteny analysis and the positions of DELLA genes in sweet potato. Grey lines indicate other syntenic genes.





DELLA genes response to abiotic stresses in sweet potato

To explore the potential functions of the DELLA genes, we analyzed transcriptome data from sweet potato referring to tissue expression, hormonal response and abiotic stresses. The results indicated that the expression levels of the three genes were significantly higher in the aerial parts of the Xuzi3 variety than in the underground parts. The highest expression levels of IbGRAS62 were observed in all tissues of Xuzi3, while the lowest expression levels were observed for IbGRAS37. In the Yan252 variety, the expression of IbGRAS37 in the aerial parts was observed to be lower than that observed in the underground parts. Conversely, the expression of IbGRAS44 and IbGRAS62 in the aerial parts was found to be higher than that observed in the underground parts. Of the three genes, IbGRAS62 exhibited the highest expression levels in all tissues. These indicated that group s1 may mainly function in the aerial parts, group s2 may function mainly in the underground parts, and group s3 may function mainly in the whole plant. With regard to root development, the expression of IbGRAS44 exhibited an increasing trend in the Xuzi3 variety, but a decreasing trend in the Yan252 variety. The expression of IbGRAS62 was observed to a decline during root development in the Xuzi3 variety, whereas it exhibited an increase in the Yan252 variety.

To further clarify the effect of the DELLA gene on sweet potato root development, an analysis of the root development transcriptome of the Beauregard variety was conducted. The results showed that the expression of the three genes was relatively stable in undifferentiated roots, with IbGRAS62 showing the highest expression levels and IbGRAS37 displaying the lowest expression. In fibrous and storage roots at 30, 40, and 50 days, it was observed that IbGRAS37 expression was higher in fibrous roots than in storage roots, while IbGRAS44 expression was higher in storage roots than in fibrous roots. The expression of IbGRAS62 was relatively balanced in both fibrous and storage roots at these stages, indicating that IbGRAS37 may function primarily in fibrous roots, whereas IbGRAS44 may function primarily in storage roots (Figure 6A).
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Figure 6 | The expression pattern of the DELLA genes in sweet potato. (A) The expression pattern of sweet potato DELLA genes in different tissues across various sweet potato varieties (Xuzi3, Yan252, and Beauregard). (B) Expression analysis of the IbGRAS37 gene in different parts of the roots, including hormone response and abiotic stress response in sweet potato. Various root tissues include initiative storage roots (ISR), root stalks (RS), proximal ends (PE), root bodies (RB), distal ends (DE) and fibrous roots (FR). (C) Expression analysis of the IbGRAS44 gene in different parts of roots, including hormone response and abiotic stress response in sweet potato. (D) Expression analysis of IbGRAS62 gene in different parts of the roots, including hormone response and abiotic stress response in sweet potato. (E) Relative expression levels of IbGRAS37, IbGRAS44 and IbGRAS62 in sweet potato seedlings after 12 hours of ABA treatment. (F) Relative expression levels of IbGRAS37, IbGRAS44 and IbGRAS62 in sweet potato seedlings after 12 hours of 20% PEG treatments. Different letters represent a significant difference at P <0.05 determined by least significant difference (LSD) test. A two-tailed Student’s t-test was used to determine P values, *P < 0.05, **P<0.01; ns, no significant difference.

To gain further insight into their expression in different root tissues, we analyzed transcriptome data from the Xu18 variety, comprising different root tissues, including initiative storage roots (ISR), root stalks (RS), proximal ends (PE), root bodies (RB), distal ends (DE) and fibrous roots (FR). Expression of the three genes (IbGRAS37, IbGRAS44, and IbGRAS62) in different parts of the sweet potato root showed that they were expressed in various parts of the sweet potato but with notable differences in expression levels. The overall expression level of IbGRAS37 was found to be lower than that of IbGRAS44 and IbGRAS62, with relatively higher levels observed in FR and relatively lower levels in PE, RB, and DE. The expression level of IbGRAS44 was observed to be higher than that of IbGRAS37. The highest expression was observed in FR, followed by ISR and RS, and relatively low in PE, RB, and DE. The expression level of IbGRAS62 was significantly higher than the other two genes in all parts examined, especially in ISR, RS, RB, DE, and FR. Overall, the high expression of IbGRAS62 in ISR, RS, RB and DE suggests that it may play a key role in the formation and development of storage roots. IbGRAS44 may also be involved in this process. Conversely, IbGRAS37 may play a role primarily in the leaves (Figures 6B-D).

To gain further insight into the function of DELLA, an analysis of the hormone response and stress transcriptome of the Xu18 variety was performed. The results showed that IbGRAS37 was induced and upregulated by ABA, MeJa, and salicylic acid (SA) in the leaves. In the stems, the expression of this gene was found to be upregulated by SA and downregulated under cold, drought, and salt stress conditions. In FR, its expression was found to be upregulated by ABA and MeJa. IbGRAS44 was upregulated by ABA and downregulated under cold and salt stress in the leaves. In the stems, it was downregulated by MeJa and SA, as well as suppressed under drought and salt stress conditions. In FR, its expression was upregulated by MeJa and downregulated under drought and salt stress. IbGRAS62 was upregulated by MeJa in both the leaves and the stems. Its expression was downregulated under cold, drought, and salt stress in the stem. In FR, the gene was observed to be upregulated by MeJa and SA, and conversely, downregulated under cold, drought, and salt stress.

Subsequently, sweet potato seedlings were treated with ABA and 20% PEG for a period of 12 h. Compared to the initial time point (0 h), the expression levels of IbGRAS44 and IbGRAS62 were reduced at 12 h under ABA treatment (Figure 6E). Under 20% PEG treatment, the expression of IbGRAS44 increased at 12 h, while IbGRAS62 showed decreased expression at the same time point (Figure 6F). Overall, the response patterns of the three genes to hormones and stress in different tissues (leaves, stems, and fibrous roots) exhibited variability, suggesting that they may have tissue-specific functions.





DELLA genes and other genes synergistically regulate the growth and development of sweet potato

To gain a more profound understanding of the functions and potential mechanisms of the sweet potato DELLA protein, we employed the String database to construct a comprehensive sweet potato genome interaction network. By clustering based on genes, a total of 7,569 interacting clusters were identified in sweet potato (Supplementary Figure S2). Subsequently, the interaction relationships of the DELLA proteins were extracted. In accordance with the aforementioned interactions, the sweet potato DELLA proteins were categorized into three groups: Group A genes are capable of interacting with genes in Groups B and C, whereas genes in Groups B and C are unable to interact with each other. To elucidate the function of DELLA, we identified the conserved domains contained in the DELLA direct interaction genes. Our results indicate that the three sweet potato DELLA proteins interact with proteins in Group A (g22825, g6122, g9506, g41926, g38724, g5433, and g23726), which predominantly contain GAF, AP2, ALPHA, and GID conserved domains. Additionally, the three DELLA proteins were found to interact with proteins in Group B (g5229, g58174, and g9423), which contain B3, bZIP, and HLH domains. They also interact with proteins in Group C (g35474 and g44153), which contain HLH domains (Figure 7). In other species, it has been demonstrated that DELLA proteins interact with proteins containing these domains, thereby regulating a number of important processes, including stem elongation, seed germination, flowering time regulation, leaf and root development, stress resistance, and plant hormone signal transduction (Davière and Achard, 2013; Olszewski et al., 2002; Peng and Harberd, 2002; Richards et al., 2001; Sun and Gubler, 2004).
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Figure 7 | Interaction network of DELLA proteins in sweet potato. The MCL clustering method was used for analysis. The thickness of the solid black lines represents the strength of interactions between genes, while the type of the line indicates interactions among different groups.






Discussion




Evolutionary conservation and diversification of DELLA genes in Ipomoea species

The DELLA family was found to show both conservation and remarkable diversification within the six Ipomoea species. The species I. nil has the highest number of DELLA genes, which may indicate that this species has more complex regulatory mechanisms in DELLA-mediated signaling pathways. It is possible that certain DELLA genes (such as InilDELLA5) may have undergone rapid evolution or functional differentiation, resulting in significant sequence divergence from other DELLA genes. The variation in the number of DELLA genes observed between different species may reflect their different requirements in response to environmental stresses or in the regulation of growth and development.

The physicochemical properties and the secondary and tertiary structures of the proteins encoded by the DELLA genes, exhibit significant differences among the six Ipomoea species. DELLA proteins regulate plant growth and development through the degradation triggered by the GA signaling pathway. Most DELLA proteins have a high instability index, indicating that they are likely to be short-lived. This instability provides plants with a flexible mechanism for responding to environmental signals, enabling rapid adjustment of growth rates. DELLA proteins, which have a moderate molecular weight (50-65 kDa), can interact with multiple proteins due to their flexible structure, in particular with other components of the GA signaling pathway (Arkin et al., 2003). The high hydrophilicity of DELLA proteins supports their functional activity in the aqueous environment of the nucleus, particularly during transcriptional regulation, facilitating interactions with DNA, transcription factors, and signaling complexes (Nelson and Steber, 2016). Most DELLA proteins have a low isoelectric point, indicating that they are negatively charged. Negatively charged DELLA proteins are more likely to bind to positively charged transcription factors or DNA, helping to form of complexes that repress GA-responsive gene expression in the nucleus (Norel et al., 2001). The high aliphatic index of DELLA proteins ensures their functional stability across different growth temperatures, allowing for sustained activity under different environmental conditions. Additionally, the subcellular localization information of DELLA proteins further reveals their multifunctionality. The nuclear localization and nuclear export signals of DELLA proteins are closely linked to their dynamic nucleocytoplasmic transport mechanisms. Regulation of DELLA protein distribution within and between the nucleus enables plants to respond rapidly to environmental changes or hormonal signals, thereby controlling growth and development (Chinnusamy et al., 2008). Additionally, the DELLA proteins IbGRAS44 and IbGRAS37 in sweet potato exhibit a high aliphatic index and low GRAVY values, which may contribute to enhanced stability and efficiency under environmental stresses such as drought or salt stress. The physicochemical properties of DELLA proteins may confer increased stress tolerance in sweet potato, thereby improving the plant’s resilience and survivability. The remarkable differences and variability indicate a considerable level of complexity, which may be linked to gene duplication events or variations in genome size (Fan et al., 2021). The presence of introns can significantly influence both gene transcription and the splicing processes. Most DELLA genes are devoid of introns, suggesting that this gene family has a relatively high efficiency of gene expression and maintains strict regulatory mechanisms. Furthermore, several studies have demonstrated that more ancient gene families generally possess fewer introns (Fedorova and Fedorov, 2003). This phenomenon can be attributed to the prolonged periods of selection and optimization that these gene families have undergone during evolution, which has resulted in a reduction in their structural complexity (Lynch and Richardson, 2002). Some DELLA genes possess introns and multiple exons, indicating that these genes may be subject to more complex post-transcriptional regulation. Besides, different genes show diversity in their overall structure and motif combinations. This diversity may confer distinct functional capabilities on these genes, enabling their involvement in a range of biological processes. The arrangement and combination of motifs in different genes vary, which may result in subtle functional differences in the proteins they encode. This allows the proteins to fulfil different roles in a variety of biological processes and in response to different environmental conditions.

Analysis of cis-acting elements in DELLA gene promoters reveals both conservation and differences between species. Orthologous gene promoters across the six species (such as DELLA genes in different species) often retain common cis-element characteristics, which reflect functional conservation. Simultaneously, orthologous gene promoters in different species also exhibit differences in cis-element composition, which indicate the evolution of species-specific regulatory mechanisms. The presence of MYB and MYC binding sites are distributed in the majority of gene promoters, suggesting that these transcription factors may exert a substantial influence on the regulatory network of GRAS family genes (Waseem et al., 2022). Certain gene promoters (such as IaqDELLA1 and InilDELLA3) are enriched for specific transcription factor binding sites, which may indicate more sophisticated transcriptional regulation. Additionally, DELLA genes may exhibit spatio-temporal specificity in expression. For example, gene promoters containing circadian elements (such as IaqDELLA2 and InilDELLA5) may exhibit diurnal expression patterns. Genes containing tissue-specific elements (such as CAT-box) may exhibit elevated expression levels in specific tissues (Lin et al., 2022). The evolution of cis-elements may be synchronous with the evolution of gene sequences, as the topology of the phylogenetic tree roughly corresponds to variations in cis-element patterns. Meanwhile, specific clades (such as IbGRAS62, ItbDELLA1, and ItfGRAS38) exhibit rapid evolution of cis-elements, potentially reflecting novel functional specialization. Some genes, such as IaqDELLA1 and InilDELLA2, have a relatively limited number of cis-elements in their promoters, which may indicate a more straightforward regulatory mechanism for their expression. In contrast, genes such as IcaDELLA2 and ItbDELLA1 contain a greater variety of cis-elements in their promoters, which may indicate that they are subject to more complex transcriptional regulation. These differences reflect the varying complexity of DELLA gene regulation among Ipomoea species. In general, genes that are clustered together tend to have similar compositions of cis-elements. However, differences in the number of individual elements may be related to their unique functions (Adjibolosoo et al., 2024; Wittkopp and Kalay, 2012). Conversely, the composition of cis-elements differs more significantly between major evolutionary branches, indicating a greater degree of distinct differentiation in transcriptional regulation and biological functions. The uneven distribution of cis-elements across evolutionary branches suggests that they may play a pivotal role in the evolution of gene expression regulation.

The DELLA genes in Ipomoea species show remarkable collinearity, which may indicate that these genes have analogous functions and regulatory expression mechanisms across these species. This positional conservation provides further evidence of the importance of these genes, as their relatively stable genomic locations help to preserve their functional integrity and efficacy (Fan et al., 2021). Additionally, the DELLA genes have undergone rearrangements in Ipomoea species, possibly due to structural genomic changes during evolution, including chromosome breakage and recombination. These changes may result in the migration of gene positions while maintaining the collinear relationships between these genes (De Storme and Mason, 2014). The collinear relationships observed indicate that, despite the gene rearrangements and structural changes that have occurred in the genes of different Ipomoea species during evolution, the DELLA genes have remained relatively conserved. This conservation may be due to the crucial roles these genes play in plant growth and development.





Distinct roles of DELLA genes in sweet potato

A comparative analysis of the potential mechanisms of action of the genes IbGRAS37, IbGRAS44, and IbGRAS62 reveals that they play distinct roles at different stages and aspects of root development. IbGRAS37 is predominantly upregulated during the later stages of storage root development and may regulate genes related to cell wall remodeling, cell expansion, and sugar metabolism. It is likely to be involved in hormone signaling pathways, thereby promoting the expansion and storage functions of the roots (Dong et al., 2019; Kondhare et al., 2021). IbGRAS44 displays elevated expression levels during the initial stages of fibrous root development, suggesting a role in regulating root apical meristem activity and the initial roots formation. It may also play a role in the root response to environmental stimuli and is likely to be involved in hormone signaling that promotes fibrous root branching and initial development. IbGRAS62 is highly expressed in most tissues, particularly during the various developmental stages of both fibrous and storage roots. It is likely to be involved in energy metabolism, biosynthetic pathways, cross-regulation of multiple hormone signaling pathways, cell cycle regulation, starch synthesis, sugar transport, cell wall synthesis or modification, and the regulation of antioxidant enzyme expression, thus performing a broad and critical function throughout root development (Villordon et al., 2009; Zierer et al., 2021). Collectively, these three genes form a complex regulatory network that is involved in a number of key processes, including root morphogenesis, the development of storage functions, and environmental response. This reflects the intricate regulatory mechanisms that underpin plant root development.

The expression of IbGRAS37 is significantly upregulated in leaves and fibrous roots under ABA and MeJa treatments, indicating that this gene may play an important role in the ABA and MeJa signaling pathways. ABA is primarily involved in responses to drought, salt, and dehydration stresses, while MeJa is typically associated with responses to biotic stresses and some abiotic stresses (Ku et al., 2018). The expression level of this gene is relatively low under drought, salt, and cold stress conditions, suggesting that it may not directly participate in these stress responses but instead functions through hormone-mediated stress signaling regulation. IbGRAS44 is upregulated in fibrous roots following MeJa treatment and in leaves after ABA treatment, indicating that the regulation of this gene may be complex, involving multiple signaling pathways with differential hormone responses in distinct tissues. The expression of IbGRAS44 is also significantly upregulated under cold stress, particularly in stems, suggesting that this gene may be involved in regulating physiological responses to cold stress, such as modulating membrane lipid composition and the expression of protective proteins (Wu et al., 2022). IbGRAS62 exhibits extremely high expression under MeJa treatment, suggesting that this gene may be a key regulator in MeJa-mediated defense responses. IbGRAS62 is likely to regulate plant responses to pathogens and mechanical damage, such as cell wall reinforcement, activation of antioxidant enzymes, and the synthesis of defense-related compounds (Appu et al., 2021). Additionally, IbGRAS62 shows some degree of responsiveness to ABA and SA treatments in leaves, indicating that it may enhance plant tolerance to these stress conditions by interacting with jasmonic acid signaling and other stress-related pathways.

The effects of cold, drought, and salt treatments on gene expression show remarkable variability. The expression level of IbGRAS37 in the roots exhibited a slight increase under cold stress, yet no significant alterations were observed under drought or salt stress, suggesting that this gene may be involved in adaptive root growth under cold stress, potentially regulating ion balance, osmotic adjustment, and membrane lipid composition (Zhao et al., 2021). In addition, cold treatment resulted in a reduction of IbGRAS37 expression in the leaves and stems, indicating that cold stress may inhibit the function of this gene in these tissues. The expression of IbGRAS44 increased in the leaves under drought stress, indicating that this gene may be closely related to drought resistance mechanisms in leaves, and may be involved in stomatal regulation, photosynthesis, and water balance (Bhargava and Sawant, 2013). Although IbGRAS44 expression also increased in the stem under cold stress, the magnitude of this change was less pronounced than that observed under drought stress, implying that the gene may have a limited contribution to the cold response, possibly through mechanisms related to water transport, mechanical support, or the regulation of secondary growth in the stem (Gall et al., 2015). The expression of IbGRAS62 increased in the leaves under salt stress, indicating that this gene is involved in the regulation of salt resistance in leaves. In the roots and stems, its expression decreased under cold, drought, and salt stress, suggesting that these stresses may inhibit the function of this gene in these tissues.

Although these three genes are involved in hormonal and stress responses in sweet potato, they exhibit distinct response patterns, tissue specificity, and potential functions. They are likely to represent different components of the plant’s complex stress response network, which together form a multi-layered defense mechanism that reflects the finely tuned regulatory strategies that plants have developed throughout evolution to cope with environmental change.





Potential implications in molecular breeding

A comparative analysis of the structural, promoter element, and evolutionary characteristics of the DELLA genes in several species of the genus Ipomoea revealed the conservation, regulatory differences, and functional divergence of these genes. It is reasonable to assume that genes which are conserved across species are likely to have an essential biological function, such as the regulation of plant growth, development and stress responses. In contrast, genes that are functionally divergent may confer species-specific adaptive traits. For instance, the functional divergence of DELLA genes between sweet potato and its wild relatives (I. trifida and I. triloba) can provide genetic resources for sweet potato improvement, thereby aiding in the identification of functional genes with potential utility. Additionally, DELLA genes play a crucial role in plant responses to abiotic stresses, including drought, salinity, and cold. By analyzing the evolution of DELLA genes in sweet potato and its relatives, researchers can investigate how these genes help plants adapt to various environmental conditions, thus providing specific gene targets for genetic improvement of stress resistance traits. Regulating these key genes could lead to the development of sweet potato varieties with enhanced stress tolerance and improved adaptability in harsh environments. In summary, the evolutionary divergence and functional differentiation of DELLA genes across Ipomoea species provide valuable genetic resources for sweet potato improvement. It is possible that in the future, interspecies gene integration may facilitate the introduction of beneficial genes from wild relatives, thereby increasing the genetic diversity of sweet potato. This approach may assist in addressing the decline in genetic diversity in cultivated sweet potato over long breeding periods, while improving resistance to pests, diseases, and environmental stresses. This strategy has the potential for broad application potential in areas such as stress resistance, storage root development, and molecular breeding.

The complex regulatory network of DELLA proteins in sweet potato illustrates that genes in Group A are able to interact with those in Groups B and C, whereas genes within Groups B and C exhibit a lack of interaction with each other. This distinct interaction pattern implies that DELLA proteins potentially may act as key regulators in a range of physiological processes. An analysis of the conserved domains (such as GAF, AP2, ALPHA, GID, B3, bZIP, and HLH) within genes that directly interact with DELLA proteins suggests that DELLA proteins are involved in a variety of essential physiological processes. These processes include stem elongation, seed germination, flowering time regulation, leaf development, root development, stress tolerance, and plant hormone signal transduction (Du et al., 2017; Feng et al., 2020; Fukazawa et al., 2021; Galvão et al., 2012; de la Rosa et al., 2014; Pullen et al., 2019; Rombolá-Caldentey et al., 2014; Vera-Sirera et al., 2016). These results not only confirm the established functions of DELLA proteins observed in other species, but also potentially reveal specific functions of DELLA proteins unique to sweet potato.






Conclusion

This study presents a comprehensive genomic analysis of the DELLA gene family members in six Ipomoea species. The results showed that six Ipomoea species possess 20 members of the DELLA gene family. A more detailed analysis of the distribution, organizations and structure of the DELLA gene family within the genus Ipomoea suggests that these genes have undergone complex evolutionary processes. It is noteworthy that the syntenic analysis revealed that the DELLA genes were vertically inherited from I. aquatica. The inheritance of genes resulted in the formation of three groups of syntenic gene pairs, which maintained a constant number of DELLA genes without undergoing segmental duplication across various Ipomoea species. The phylogenetic tree topology reveals that InilDELLA3, InilDELLA5, and InilDELLA2 in I. nil are clustered within the same group. Nevertheless, InilDELLA3 and InilDELLA5 lack syntenic relationships with DELLA genes with other species, indicating that InilDELLA3 and InilDELLA5 may have originated from InilDELLA2 via alternative replication mechanisms. Despite gene rearrangements occurring during DELLA gene evolution, these positional alterations have not resulted in the loss of syntenic relationships, thereby underscoring the evolutionary stability of the DELLA gene within the Ipomoea genus. An examination of the physicochemical properties, gene structure, and protein structure of DELLA genes within the genus Ipomoea reveals a high degree of diversity both among and within species. In addition, the varying expression profiles observed in sweet potato suggest that DELLA genes may have a role in regulating gene expression in either the above-ground or below-ground parts of the plant and in responding to abiotic stresses in sweet potato. Analysis of cis-acting elements provides further evidence of species-specific differences in the regulation of DELLA genes. A comprehensive understanding of the broader implications of these genes in growth, development, and stress responses facilitates further exploration of the DELLA gene family, particularly in terms of its evolutionary history and biological functions. These findings are of significant value to sweet potato breeders seeking to develop transgenic crops that are resilient to a range of conditions and environmental stresses.
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Supplementary Figure 1 | 3-D structure of DELLA proteins predicted by AlphaFold3 in six Ipomoea species. (A-F) 3-D structure of DELLA proteins of I. aquatica, I. batatas, I. cairica, I. trifida, I. triloba, and I. nil. The DELLA domain is highlighted in green.

Supplementary Figure 2 | Hierarchical clustering tree of genome-wide proteins in sweet potato. The hierarchical clustering tree of whole-genome proteins in sweet potato, clustered by the STRING database based on functional associations between proteins. The clusters are divided into parent clusters (in green) and subclusters (in blue). By analyzing the hierarchical structure, broader functional modules and their submodules can be identified, such as recognizing modules with broad functions at higher levels and specific functional submodules at lower levels. Each dot represents a cluster.
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As soil becomes more acidic, aluminum toxicity has emerged as a key issue impacting seed germination and crop productivity in such environments. Therefore, it is urgent to investigate the mechanism of the influence of aluminum stress on germination. In this study, we focused on one of the major bioenergy crops—rapeseed. Seeds of aluminum-sensitive (S) and aluminum-resistant (R) lines screened from the recombinant inbred lines (RILs) population of rapeseed were treated with 80 µg·ml-1 AlCl3 (ST, RT). Purified water served as the control (SC, RC). On the 3rd, 5th, and 7th day after treatment, the root tissue was collected for transcriptome sequencing. Utilizing MapMan software, the genes showing differential expression in S and R lines were assigned to the aluminum stress signaling pathway, resulting in the identification of 1036 genes. By weighted gene co-expression network analysis (WGCNA), five co-expressed gene modules associated with aluminum stress were discovered. A total of 332 candidate genes were screened by combining the genes related to aluminum stress signal transduction pathways with the module hub genes. Among them, 26 key genes were located in quantitative trait loci (QTL) with confidence intervals for germination-related traits of rapeseed under aluminum stress, and primarily distributed in 11 QTL regions, such as qRDW-A09-1, qRDW-A10-1 and qRGV-A01-2, they were associated with relative root length (RRL), relative root dry weight (RDW), relative germination vigor (RGV) and relative bud length (RBL). The roles included transcription regulation, stress protein production, redox processes, hormone signaling, cell wall alteration, and calcium-based signal transmission. Compared with the R line, the S line exhibited quicker and stronger activation of genes related to aluminum stress signal transduction, suggesting that the S line was more responsive to aluminum stress. This research offers an empirical basis for identifying aluminum-resistant rapeseed varieties and investigating the molecular regulation of aluminum tolerance during germination.
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1 Introduction

Aluminum (Al) is among the most plentiful metallic elements in the Earth’s crust, ranking third place following oxygen and silicon (Panda et al., 2009). Non-ionized or elemental aluminum is harmless to plants, humans, and the environment; however, aluminum ions (Al3+) or free aluminum [Al(OH)2+] can be highly detrimental (Yan et al., 2018). When the pH of the soil is less than 5.0, the soluble Al content in the soil will increase, reducing the utilization of soil nutrients and crop yield. Aluminum contamination in soil can significantly limit China’s development of sustainability of agriculture (Ma and Furukawa, 2003). Rapeseed (Brassica napus L.) is a significant oilseed and energy crop for industry in China, predominantly cultivated in areas along the Yangtze River. However, much of the soil there is acidic, reducing the rapeseed yield because of Al stress (Kochian et al., 2004). Seed germination is the most important and vulnerable stage in the growth cycle of rapeseed (Gao et al., 2021). During this period, rapeseed is more sensitive to aluminum toxicity. Once the external Al3+ concentration is too high, the ability of rapeseed to expel aluminum is limited, and the internal regulatory system could not ensure the balance of various physiological systems, which would inhibit seed germination and radicle growth (Sami et al., 2020). Severe aluminum stress may also lead to the death of rapeseed plants, and then lead to the decline of grain yield and quality (Zhao et al., 2020). Therefore, studying the effect of aluminum toxicity on seed germination of rapeseed can avoid more negative factors brought by aluminum toxicity to the subsequent growth and development, and lay a good foundation for improving the yield and quality of rapeseed.

Research indicated that aluminum tolerance in plants is a complex trait influenced by several minor or major effectors, quantitative trait loci (QTL). Some QTL sites associated with Al tolerance had previously been identified in RILs (recombinant inbred lines) of wheat (Sara et al., 2020), rapeseed (Wang et al., 2020) and soybean (Li et al., 2021). But because of the large coverage area, a large number of candidate genes are usually obtained. Transcriptome sequencing (RNA-seq), with its high resolution and sensitivity, has been widely used to study the changes of plant gene expression under Al stress, such as tea plant (Huang et al., 2021), Pinus massoniana (Wang et al., 2022), and maize (Pinto et al., 2023). Correspondingly, RNA-seq results can also detect a large number of differentially expressed genes (DEGs) concerned with Al stress, but narrowing them down to key genes remains difficult. Therefore, combining transcriptome analysis with QTL genetic mapping can greatly reduce the number of candidate genes by selecting only those key genes related to crop resistance under abiotic stress, such as salt tolerance gene in rice (Geng et al., 2023), cold tolerance gene in chickpeas (Kalve et al., 2023), and heat tolerance gene in Camelina sativa (Smith et al., 2024). Weighted gene co-expression network analysis (WGCNA) is a crucial technique for investigating gene roles via network diagrams (Langfelder and Horvath, 2008), and it is instrumental in analyzing particular characteristics and identifying key genes from diverse plant transcriptome datasets. Ma et al. (2022) had identified a gene (ZMHIPP) associated with lead accumulation and tolerance in maize using a combination of linkage mapping and WGCNA, while Yin et al. (2024) used WGCNA and QTL mapping to screen the key genes Os05g0498700 and Os01g0866100 for anaerobic germination tolerance in rice. All of these studies demonstrated the effectiveness of combining WGCNA and QTL mapping to mine key genes for crop resistance. Nevertheless, the combination of WGCNA and QTL analysis to reveal the mechanism of aluminum resistance during rapeseed germination has not been documented.

The adaptability of plants to adversity depends on whether they can activate the molecular cascade network involved in stress signal recognition, signal transduction, and expression of stress-related genes and metabolites (Huang et al., 2012). Signal transduction processes can improve the adaptability of plants to adverse environmental conditions by forming highly ordered signal regulation networks (Zhu, 2016). In acidic soil, there are two kinds of plant adaptation mechanisms to Al stress: external Al exclusion and internal Al tolerance. The Al exclusion mechanism involves OAs (organic acids) secreted by plant roots for Al3+ chelation. Mechanisms of internal Al tolerance include the fixation of Al in the cell wall, the chelation of Al by OAs in the cytoplasm, or the separation of Al into the vacuole. Although different plant species have the same or similar regulatory mechanisms in response to Al, there are still subtle differences between them based on the signaling pathways activated by Al (Liu et al., 2022). This research employed QTL mapping, RNA sequencing, and WGCNA to explore the impact of aluminum stress on the changing transcriptome of the Al-sensitive rapeseed line 27011 and the Al-resistant line 18D300, aiming at identifying signal transduction genes associated with aluminum stress.




2 Materials and methods



2.1 Plant material and aluminum treatment

Among a rapeseed population of 182 RILs, Brassica napus 27011 was selected as the aluminum-sensitive (S) line while 18D300 as the aluminum-resistant (R) line (Wang et al., 2021a). To investigate the effect of Al3+ on germination, 20 seeds of the S and R lines were separately put in Petri dishes on three layers of filter paper that were moistened with 3 ml of 80 µg ml-1 AlCl3•6H2O in Distilled Water (DW) (Wang et al., 2021b). DW served as control. Next, the seeds were put in an artificial illumination incubator at 25°C/20°C (light/dark), 16 h light/8 h dark, and 85% relative humidity. On the 3rd, 5th, and 7th days of treatment, the root length was measured, and a 0.2 g root sample was collected into a 1.5 ml centrifuge tube, rapidly frozen in liquid nitrogen, and stored at −80°C for transcriptome sequencing and qRT-PCR verification. The control and treatment samples of the R line were named RC3, RC5, RC7, RT3, RT5, and RT7; likewise, the samples of S line were named SC3, SC5, SC7, ST3, ST5, and ST7, respectively. Each Petri dish was considered one biological replicate, with the R and S lines having five biological replicates at each control and treatment time point, resulting in a total of 30 biological replicates for both the R and S lines.




2.2 QTL mapping

Drawing from our earlier findings (Wang et al., 2020), a seed germination stress experiment was conducted on 182 samples of rapeseed. On the third day of treatment, the germination vigor was assessed. On the seventh day, ten seedlings with similar growth were randomly selected from each Petri dish for root length and bud length measurements. These ten seedlings were dried at 75°C for 24 h and their dry weight was measured. Using distilled water treatment for seed germination as a control, we calculated relative germination vigor (RGV), relative root length (RRL), relative bud length (RBL), and relative dry weight (RDW). We then conducted QTL mapping for RGV, RRL, RBL, and RDW in 182 lines of the RILs population, identifying candidate genes within the QTL confidence interval.




2.3 Transcriptome sequencing and DEGs analysis

Root samples from the S and R lines were dispatched to Personalbio Co., Ltd. (Shanghai, China) for RNA isolation, library preparation, and transcriptome sequencing using an Illumina platform. Following the removal of 3’-adapters and sequences with poor quality (sequence mass < Q20), the clean reads were aligned to the B. napus reference genome (http://www.genoscope.cns.fr/Brassicanapus/cgi-bin/gbrowse/colza/) utilizing HISAT2 software (http://ccb.jhu.edu/software/hisat2/index.shtml). The read count was determined by HTSeq (https://htseq.readthedocs.io/en/release_0.11.1/). Gene expression levels were estimated by calculating fragments per kilobase of exon model per million mapped reads (FPKM). To identify differentially expressed genes, DESeq (Wang et al., 2010) was employed, with screening criteria set at |log2(fold change)| ≥ 1 and p ≤ 0.05. The MapMan tool (Thimm et al., 2004) was employed to align the varying expressions of DEGs with the Al stress signaling pathway, identifying genes associated with Al stress response in both S and R lines.




2.4 Screening of key genes

A gene co-expression network was developed with the WGCNA package in R language (Langfelder and Horvath, 2008). The modules were generated with the automatic network construction feature (block-wise Modules) using default parameters, with slight adjustments (min Module Size = 30, merge Cut Height = 0.31). At each treatment time point for the S and R lines, distinct modules (module ME value |r| ≥ 0.70, trait correlation coefficient p ≤ 0.05) and hub genes (|characteristic gene connectivity| ≥ 0.8, |gene significance| ≥ 0.5) were identified. To minimize the count of crucial genes, hub genes identified through WGCNA were cross-referenced with differentially expressed genes (DEGs) filtered by MapMan software and subsequently aligned with the QTL physical regions associated with RGV, RRL, RBL, and RDW in rapeseed under Al stress (Wang et al., 2020). The corresponding sequences of key genes were queried in the B. napus genome, and then aligned with the Arabidopsis genome sequences on the TAIR website (https://www.arabidopsis.org/) by BLAST to determine the functions involved. KEGG metabolic pathway enrichment analysis was performed using the KOBAS2.0 platform (http://kobas.cbi.pku.edu.cn/home) as described by Xie et al. (2011). Pathways with FDR values below 0.01 were then identified as significant.




2.5 Quantitative RT-PCR validation

Quantitative real-time PCR tests were conducted with a kit provided by Beijing Labgic Technology Co., Ltd. (Beijing, China) using a BioRad CFX96 real-time cycler. Primer pairs were designed using qPrimerDB v1.2 (https://biodb.swu.edu.cn/qprimerdb/), produced by Sangon Biotech (Shanghai, China), and detailed in Table 1. The experimental parameters included an initial step of 95°C for 5 minutes, followed by 40 cycles consisting of 95°C for 10 seconds, 56°C for 30 seconds, and 72°C for 30 seconds. Using BraActin7 as a reference for consistent expression, the gene’s relative expression was measured by the 2-ΔΔCt methods (Zhao et al., 2019), with each sample having three biological replicates.

Table 1 | List of primer sequences used for qRT-PCR analysis.


[image: Table showing gene IDs with corresponding forward and reverse primer sequences. Gene IDs listed are: BraACTIN7, BnaA03g54320D, BnaA01g28900D, BnaA03g25630D, BnaA08g02360D, BnaA03g52830D, and BnaA01g27170D. Each gene has specific sequences for both forward and reverse primers.]



2.6 Data processing

Microsoft Excel 2019 was used to process the data and construct bar charts. Venn diagrams and gene expression heatmap of key genes were generated by TBtools software (Chen et al., 2020).





3 Results



3.1 Variations in the root length of S and R lines during various germination phases

Compared with the control group, the root length of the S line was significantly shorter on the 3rd, 5th and 7th days after Al stress (p < 0.05) (Figure 1A), and a decrease rate was more than 50% (Table 2, Supplementary Table S1). The root extension of the R line was also inhibited, but the inhibition amplitude was less than 35%, which was much smaller than that of S line (Figure 1B; Table 2; Supplementary Table S1). This suggested notable variations in the tolerance of S and R lines to Al toxicity.

[image: Panel A shows seedlings at different stages labeled SC3, ST3, SC5, ST5, SC7, ST7, with varying growth. Panel B is a bar chart comparing mean root lengths in centimeters over 3, 5, and 7 days, with treatments CK and T, showing higher growth in T. Panel C depicts another set of seedlings labeled RC3, RT3, RC5, RT5, RC7, RT7. Panel D shows a similar bar chart with CK and T treatments, also indicating greater root growth in T over time.]
Figure 1 | Variations in root length of S and R lines. (A, B) S line; (C, D) R line; CK is the control group, T is the Al-treatment group, and the different lowercase letters indicate significant differences at the p<0.05 level in each time period.

Table 2 | Variance analysis of root length of S and R lines.


[image: A table presents data comparing treatment effects over three time points (3, 5, and 7 days) on the S and R lines. Treatments include CK and T. The S line shows values: 3.77±0.54a, 1.23±0.67b at 3d; 5.21±0.68a, 2.02±0.48b at 5d; 8.19±0.44a, 3.73±0.63b at 7d. The R line shows values: 3.02±0.48a, 2.62±0.59a at 3d; 5.32±0.54a, 4.95±0.39a at 5d; 7.93±0.38a, 5.47±0.74b at 7d. Percentage comparisons with the control show significant differences indicated by different letters (p<0.05).]



3.2 DEGs analysis

As shown in Figure 2, a total of 2493 and 1673 DEGs were obtained from SC3 vs ST3 and RC3 vs RT3, including 1598 (64.10%) and 857 (51.23%) up-regulated genes, 895 (35.90%) and 816 (48.77%) down-regulated genes, respectively. The 2279 and 2399 DEGs of SC5 vs ST5 and RC5 vs RT5 included 1445 (63.41%) and 1177 (49.06%) up-regulated genes, 834 (36.59%) and 1222 (50.94%) down-regulated genes, respectively. In SC7 vs ST7 and RC7 vs RT7, 2358 and 1447 DEGs were identified, respectively.

[image: Bar chart showing the number of differentially expressed genes (DEGs) for six comparisons. Each bar is divided into up-regulated (black) and down-regulated (white) sections. Values for each section are: SC3 vs ST3 (up: 1598, down: 895), SC5 vs ST5 (up: 1445, down: 834), SC7 vs ST7 (up: 596, down: 1767), RC3 vs RT3 (up: 857, down: 816), RC5 vs RT5 (up: 1177, down: 1222), RC7 vs RT7 (up: 485, down: 962).]
Figure 2 | DEGs between S and R lines after aluminum treatment.

In the S line, out of 2358 differentially expressed genes (DEGs), 591 (25.06%) showed increased expression while 1767 (74.94%) exhibited decreased expression. The 1447 DEGs in the R line contained 485 up-regulated genes (33.52%) and 962 down-regulated genes (66.48%). In general, with longer times of Al stress, the proportion of up-regulated genes in S and R lines decreased, while the proportion of down-regulated genes increased. Finally, on the 7th day of treatment, the proportion of down-regulated DEGs in the S line surpassed that in the R line, reinforcing that the S line exhibited greater sensitivity to Al stress at the molecular scale.

As illustrated in the Supplementary Figures S1A, B, a total of five genes were co-expressed across the six groups. Notably, the gene encoding F-box protein (BnaC05g35820D) exhibited up-regulation in all groups. Conversely, genes encoding the peroxidase protein (BnaC03g33490D) and lipid transporter (BnaC07g13240D) showed consistent down-regulation across all groups. The gene encoding ethylene response factor 104 (BnaA03g40380D) demonstrated both up-regulation and down-regulation in both R and S lines. Additionally, a gene encoding pyruvate decarboxylase protein (BnaAnng13920D) was observed to be down-regulated on the 3rd, 5th, and 7th days in the R line, and on the 3rd and 5th days in S line, but it was up-regulated on 7th day in S line. These genes were associated with protein degradation, redox reactions, plant hormone signal transduction, and energy metabolism. It is evident that both the S and R lines are capable of activating these associated functional genes in response to Al stress.




3.3 Screening for DEGs related to aluminum stress signal transduction

The expression of differential multiples (log2 FC) of DEGs was mapped to the Al stress signal
transduction pathway using MapMan software. A total of 1,036 DEGs were screened for adaptation to Al stress (Supplementary Table S2). By the third day of Al exposure, the majority of differentially expressed genes (613 out of 820) in the S line were upregulated due to Al stress, whereas in the R line, only about half (234 out of 521) showed increased expression (Figure 3; Supplementary Table S3). On the fifth day, more than two-thirds of DEGs (457 out of 653) in the S line were upregulated, while in the R line 50% of the genes (424 out of 807) were found to be upregulated. On the seventh day, however, only 25% of the DEGs (170 out of 692) showed increased expression in the S line, while 30% of R line genes were upregulated (Figure 3; Supplementary Table S3). In summary, the S line exhibited a greater quantity of up-regulated DEGs linked to Al
stress signal transduction pathway on the 3rd day compared to the 5th and 7th days. The S line demonstrated greater sensitivity to Al stress than the R line, with stronger response observed on the 3rd day. More genes were up-regulated to respond to damage from Al stress on day 3. Similarly, following filtration through the Al stress signal transduction pathway, two genes (BnaC03g33490D and BnaA03g40380D) were found to be co-expressed across six groups (Supplementary Figures S1C, D). These genes are associated with redox reactions and plant hormone signal transduction, respectively.

[image: Three Venn diagrams labeled A, B, and C show overlapping data sets. Diagram A compares SC3 vs ST3-Down, RC3 vs RT3-Up, SC3 vs ST3-Up, and RC3 vs RT3-Down. Diagram B compares SC5 vs ST5-Down, RC5 vs RT5-Up, SC5 vs ST5-Up, and RC5 vs RT5-Down. Diagram C compares SC7 vs ST7-Down, RC7 vs RT7-Up, SC7 vs ST7-Up, and RC7 vs RT7-Down. Each section contains numerical values indicating shared or unique data points.]
Figure 3 | Venn diagrams showing the number of DEGs related to Al stress signal transduction pathways between S and R lines at each stage of Al treatment. (A–C) VEEN diagrams related to the number of DEGs on 3rd, 5th and 7th day of aluminum treatment, respectively.




3.4 Screening of hub genes by WGCNA

The co-expression network of DEGs between S and R lines was constructed using weighted gene co-expression network analysis (WGCNA), resulting in a co-expression network consisting of 15 distinct modules (Figure 4A). The number of genes per module varied from 34 to 1,628. Each module was labeled with different color, and there were 1,708 genes that were not assigned to any modules.

[image: Dendrogram and heatmap analysis of module-trait relationships. Panel A depicts a cluster dendrogram with dynamic tree cut and merged dynamic colors. Panel B is a heatmap showing correlation values for different gene modules versus traits, with color intensity indicating correlation strength and significance, ranging from -1 to 1. Traits and modules include green, plum1, white, darkred, and others with specific color-coded blocks.]
Figure 4 | Cluster module tree diagram and module character association diagram. (A) Gene cluster number and module cutting of gene co-expression network. Each branch of the gene cluster tree corresponds to a module. (B) Heatmap of gene co-expression network module and differential processing. The leftmost color bar indicates different co-expression modules. The numbers in the figure show the correlation between modules and different processes, while the numbers in parentheses indicate the correlation p value.

After the co-expression network was utilized to analyze the correlation between different treatments and modules, the correlation heatmap was generated (Figure 4B). In this study, five specific modules were identified. Within the S line, the black module containing 603 genes, showed a positive correlation with ST3 (r = 0.79, p = 0.002); the turquoise module, which includes 1,282 genes, exhibited a strong positive association with ST5 (r = 0.99, p = 2e-09); and the blue module, comprising 526 genes, was positively linked to ST7 (r = 0.96, p = 5e-07).

For the R line, the dark red module (96 genes) and the dark green module (305 genes) exhibited
significant positive correlations with RT3 (r = 0.95, p = 2e-06) and RT5 (r = 0.97, p = 1e-07), respectively. By screening the characteristic gene connectivity and gene significance values of the module genes, a total of 321 hub genes were identified in the black module, 983 in the turquoise module, 413 in the blue module, 53 in the dark red module, and 159 in the dark green module  (Supplementary Table S4).




3.5 Screening of key genes



3.5.1 Screening of key genes by combination with WGCNA and QTL

By combining DEGs related to Al stress signal transduction pathways and module hub genes, a total
of 332 candidate genes were identified (Supplementary Table S5). These candidate genes were mapped to QTL intervals of related traits in rapeseed germination under Al stress, resulting in the identification of 26 key genes (Figure 5). Among these, eight genes were located at five QTLs: namely qRGV-A01-2, qRGV-A03-1, qRGV-A08, qRGV-C01-1 and qRGV-C01-2, and they were related to RGV. There were 15 genes associated with RRL, located at three QTLs: qRRL-A03-1, qRRL-A03-2 and qRRL-A09-1. Two genes related to the RDW were found at two QTLs: qRDW-A09-1 and qRDW-A10-1. The final gene was associated with RBL and was located at qRBL-A08-1.

[image: Heatmap showing gene expression levels with a green to red gradient, where green represents lower expression and red indicates higher expression. Rows are labeled with gene identifiers, and columns denote specific conditions or time points: SC3, SC5, SC7, ST3, ST5, ST7, RC3, RC5, RC7, RT3, RT5, RT7. Gene clusters are marked with annotations such as qRDW-A09-1 and qRRL-A03-1.]
Figure 5 | Expression heatmap of candidate key genes. Notes: RDW, relative dry weight; RGV, relative germination vigor; RRL, relative root length; and RBL, relative bud length. qRDW-A09-1 is the first QTL of relative dry weight on the A09 chromosome. In addition, based on the average gene expression level of the same sample, expression levels higher than the average are considered positive value and marked in red; On the contrary, if the expression level is lower than the average, it is negative value and marked in green. The depth of color indicates the degree of difference between gene expression levels and the mean.




3.5.2 Functional analysis of key genes

The 26 key genes had functions related to plant cell wall modification, hormone signal
transduction, stress proteins, redox balance, calcium signal transduction, and transcriptional regulation (Supplementary Table S6) and respond to external stimuli through intracellular or intercellular messages. The first type of gene is related to plant hormone signal transduction: BnaC01g01570D encodes the BRU6 protein, BnaA08g01300D and BnaA03g52830D encode ERF8 and ERF043, and BnaA01g27170D encodes JAZ3, which are involved in auxin, ethylene, and jasmonic acid signal transduction, respectively. The second type of gene is involved in cell wall modification: BnaA03g54320D encodes xylan endoglucosyltransferase/hydrolase 7 (XTH7) and is linked to β-glucanase. The third type of gene is associated with stress proteins: BnaA03g25630D and BnaA08g02360D are involved in proteolysis and encode F-box and U-box protein, respectively. The fourth type of gene is connected with redox balance and is represented by BnaA03g52510D, which encodes peroxidase (POD), and BnaA03g21970D, which encodes glutathione transferase 5 (GSTU5). The fifth type of gene is part of the calcium signal transduction system, including the calmodulin family protein encoded by BnaA03g50900D. The last type includes transcription factors such as BnaA03g40690D and BnaA03g52830D, which encode RRTF1; BnaC01g26440D and BnaC01g31020D which encode MYB77 and MYB15, respectively; BnaA03g22890D, BnaA03g24840D, and BnaA09g21510D, which encode HSFA2 and HSFB2B, both of which are associated with heat-shock proteins.




3.5.3 Expression of key genes in S and R lines

Following the enrichment analysis of crucial genes in the Al stress signal transduction pathway (Figure 6), the S line exhibited a greater number of essential genes related to ethylene signaling, proteolysis, calcium signaling, transcription factor regulation, and heat-shock protein production compared to the R line, particularly on days 3 and 5. The gene upregulation in the R line mainly occurred on the 5th day after Al treatment, indicating a delayed response to Al stress. It can be inferred that the S line responds to stress earlier than the R line by upregulating genes related to calcium, transcription factors, oxidoreductases, cell walls integrity, and plant hormones to alleviate Al stress.

[image: Flowchart depicting biological pathways related to recognition, signaling, and transcription factors, leading to defense genes. Includes hormone signaling, cell wall processes, and transcription factors within shaded areas. Colored squares represent expression differences, with a key indicating specific comparisons.]
Figure 6 | Enrichment analysis of differentially expressed genes in S and R signal transduction pathways under aluminum stress. Different colored blocks represent different groups, while white blocks indicate non-significant differences in gene expression between groups.

By examining the metabolic pathways of crucial genes, it was found that six genes were concentrated in the KEGG metabolic pathway, associated with plant hormone signal transduction, phenylpropanoid biosynthesis, and glutathione metabolism (Figure 7). Within the signal transduction pathways of plant hormones (Figure 7A), the primary gene associated with auxin signaling (BnaC01g01570D) was exclusively upregulated in the S line. ERF8 (BnaA08g01300D), a key transcription factor related to ethylene signal transduction, was upregulated in both S and R lines. The principal gene associated with jasmonic acid (BnaA01g27170D) showed increased expression in the S line and downregulated in the R line. Within the glutathione metabolism pathway (Figure 7B), an important gene associated with glutathione S-transferase (GST) (BnaA03g21970D) showed increased expression in the S line. In the phenylpropanoid biosynthesis pathway (Figure 7C), the crucial gene associated with peroxidase (POD) (BnaA03g52510D) exhibited increased expression in the S line but decreased expression in the R line. SAM-MTase showed significant similarity to caffeic acid 3-O-methyltransferase (COMT), and the gene BnaA10g25810D, which encodes SAM-MTase, exhibited both increased and decreased expression in the S line, while it was solely up-regulated in the R line. Therefore, the S line can withstand Al stress by increasing the expression of crucial genes associated with redox equilibrium and hormone signaling in plants.

[image: Diagram with three sections: A) Plant hormone signal transduction showing pathways for auxin, jasmonic acid, and salicylic acid affecting processes like cell enlargement and stress response. B) Glutathione metabolism outlining transformation from glutathione to mercapturic acid via enzymes like GSTU and NAT8. C) Phenylpropanoid biosynthesis illustrating conversion of phenylalanine to various acids and lignins through enzymes like PAL and POD, highlighting steps for forming lignin components.]
Figure 7 | Metabolic pathways in which key genes related to aluminum toxicity stress are involved. The red box represents up-regulated genes in the S line or in the R line. The purple boxes show up-regulated and down-regulated genes in the S and R lines. (A) Plant hormone signal transduction. (B) Glutathione metabolism. (C) Phenylpropanoid biosynthesis.





3.6 qRT-PCR verification

In order to test the RNA-seq data, six key genes were selected for qRT-PCR verification based on the expression patterns of observed at three time points of the S and R lines. The results indicated that the expression patterns from qRT-PCR and RNA-seq showed similar up- and down-regulation, suggesting that the RNA-seq data obtained in this research have high reliability (Figure 8).

[image: Six bar graphs display expression levels of genes BnaA03g54320D, BnaA01g28900D, BnaA03g25630D, BnaA08g02360D, BnaA03g52830D, and BnaA01g27170D over time intervals of three, five, and seven days. Each graph compares RNA-seq and qRT-PCR data for S and R lines. Bars and lines show variations in expression, with differences in height and trends. A legend at the bottom indicates data types and lines.]
Figure 8 | Validation of RNA-seq data by qRT-PCR. Six key genes were selected for validation, and they showed a similar tendency to the RNA-seq results. The y-axis showed the fold-changes of three treatment stages compared to the beginning point, with positive values indicating up-regulation and negative values indicating down-regulation.





4 Discussion

The transcriptome data obtained through high-throughput sequencing can provide valuable information for investigating gene expression and functional genomics of rapeseed under Al stress. MapMan software was used to screen the DEGs involved in Al stress signal transduction, significantly narrowing down the range of candidate genes for further analysis. WGCNA provided a time series analysis of the gene expression response in rapeseed under Al stress, which was essential for determining the functions of genes related to resistance to Al stress. The co-expressed gene modules associated with these phenotypes were identified using eigengene network methods, and the putative major functional genes for Al tolerance were predicted. QTL analysis is an effective method for pinpointing genes linked to complex traits. To identify the genes responsible for the impact of Al stress on rapeseed germination, differentially expressed genes (DEGs) associated with Al stress signaling and central genes in WGCNA modules were cross-referenced with candidate genes within the QTL confidence interval, resulting in the identification of 26 crucial genes. These findings are significant for understanding the molecular basis of Al tolerance in rapeseed and for the effective utilization of germplasm resources. Through comprehensive screening of key genes, the potential loss of candidate genes was avoided, leading to the acquisition of meaningful information.



4.1 The aluminum tolerance of rapeseed can be regulated by the expression of transcription factors

The regulation of plant adaptation to Al stress involves numerous transcription factors, such as
AP2/ERF, MYB, bHLH, as well as the zinc finger and WRKY families (Huang et al., 2021). The key transcription factors screened in this study included ERF, RRTF, MYB, and HSF (Supplementary Table S6). The AP2/ERF transcription factor, characterized by its AP2 domain, is crucial for plant responses to various environmental stresses, including cold, drought, extreme heat, high salinity, and low oxygen levels (Ma et al., 2024). This research identified RRTF1 (BnaA03g52830D), ERF8 (BnaA08g01300D), and ERF043 (BnaA03g52210D), all of which are members of the AP2/ERF transcription factor family. MYB primarily acts as a transcriptional activator in response to both biotic and abiotic stresses (Chen et al., 2018). Additionally, MYB77, encoded by BnaA03g40690D and BnaC01g26440D, and MYB15, encoded by BnaC01g31020D, were also screened. Studies have shown that MYB77 is mainly involved in auxin responses and reactive oxygen species (ROS) clearance (Sng et al., 2019), while MYB15 participates in lignin synthesis (Kim et al., 2020). Both ROS removal and lignin synthesis have been shown to be part of the response to Al stress (Sun et al., 2020).

The increase in MYB expression triggered by aluminum could enhance rapeseed’s resistance
to Al stress by activating genes that confer Al tolerance. In addition, two heat-shock transcription factors, AT-HSFB2B and HSFA2, were screened in this study (Supplementary Table S6). Research has indicated that various HSFs can work together to control abiotic stress in plants (Ikeda et al., 2011; Nishizawa-Yokoi et al., 2011), suggesting that HSFs might improve rapeseed’s response to Al stress. However, the regulatory mechanism of HSFs under Al stress has not yet been studied.




4.2 Aluminum stress can affect root length in rapeseed through plant hormones

Exposure to stress causes plants to alter their hormone levels, triggering a cascade of physiological and biochemical responses to cope with the stress (Waadt et al., 2022). Aluminum can alter the levels and placement of auxin within plants, leading to its movement from the remote transition area of the roots to the elongation region, thereby decreasing root growth (Wang et al., 2023). The BRU6 protein encoded by BnaC01g01570D, a key gene screened in this study, is part of the auxin signal transduction pathway. It was up-regulated on the 5th and 7th days in the S line under Al treatment but did not show differential expression in the R line. Therefore, it can be inferred that the synthesis of auxin may inhibit root growth and shorten root length in the S line under Al stress. The R line was less affected by auxin and showed little change in root length. This is also evident in the variations in root length between the S and R lines (Figure 1). Sun et al. (2010) found that Arabidopsis rapidly released ethylene under Al stress, resulting in the redistribution of auxin to the roots, thus inhibiting their growth. In this study, the gene BnaA08g01300D, which encodes ERF8—a transcription factor associated with ethylene signal transduction—was up-regulated on day 3 in the S line under Al treatment, and on day 7 in the R line. Thus, it is plausible to infer that Al stress hindered the root development of the S line during the initial phase of germination, whereas the R line experienced root growth inhibition during the middle and later phases. Similar characteristics can be observed in Figure 1. The findings revealed that the suppression of root growth was governed by COI1-dependent jasmonic acid pathways, influenced by ethylene and not reliant on auxin signaling (Yang et al., 2017). The crucial gene BnaA01g27170D encodes JAZ3, which plays a role in the jasmonic acid signaling pathway. This gene was up-regulated on the 5th day in the S line under Al treatment and down-regulated on the 7th day in the R line. This expression pattern is similar to that of the auxin signal transduction gene, BnaC01g01570D. The findings suggest that, due to plant hormones, Al stress more severely restricts root length in the S line compared to the R line.




4.3 Stress protein functions for resisting aluminum stress in rapeseed during germination

Aluminum toxicity can induce the production of endogenous hormones (auxin, ethylene, jasmonic acid) in plants, thereby causing protein ubiquitination (Figure 7). Protein ubiquitination is a vital pathway mediating plant protein degradation and contributing to seed dormancy, germination, and the abiotic stress response (Xu and Xue, 2019). The U-box protein is an important component in the process of protein ubiquitination. In this study, the expression of BnaA08g02360D, which encodes the RING/U-box protein, was upregulated on day 3 in the S line with aluminum (Al) treatment, and on day 7 in the R line. The results showed that the S line responded to Al stress earlier than the R line. In Arabidopsis thaliana, the RING type E3 ligase coding gene, At2g34000, was up-regulated at 6 and 48 h after Al treatment (Kumari et al., 2008). An important gene, BnaA03g25630D, codes for the F-box protein, which is involved in regulating the ubiquitin-proteasome system within the SCF complex (Jia et al., 2017). Zhang et al. (2019) isolated and identified an F-box protein, RAE1, in Arabidopsis thaliana. STOP1, a transcription factor associated with the malic acid transporter, can bind to the promoter of the RAE1 gene and increase its activity, thereby facilitating the ubiquitination and breakdown of STOP1 via the ubiquitin-proteasome system, boosting resistance to Al toxicity. It may be that rapeseed can respond to Al stress by up-regulating genes involved in protein ubiquitination and degradation, as was also found in Liriodendron (Wang et al., 2021c).

The mechanism of plant aluminum (Al) exclusion primarily involves the excretion of organic acid (OA) anions (such as malate, citrate, and oxalate) by roots, thereby preventing Al3+ from binding to root cells. These OAs are secreted via root transporter proteins, specifically ALMT (aluminum-activated malate transporter) and MATE (multidrug and toxic compound extrusion) (Bian et al., 2013). In Arabidopsis thaliana, the C2H2 transcription factor STOP1 induces the expression of a series of genes, including AtALMT1, promoting malic acid secretion to chelate Al3+ and mitigate Al toxicity (Kobayashi et al., 2013). Ligaba et al. (2006) identified BnALMT1 and BnALMT2 in rapeseed, which encode aluminum-induced malic acid transporters that facilitate the expulsion of Al3+, thus reducing Al toxicity. The MATE family extrudes Al3+ by forming aluminum-citrate complexes, thereby alleviating Al stress (Bian et al., 2013). However, this study did not identify any genes related to malic acid or citric acid transport, indicating certain limitations.




4.4 Rapeseed alleviates aluminum stress through cell wall modification

Plants can reduce the content of Al in cells by inhibiting the binding of Al3+ to the cell wall, which is thought to be a key mechanism of Al tolerance. Changes in cell wall structure mediated by cell wall-modifying enzymes, such as xyloglucan endotransglucosylase/hydrolase (XTH) and cellulase (Sun et al., 2020), can reduce the binding of Al3+. XTH is mainly responsible for cutting and reconnecting the xyloglucan chain between microfibrils. The reduction of xyloglucan content leads to plant cell expansion and cell wall relaxation, thus affecting the absorption of Al3+ and increasing Al resistance (Bian et al., 2013).

This research identified the primary gene XTH7 (BnaA03g54320D), and its expression showed no significant change on the 3rd day of S line Al exposure, but it was up-regulated by the 5th day. In the R line, however, the expression was down-regulated on the 3rd day and up-regulated on the 5th day. The findings indicated that the R line exhibited a delayed response to Al stress and increased expression of the XTH7 gene during the intermediate phases of germination. The glycosylhydrolase (BnaA03g22360D) screened in this study is a type of cellulase, and its expression may also influence germination. Overall, these findings support the theory that gene expression controlling cell wall composition is crucial for safeguarding plant cells against stress (Cronmiller et al., 2019).




4.5 The up-regulation of antioxidant genes can improve the resistance to aluminum stress in rapeseed

Aluminum can cause plant roots to generate excessive reactive oxygen species, leading to lipid peroxidation and harm to root cell membranes. Plants possess antioxidant enzymes like peroxidase (POD) and non-enzymatic systems such as glutathione S-transferase (GST), which help eliminate oxygen free radicals and mitigate membrane peroxidation damage (Kumari et al., 2018). GST binds toxic substances to glutathione and forms glutathione conjugates, which are transported to vacuoles via ABC transporters (Vaish et al., 2020). POD can remove excess H2O2 and peroxides from the cells (Sun et al., 2020), thus protecting them from oxidative damage. Under Al stress, the POD gene in rapeseed can be upregulated to reduce ROS levels and alleviate stress damage. In this study, BnaA03g21970D, a key gene encoding GSTU5, was upregulated on the 3rd and 5th day after S line Al treatment, while the differential expression was not significant in the R line. The key gene encoding POD, BnaA03g52510D, was up-regulated on the seventh day of S line Al treatment but down-regulated on the fifth day in the R line. Therefore, we conclude that the expression of antioxidant genes contributes to the effective defense against Al toxicity, which has also been reported in A. thaliana (Kumari et al., 2008), maize (Mattiello et al., 2010), and rice (Awasthi et al., 2019).




4.6 Calcium ion signaling plays a role in how rapeseed reacts to aluminum stress

Ca2+ (calcium ions) plays a crucial role as a secondary messenger in cellular processes, particularly in how plants respond to Al stress (Chen et al., 2024). The rice genotype with increased tolerance improved its resistance to Al toxicity by up-regulating DEGs related to calcineurin binding protein (Tyagi et al., 2020). In a transcriptome analysis of Stylosanthes roots, Al3+ interfered with the expression of 21 Ca2+ signaling factors, among which 3 differentially expressed genes (DEGs) were up-regulated (Jiang et al., 2018). Aluminum stress triggers the CML protein in the root tip transition zone, leading to inhibited root growth (Zhu et al., 2022). In this study, BnaA03g50900D, which encodes the CaLB protein, and BnaA03g27100D, which encodes α/β hydrolase superfamily proteins, were also screened (Suplatov et al., 2012); both were related to calcium signaling pathways and up-regulated in both S and R lines. Therefore, various Ca2+ signaling mechanisms collectively enhance rapeseed’s resistance to Al stress.





5 Conclusions

In this study, 26 key genes were identified through the combination of RNA-seq, WGCNA, and QTL analysis. Their roles primarily encompassed transcriptional regulation, synthesis of stress proteins, redox homeostasis, plant hormone signaling, cell wall alteration, and calcium signaling. The analysis of the metabolic pathways of these essential genes revealed that they were predominantly involved in plant hormone signaling, glutathione metabolism, and phenylpropanoid synthesis. Overall, the S line exhibits greater sensitivity to Al stress and responds earlier to this stress compared to the R line. These findings provide a crucial empirical foundation for advancing research on Al resistance mechanisms and developing aluminum-tolerant varieties.
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Elevated temperatures severely affect plant growth, reducing yield and quality. Melatonin (MT), a plant biomolecule, is known to enhance stress tolerance, but its role in heat resistance and underlying mechanisms require further exploration. This study investigates MT’s regulatory effects on chlorophyll metabolism and photosynthesis in tomato seedlings under high-temperature stress (40°C). Tomato seedlings treated with 100 μmol MT showed improved physiological and photosynthetic performance under heat stress. MT application increased osmolytes (proline and soluble sugar), enhanced antioxidant enzyme activities [catalase (CAT), peroxidase (POD), ascorbate peroxidase (APX)], and reduced oxidative damage markers (H2O2, O2−, malondialdehyde, and conductivity). Photosynthetic parameters, including key enzyme activities [sedoheptulose-1,7-bisphosphatase (SBPase), ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), and NADP-dependent glyceraldehyde-3-phosphate dehydrogenase (NADP-GAPDH)], photochemical efficiency [Fv/Fm and Y(II)], and photochemical quenching (Qp), were significantly improved, restoring the OJIP curve and enhancing photosynthesis. MT also regulated chlorophyll metabolism by promoting synthesis [increasing chlorophyll a and b, 5-aminolevulinic acid (ALA), Mg-protoporphyrin (Mg Proto), and protochlorophyllide (Pchlide) levels] and upregulating synthesis genes (SlHEMA1, SlPORB, SlPORC, and SlCHLI) while inhibiting degradation genes (SlCLH1, SlCLH2, SlPAO, SlPPH, and SlRCCR). These findings demonstrate that MT enhances tomato heat tolerance by protecting chlorophyll metabolism and photosynthesis, offering a theoretical basis for improving crop resilience to heat stress.
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1 Introduction

Tomatoes (Solanum lycopersicum L.) are one of the most important vegetable crops globally and hold a prominent place in China’s greenhouse vegetable industry (Razifard et al., 2020). Tomatoes are highly sensitive to ambient temperature, as thermophilic plants, with both excessively high and low temperatures impacting their growth and development (Adams et al., 2001). Temperatures exceeding 35°C negatively impact tomato growth (Hatfield and Prueger, 2015). High-temperature stress can cause leaf yellowing, stunted growth, and tissue wilting in tomatoes, significantly reducing both yield and quality (Aldubai et al., 2022). High-temperature stress induces various types of physiological damage in tomato seedlings. High temperature can severely impair cell membranes, compromising their selective permeability and leading to electrolyte leakage and increased conductivity. Excessive reactive oxygen species (ROS) interact with unsaturated fatty acids, exacerbating cellular damage (Yang et al., 2019). Furthermore, high temperatures seriously affect chlorophyll metabolism in tomato seedlings, thereby inhibiting photosynthesis (Ding et al., 2017). High temperatures compromise membrane integrity, accelerating chlorophyll degradation and causing chlorosis in leaves. Enzymes in the chlorophyll degradation pathway, such as magnesium-free pheophorbide a oxygenase (PAO), pheophytin pheophorbide hydrolase (PPH), chlorophyllase (CLH), and red chlorophyll catabolite reductase (RCCR), play essential roles (Jahan et al., 2022). Research indicates that high-temperature stress significantly reduces chlorophyll content in Agrostis sp., primarily due to the upregulation of the PPH and CLH genes and increased PPH activity, which accelerates chlorophyll degradation (Jespersen et al., 2016). ABI5 promotes chlorophyll degradation under heat stress by regulating MYB44 stability in cucumber. ABI5 directly binds to the promoters of the PPH and PAO genes, enhancing their expression and thus accelerating chlorophyll degradation (Liu et al., 2023). Elevated temperatures and salt stress significantly enhance PAO and RCCR transcription in both cucumbers and peppers (Xiao et al., 2015; Zhou et al., 2016). Maintaining chlorophyll homeostasis and enhancing photosynthesis in tomato seedlings under high-temperature stress are crucial for improving heat tolerance. Moreover, abscisic acid, auxin, and ethylene, as plant hormones, are among the essential compounds for mitigating heat stress (Verma et al., 2016). Particularly, the periodic changes at physiological, biochemical, and molecular levels under high-temperature stress are often closely associated with the tight regulation of these hormones (Peer et al., 2020). Under high-temperature stress, the internal abscisic acid (ABA) levels in plants significantly increase, reducing water loss and oxidative damage by regulating stomatal closure and the activity of antioxidant enzymes. Specifically, high temperatures promote the synthesis and accumulation of ABA in leaves, activate ABA signaling pathways, and regulate the degree of stomatal closure, thereby enhancing leaf transpiration. Additionally, ABA can induce the expression of a series of stress-related genes, such as heat shock protein (HSP) genes, which protect cellular protein structures and prevent protein denaturation and functional loss caused by high temperatures (Zou et al., 2009; Joshi and Chinnusamy, 2014). Auxin is a key regulatory factor in plant growth, and its levels and distribution patterns undergo significant changes under high-temperature stress. Studies have shown that under high-temperature stress, the contents of indole-3-acetic acid (IAA) and gibberellins (GAs) in rice decrease significantly, while ABA levels increase markedly. Moreover, the longer the stress duration, the more pronounced the reduction in IAA and GAs (Tang et al., 2008). Ethylene, as a gaseous signaling molecule, plays a vital role in plant responses to stress conditions (Tao et al., 2015). Exogenous ethylene can activate various stress-responsive proteins to enhance plant thermotolerance. Ethylene signaling also contributes to alleviating heat-induced stress in plants by reducing oxidative stress and maintaining chlorophyll content, thereby improving heat resistance (Gautam et al., 2022).

Melatonin (N-acetyl-5-methoxytryptamine) is an effective free radical scavenger and antioxidant that supports plant growth and resistance to abiotic stress, reducing stress-induced damage in plants (Cen et al., 2020). Studies have shown that melatonin (MT) can directly scavenge excessive ROS under stress and enhance antioxidant enzyme activity, protecting plants from oxidative stress (Sharma and Zheng, 2019). MT is an effective antioxidant, crucial for enhancing antioxidant enzyme activity and maintaining ROS balance (Tan et al., 2000). MT applications improve mineral absorption and utilization, fostering plant growth, germination, root development, and photosynthesis (Hassan et al., 2022). MT significantly contributes to the improvement of plant resistance to elevated temperatures. Spraying 100 μmol·L−1 MT mitigates heat-induced damage in strawberries by enhancing the antioxidant mechanism (Manafi et al., 2022). MT-treated rice exhibited enhanced antioxidant capacity, resulting in increased photosynthesis, greener leaves, elevated photosynthetic parameters (Fv/Fm and PI), and improved heat tolerance (Fan et al., 2022). MT application preserves chloroplast integrity in chrysanthemums, decreases K and J points in the OJIP curve, and mitigates high-temperature inhibition on photosynthesis (Qi et al., 2021). Photosynthesis is a crucial determinant of plant growth and development. Studies have shown that high temperatures reduce the photosynthetic rate; however, MT application downregulates chlorophyll degradation genes in Chinese cabbage, delays senescence, and protects photosynthesis (Tan et al., 2019). To date, various plant hormones and signaling molecules have been found to be involved in plant responses to heat stress (Hasanuzzaman et al., 2013). Exogenous melatonin can increase the levels of endogenous melatonin and cytokinins in ryegrass under high-temperature stress while reducing the content of abscisic acid (Zhang et al., 2017).

Numerous studies have shown that MT effectively alleviates plant stress; however, research on MT’s role in enhancing tomato heat tolerance is limited. Additionally, no studies have explored MT’s potential to protect chlorophyll metabolism and mitigate high-temperature effects on tomato photosynthesis, thus enhancing heat tolerance. This research gap remains unexplored. Therefore, this study investigated the effects of exogenous melatonin on tomato seedling growth under high-temperature stress to elucidate melatonin-induced heat resistance mechanisms at the physiological level. This study aims to provide a theoretical foundation for applying melatonin in research on tomato stress resistance.




2 Materials and methods



2.1 Plant materials and experimental design

This study used the tomato cultivar ‘CR’ (S. lycopersicum cv. Condine Red) as experimental material, which was provided by the Department of Horticulture, School of Agriculture and Biotechnology, Zhejiang University. The seeds were soaked in water at 50°C–55°C for 10 hours, then evenly scattered on a 1-cm-thick layer of vermiculite, covered with an additional 0.5 cm of vermiculite, and thoroughly watered to promote germination. After germination and full expansion of the two cotyledons, the seedlings were transplanted into nutrient soil (substrate:vermiculite:perlite = 3:2:1). The tomatoes were cultivated and managed in a climate chamber (JNR-518C-3, Ningbo Jiangnan Instrument Factory, Zhejiang, China) at 18°C/28°C, 60% humidity, 12 hours of light/12 hours of darkness, and a light intensity of 350 μmol·m−2·s−1. Experimental treatments began when the tomatoes had developed five leaves and one heart.

When tomato seedlings had developed five leaves and one heart, melatonin (purchased from Beijing Solarbio Biotechnology Co., Ltd., Beijing, China) was administered at 100 μmol·L−1 each night at 9:00 p.m. After a 3-day pretreatment, seedlings underwent 3 days of continuous high-temperature treatment, during which samples were collected. Four treatments were tested, each with three replicates of 100 plants, totaling 400 seedlings. The control group was maintained in a climate chamber at 28°C/18°C, with 60% relative humidity and a light intensity of 350 μmol·m−2·s−1. High-temperature-treated seedlings were placed in a climatic chamber at 40°C, with 60% relative humidity and a light intensity of 350 μmol·m−2·s−1. The experimental design is shown in Table 1.

Table 1 | Experimental design.


[image: Table displaying four treatments for seedlings. CK involves deionized water at 28°C/18°C. MT uses 100 micromoles per liter melatonin at 28°C/18°C. HT involves deionized water at 40°C. HT+MT uses 100 micromoles per liter melatonin at 40°C. Definitions: CK is control; MT is melatonin; HT is high temperature.]



2.2 Measurement of plant growth indicators

Three seedlings from each treatment group were randomly selected for height and stem thickness measurements using a straightedge and vernier caliper. The washed plants were drained of surface water, and their fresh weight was measured. For dry weight determination using the constant weight drying method, fresh leaves were placed in an oven at 105°C for 30 minutes to deactivate green tissue and then dried at 80°C until a constant weight was achieved.




2.3 Measurement of cell membrane permeability, malondialdehyde, soluble sugar, and proline contents

Conductivity was measured using the method of Wang et al. Tomato leaves weighing 0.2 g were placed in a test tube. Subsequently, 20 mL of deionized water was added to the test tube, and the mixture was shaken for 1 hour at a temperature of 28°C. After this period, the initial conductivity was measured, denoted as E1. Next, the tomato leaves were subjected to a boiling water bath at 95°C for a duration of 20 minutes. Once the heating process was complete and the sample was cooled, the conductivity was measured again, referred to as E2. Finally, the final conductivity was calculated using the following formula: (E2/E1) × 100% (Wang F. et al., 2016).

Malondialdehyde content was determined using the thiobarbituric acid method (Chamseddine et al., 2009). To begin the experiment, 0.5 g of tomato leaves was placed into a test tube. Subsequently, 10 mL of phosphate solution was added along with a 10% trichloroacetic acid (TCA) solution. The mixture was incubated in a water bath at 30°C for a duration of 30 minutes. Following this, the mixture was allowed to cool and then centrifuged to separate the components. The supernatant was carefully extracted and combined with an equal volume of thiobarbituric acid (TBA). The resulting solution was heated in a water bath at 100°C for an additional 30 minutes. After being cooled, the absorbance of the solution was measured at a wavelength of 532 nm.

Soluble sugar content was measured using the anthrone method: 0.1 g of tomato leaves was added with 10 mL of an 80% ethanol solution, ground, mixed, and shaken for 24 hours. Following centrifugation, 0.5 mL of the supernatant was extracted and combined with 2.5 mL of anthrone solution. The mixture was then heated in a water bath at 40°C for a duration of 30 minutes. After allowing the solution to cool, the absorbance was measured at a wavelength of 625 nm (Das et al., 2024).

The content of proline (Pro) content in the leaves was determined using the ninhydrin method (Hayat et al., 2008). The tomato sample weighing 0.2 g was added with 5 mL of a 3% sulfosalicylic acid, 2 mL of ninhydrin, and 2 mL of acetic acid. It was subjected to a boiling water bath for 15 minutes. Following centrifugation, the supernatant was collected. The absorbance was measured at a wavelength of 520 nm.




2.4 Measurement of reactive oxygen species, antioxidant enzyme activity, photosynthetic enzyme activity, and tissue staining

To begin the experiment, 0.1 g of tomato leaves was added with an appropriate extraction solution. The mixture was thoroughly homogenized in an ice bath. Subsequently, the homogenate was centrifuged at 12,000 g and 4°C for a duration of 20 minutes. After centrifugation, the supernatant was carefully aspirated, and the concentration of superoxide anion was quantified following the instructions provided in the Solarbio Biological Kit (Beijing, China). In a separate procedure, 0.1 g of tomato leaves was added to the extraction solution and homogenized in an ice bath. The homogenate was centrifuged at 8,000 rpm and 4°C for 20 minutes. Again, the supernatant was aspirated, and the hydrogen peroxide content was measured in accordance with the guidelines outlined in the Solarbio Biological Kit (Beijing, China).

Tomato leaves weighing 0.1 g were added with an appropriate extraction solution. Subsequently, the mixture was thoroughly ground while maintaining an ice bath to prevent thermal degradation. Following this, the homogenate was centrifuged at a force of 8,000 rpm and a temperature of 4°C for a duration of 10 minutes. The supernatant was aspirated, and the enzyme activities of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX) were assessed according to the Solarbio Biological Kit instructions (Beijing, China).

The enzyme activities of sedoheptulose-1,7-bisphosphatase (SBPase), ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), and NADP-dependent glyceraldehyde-3-phosphate dehydrogenase (NADP-GAPDH) were determined using the respective ELISA detection kits: the SBPase ELISA detection kit (Shanghai Youxuan Biotechnology, Shanghai, China; YX-22912P), the Rubisco ELISA detection kit (Shanghai Youxuan Biotechnology, YX-22015P), and the NADP-GAPDH ELISA detection kit (Shanghai Youxuan Biotechnology, YX-22917P).

Histostaining of H2O2 and O2− was conducted using the method of Thordal-Christensen et al (Thordal Christensen et al., 1997). Tomato leaves were immersed in buffer solutions of 1 mg/mL diaminobenzidine staining method (DAB) and 0.5 mg/mL nitroblue tetrazolium staining method (NBT) for 1 hour and then cultured in the dark for 6 hours. Then, the tomato leaves were placed in a lactic acid/glycerol/ethanol decolorizing solution and boiled for decolorization to observe brown marks and blue marks.




2.5 Measurement of chlorophyll fluorescence parameters

The initial fluorescence (Fo), maximum fluorescence (Fm), maximum fluorescence yield (Fm′), initial fluorescence under light (Fo′), and steady-state fluorescence (Fs) of tomato leaves after 30 minutes of dark treatment were measured using an IMAP ING-PAM modulated fluorescence analyzer (Walz, Effeltrich, Germany). Then, according to the appropriate formulas, the maximum photochemical efficiency (Fv/Fm), the actual photochemical efficiency [Y(II)], the photochemical quenching coefficient (qP), and the non-photochemical quenching coefficient (NPQ) were computed (Lu et al., 2019).

[image: Equation displaying the formula for maximum quantum yield of photosystem II: Fv/Fm equals (Fm minus Fo) divided by Fm.]	

[image: Y(II) equals open parenthesis (F sub m prime minus F sub s) divided by F sub m prime close parenthesis.]	

[image: The formula shown is qP equals open parenthesis Fm prime minus Fs close parenthesis divided by open parenthesis Fm prime minus F zero prime close parenthesis.]	

[image: The formula shown is "NPQ equals (Fm minus Fm prime) divided by Fm prime."]	




2.6 Measurement of rapid chlorophyll fluorescence kinetics (OJIP curve) and JIP-test parameters

Plant Efficiency Analyzer Handy PEA (Hansha Scientific Instruments Ltd., Shandong, China) was employed to assess the rapid chlorophyll fluorescence induction parameters of tomato leaves. Before the determination, the tomato leaves were fully adapted to the dark for 30 minutes and then induced by 3,000 μmol·m−2·s−1 red light for 2 s. The fast chlorophyll fluorescence induction kinetics curve (OJIP fluorescence induction curve) was subsequently determined. Five tomato seedlings were assessed for each treatment. According to the measured chlorophyll fluorescence rapid induction kinetic curve, various fluorescence parameters of the OJIP-test were calculated and analyzed according to Strasser’s method, as presented in Table 2 (Hwang and Choo, 2017).

Table 2 | Formula for calculating dynamic parameters of rapid chlorophyll fluorescence.


[image: A table with two columns: "Parameter and Formula" and "Explanation of the Parameters." It includes several formulas such as Vj, ABS/CSm, TRO/CSm, and their explanations like relative variable fluorescence at J step, light energy absorbed per unit area, and thermal dissipation per unit area.]



2.7 Determination of chlorophyll content

Tomato leaves were chopped and extracted with ethanol in the dark for 48 hours. Absorbance was measured at 665 nm, 649 nm, and 470 nm using Anwar’s method (Debona et al., 2017).

[image: Chlorophyll a concentration (\(C_a\)) is calculated using the formula: \(C_a = 13.95 \times A_{665} - 6.8 \times A_{649}\).]	

[image: Chlorophyll b concentration is calculated as \( C_b = 24.96 \times A_{649} - 7.32 \times A_{665} \), where \( A_{649} \) and \( A_{665} \) are absorbance values at wavelengths 649 nm and 665 nm, respectively.]	

[image: Chlorophyll a plus b concentration (C₍ₐ₊ᵦ₎) equals 18.16 times A₄₆₉ plus 6.63 times A₆₆₅.]	

[image: Formula calculating carotenoid concentration: (1,000 times A sub 470 minus 2.05 times Ca minus 114.8 times Cb) divided by 248.]	




2.8 Measurement of 5-aminolevulinic acid as a chlorophyll synthesis precursor

The tomato leaves were ground in 6 mL of acetic acid buffer while maintained in an ice bath. After centrifugation at 10,000 rpm for 15 minutes, the supernatant was collected, and subsequently, four drops of ethyl acetoacetate were added. The mixture was heated in a water bath at 100°C for 10 minutes and cooled to room temperature. An equal volume of fresh Escher reagent for color development was added for 15 minutes, shaken, and allowed to stand for 10 minutes. The Optical Density (OD) value was measured at 554 nm (Zhang Z. et al., 2015).




2.9 Measurement of protoporphyrin IX, Mg-protoporphyrin IX, and protochlorophyllide contents

Fresh tomato leaves were collected and added with 25 mL of 80% alkaline acetone solution (80% acetone, 20% ammonia, 1% concentration). They were ground, extracted, and soaked in the dark until the tissue turned white. The absorbance of the supernatant was measured at 575 nm, 590 nm, and 628 nm to determine the concentrations of the three intermediate products (Liu et al., 2015).

[image: Equation for Proto IX concentration in micromoles per gram fresh weight: \( (0.18016 \times A_{575} - 0.04036 \times A_{628} - 0.04515 \times A_{590}) \times V / FW \).]	

[image: Equation for magnesium protoporphyrin IX concentration in micromoles per gram fresh weight: (0.06077 multiplied by absorbance at 590 nanometers minus 0.01937 multiplied by absorbance at 575 nanometers minus 0.003423 multiplied by absorbance at 628 nanometers) multiplied by V/ FW.]	

[image: Formula for Pchlide concentration: (0.03563 × A628 + 0.007225 × A590 - 0.02955 × A575) × V/FW, where Pchlide is in micromoles per gram fresh weight.]	




2.10 Determination of melatonin content

A 0.1-g sample of tomato leaves was collected and thoroughly ground in extraction solution on an ice bath. The homogenate was then centrifuged at 8,000 g for 10 minutes at 4°C. The supernatant was collected, and the melatonin content was determined using an ELISA detection kit (Shanghai Youxuan Biotechnology Co., Ltd., YX-132000P) according to the manufacturer’s instructions.




2.11 Chlorophyll-related gene expression analysis

Following a 24-hour processing period, tomato seedling leaves were collected and subsequently frozen in liquid nitrogen before being stored in an ultra-low temperature freezer for gene expression measurement. Quantitative real-time PCR was employed to extract total RNA from tomato seedling leaves using the RNAprep Pure Plant Plus Kit from Tiangen Biotechnology (Beijing, China). The specific extraction method and process were carried out according to the instructions, and the final assessment of RNA purity and concentration was performed to determine if it could be used for the next step of testing. cDNA synthesis was performed utilizing the FastKing One Step RT Kit from Tiangen Biotechnology. The specific system and operational procedures were meticulously followed in accordance with the provided instructions. Fluorescence quantitative polymerase chain reaction (qPCR) was conducted utilizing synthesized cDNA as template primers as detailed in Supplementary Table S1, RT-PCR amplification was carried out using the Tiangen SuperReal PreMix Plus (SYBR Green) kit, and the amplification system strictly followed the manufacturer’s product instructions. Each treatment was repeated three times, and quantitative analysis was performed using the CT value method (Livak and Schmittgen, 2001).




2.12 Statistical analysis

After data collection, SPSS 22.0 (IBM, Armonk, NY, USA) was used for variance analysis, and Duncan’s test separated the means at a significance level of 0.05. The results are presented as mean ± standard error and plotted using OriginPro 2020 (OriginLab Inc., Northampton, MA, USA).





3 Results and analysis



3.1 Effects of exogenous melatonin on growth of tomato seedlings under high-temperature stress

Tomato seedlings sprayed with melatonin at room temperature showed no differences from control seedlings, indicating that MT application under these conditions does not induce stress in tomato seedlings. However, tomato seedlings exposed to high-temperature stress exhibited significant leaf wilting. Spraying with 100 μmol·L−1 MT alleviated leaf wilting symptoms under high-temperature stress (Figure 1; Table 3).

[image: Four groups of potted plants with different treatments labeled CK, MT, HT, and HT+MT. CK and MT show healthy, upright plants, while HT shows wilted plants. HT+MT displays partially wilted plants.]
Figure 1 | Phenotype of tomatoes treated with different methods.

Table 3 | Effects of exogenous melatonin on tomato growth under high-temperature stress.


[image: A table showing the effects of different treatments on leaf appearance. Treatments: CK, MT, HT, and HT+MT. Apical new leaf: CK and MT show smooth, dark green leaves; HT shows curled, drooping leaves; HT+MT shows slightly curled edges. Lower old leaf: CK and MT show green, flat leaves; HT shows yellowing, wilting, drooping leaves; HT+MT shows slightly wilted, drooping leaves. Definitions: CK is control, MT is melatonin, HT is high temperature.]
Table 4 shows that high temperatures significantly impaired the growth of tomato seedlings. MT-treated tomato seedlings exhibited higher plant height, stem thickness, fresh weight, and dry weight than the control. High-temperature treatment significantly reduced plant height, stem thickness, above-ground fresh weight, above-ground dry weight, below-ground fresh weight, and below-ground dry weight by 13.36%, 13.50%, 46.77%, 37.33%, 42.85%, and 70.0%, respectively, compared to those in the control (CK). Under high-temperature treatment, MT-pretreated tomato seedlings showed improved growth. In the HT+MT treatment group, plant height, stem thickness, above-ground fresh weight, above-ground dry weight, below-ground fresh weight, and below-ground dry weight increased by 4.38%, 11.25%, 31.47%, 34.04%, 23.53%, and 1.00%, respectively, compared to those in the high-temperature (HT) group. This suggests that melatonin application effectively mitigates growth inhibition under high-temperature stress, although it does not fully restore growth to normal levels (Table 4).

Table 4 | Effect of exogenous melatonin on tomato seedling biomass.


[image: Table comparing plant growth metrics across treatments: CK (control), MT (melatonin), HT (high temperature), HT+MT. Metrics include plant height, stem diameter, fresh and dry shoot and root weights. Lowercase letters indicate statistically significant differences (p < 0.05).]



3.2 Role of exogenous melatonin in stabilizing cell membranes of tomato seedlings under high-temperature stress

The impact of melatonin on ROS in tomato seedling leaves under high-temperature stress was analyzed. In the HT treatment group, H2O2 and O2− levels increased significantly by 144.95% and 221.79%, respectively, compared to those in the CK group. Conversely, the HT+MT treatment effectively controlled H2O2 and O2− levels, reducing them by 50.68% and 25.49%, respectively, compared to those in the HT group (Figures 2B, C). Tissue staining results showed a similar trend. The results indicate that the application of MT plays a significant role in eliminating reactive oxygen species, thereby strengthening the antioxidant defense mechanism (Figure 2A).

[image: Image displaying several parts labeled A to K:  A. Leaves treated with O2- and H2O2 under four conditions: CK, MT, HT, HT+MT, showing color variations. B-K. Bar charts of various biochemical parameters: H2O2 levels, O2- production rate, electrolyte leakage, MDA content, soluble sugar, proline content, CAT activity, POD activity, SOD activity, APX activity; each comparing CK, MT, HT, HT+MT treatments. Error bars and statistical markers (a, b, c) indicate differences.]
Figure 2 | Effects of exogenous melatonin on the stability of tomato membrane system under high-temperature stress. (A) Tissue staining of reactive oxygen species. (B) H2O2 content. (C) O2− content. (D) Electrolyte leakage. (E) Malondialdehyde (MDA) content. (F) Soluble sugar content. (G) Proline content. (H) Catalase (CAT) activity. (I) Peroxidase (POD) activity. (J) Superoxide dismutase (SOD) activity. (K) Ascorbate peroxidase (APX) activity. The results presented the means ± SE of three independent experiments. The different lowercase letters above the bars indicate significant differences between treatments according to Duncan’s test (p < 0.05).

The effect of exogenous melatonin on cell membrane permeability in tomato seedlings under high-temperature stress was analyzed. In the HT treatment group, relative conductivity in tomato leaves increased by 36.87%, and malondialdehyde (MDA) content rose by 337.54% compared to those in CK. In the HT+MT treatment group, relative conductivity and MDA content were significantly lower than those in the HT group, decreasing by 16.35% and 59.46%, respectively (Figures 2D, E). Under high-temperature stress, tomato seedlings accumulated osmotic regulators, such as proline and soluble sugars, to mitigate heat-induced damage. Compared to those in CK, proline content in the HT group increased by 77.19%, and soluble sugar content rose by 106.12%. Following the HT+MT treatment, proline and soluble sugar levels in tomato seedlings increased further by 39.73% and 32.74%, respectively, compared to those in the HT group (Figures 2F, G).

Under conditions of high-temperature stress, alterations in the activity of cellular antioxidant enzymes signify the plant’s capacity to tolerate heat stress. During these stressful conditions, the activity of antioxidant enzymes is heightened to eliminate surplus reactive oxygen species. Compared to CK, HT treatment significantly increased CAT and APX enzyme activities by 41.66% and 143.08%, respectively, while POD activity showed minimal change, and SOD activity significantly decreased. In the HT+MT group, CAT, POD, and APX activities further increased by 152.94%, 142.71%, and 108.02%, respectively, compared to those in the HT group, while SOD activity decreased (Figures 2H–K).




3.3 Influence of exogenous melatonin on photosynthetic characteristics and chlorophyll fluorescence kinetics in tomato seedlings under heat stress

Chlorophyll fluorescence parameters are key indicators for studying plant stress responses. Compared to those in CK, the maximum photochemical efficiency (Fv/Fm) of tomato leaves in the HT group significantly decreased by 15.02%, whereas Fv/Fm in the HT+MT group increased by 11.66% relative to the HT group (Figure 3A). The actual photochemical efficiency [Y(II)] and photochemical quenching coefficient (qP) showed similar trends, both significantly decreasing under high-temperature stress. Conversely, the HT+MT treatment significantly increased Y(II) and qP by 31.44% and 71.92%, respectively, compared to those under HT conditions. Additionally, the NPQ in the HT group increased by 12.36% compared to that in CK, while NPQ in HT+MT decreased slightly relative to HT (Figures 3B–D).

[image: Bar and line graphs labeled A to J compare four conditions: CK, MT, HT, and HT+MT, across various parameters including Fv/Fm, Y(II), qP, NPQ, SBPase, Rubisco, NADP-GADPH, Chla+b, Vt, and ΔI. Different letter markings indicate statistical groupings.]
Figure 3 | Effects of exogenous melatonin on photosynthetic system of tomato seedlings under high-temperature stress. (A) Maximum photochemical efficiency (Fv/Fm). (B) Actual photochemical efficiency, denoted as Y(II). (C) Photochemical quenching coefficient (qP). (D) Non-photochemical quenching coefficient (NPQ). (E) Sedoheptulose-1,7-bisphosphate esterase (SBPase). (F) Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). (G) NADP-dependent glyceraldehyde-3-phosphate dehydrogenase (NADP-GAPDH). (H) Fluorescence kinetics (OJIP) curve. (I) Relative variable fluorescence Vt curve. (J) Differential kinetic ΔVt curve of relative variable fluorescence. The results presented the means ± SE of three independent experiments. The different lowercase letters above the bars indicate significant differences between treatments according to Duncan’s test (p < 0.05).

SBPase, Rubisco, and NADP-GAPDH are essential enzymes in photosynthesis and play critical roles in the Calvin cycle. In the HT group, SBPase, Rubisco, and NADP-GAPDH activities decreased by 13.57%, 60.11%, and 27.13%, respectively, compared to those in CK. Conversely, SBPase, Rubisco, and NADP-GAPDH activities in the HT+MT group increased significantly by 8.48%, 124.39%, and 17.4%, respectively, compared to those in the HT group (Figures 3E–G).

The effects of melatonin on chlorophyll fluorescence kinetics (OJIP curve) and JIP-test parameters in tomato seedlings under high-temperature stress were determined. Compared to that of the CK group at room temperature, the OJIP curve of the HT treatment group showed significant changes, including decreased fluorescence intensity at J, I, and P points; a reduced J–P segment amplitude; and a more gradual curve. Melatonin application significantly alleviated changes in the OJIP curve under high-temperature stress, with increased fluorescence intensities at the O, J, I, and P phases. This suggests that exogenous melatonin mitigates the inhibition of photosynthetic electron transfer from QA to QB in tomato seedlings under high-temperature stress (Figure 3H). ΔK and ΔJ reflect ΔVt values at 0.3 ms and 2 ms, respectively, with Figures 2I and 3J based on Vt and ΔVt. As shown in the diagram, compared to those in CK, K and J phases appeared in the HT treatment, with ΔK and ΔJ values increasing to greater than 0. This indicates that high-temperature stress disrupted the oxygen-evolving complex (OEC), reducing electron transfer efficiency across plastoquinone (QA) and leading to a significant Q–A accumulation. Consequently, both the donor and acceptor sides of photosystem II (PSII) were severely damaged and inhibited. Compared to HT treatment, HT+MT significantly reduced ΔK values under high-temperature stress, indicating that melatonin alleviates OEC damage (Figures 3I, J).

The effect of melatonin on JIP-test parameters in tomato seedlings under high-temperature stress was determined. Compared to CK, HT treatment significantly increased Vj, Vi, and dV/dto and decreased ΨEo and PIABS. Following HT+MT treatment, Vi and dV/dto significantly decreased, ΨEo increased, and Vj showed a slight decrease. The effects of melatonin on energy distribution per unit area in tomato seedlings under high-temperature stress showed that after HT+MT treatment, ABS/RC, DIo/RC, and ETo/RC increased by 21.66%, 54.27%, and 54.87%, respectively, compared to those in HT. However, the increase in TRo/RC was minimal. The impact of MT on specific activity parameters in tomato seedlings under high-temperature stress was analyzed. Compared to those in CK, the parameters ABS/CSm, ETo/CSm, and TRo/CSm decreased significantly under high-temperature stress by 30.58%, 57.51%, and 41.64%, respectively. DIo/CSm increased by 28.11% under high-temperature stress. ABS/CSm, DIo/CSm, ETo/CSm, and TRo/CSm increased significantly following exogenous melatonin application; compared to those in HT treatment, these parameters increased by 11.45%, 17.40%, 29.37%, and 8.99%, respectively (Table 5).

Table 5 | Impact of exogenous melatonin on JIP-test, energy distribution per unit area, and specific activity parameters in tomato seedlings under high-temperature stress.


[image: Table comparing various parameters under different treatments: CK (control), MT (melatonin), HT (high temperature), and HT+MT. Each parameter shows mean values with standard deviations and statistical groupings (a, b, c) indicating significant differences. The legend notes differing lowercase letters in columns denote statistical significance (p < 0.05). Parameters include symbols like ΨEo, Vj, Vi, dV/dto, PI_ABS, ABS/RC, among others.]



3.4 Regulation of the chlorophyll synthesis pathway by exogenous melatonin in tomato seedlings under heat stress

Chlorophyll, a crucial photosynthetic pigment, plays a vital role in the photosynthetic system. Under HT stress, chlorophyll a, chlorophyll b, carotenoids, and total chlorophyll contents decreased significantly by 67.93%, 30.37%, 22.42%, and 56.43%, respectively, compared to those in CK. In the HT+MT treatment group, chlorophyll a, chlorophyll b, and total chlorophyll contents increased significantly by 40.51%, 33.09%, and 36.88%, respectively, compared to those in HT, while carotenoid content remained unchanged. MT application alleviates high-temperature stress damage to photosynthetic pigments, helping maintain chlorophyll balance (Figures 4A–D).

[image: Bar charts labeled A to H compare different content levels. Each chart shows CK, MT, HT, and HT+MT groups with varying content levels identified by letters a, b, c. A through D measure various types of chlorophyll and carotenoid content in mg/g, while E through H measure ALA, Proto IX, Mg-Proto IX, and Pchlide contents in nmol/g or µmol/g FW. Error bars are present in each chart.]
Figure 4 | Effects of exogenous melatonin on chlorophyll content and chlorophyll synthesis precursor content in tomato seedlings under high-temperature stress. (A) Chlorophyll a content. (B) Chlorophyll b content. (C) Total chlorophyll content. (D) Carrot content. (E) 5-Aminolevulinic acid (ALA) content. (F) Protoporphyrin IX (Proto IX) content. (G) Mg-protoporphyrin IX (Mg Proto IX) content. (H) Protochlorophyllide (Pchlide) content. The results presented the means ± SE of three independent experiments. The different lowercase letters above the bars indicate significant differences between treatments according to Duncan’s test (p < 0.05).

Glutamic acid, a precursor in chlorophyll synthesis, promotes production through several enzymatic reactions. 5-Aminolevulinic acid (ALA), protoporphyrin IX (Proto IX), Mg-protoporphyrin IX (Mg Proto IX), and protochlorophyllide (Pchlide) are essential precursors in the chlorophyll synthesis pathway. High-temperature stress significantly reduced ALA, Proto IX, Mg Proto IX, and Pchlide levels. Compared to HT, the HT+MT treatment significantly increased ALA, Mg Proto IX, and Pchlide levels by 40.15%, 18.37%, and 22.89%, respectively. These results indicate that melatonin effectively mitigates chlorophyll degradation under high-temperature stress (Figures 4E, G, H). Proto IX showed no significant change (Figure 4F).




3.5 Modulation of chlorophyll synthesis and degradation gene expression by exogenous melatonin in tomato seedlings under heat stress

To investigate how melatonin influences chlorophyll synthesis, we analyzed key genes from three essential gene families: HEM, POR, and CHL. In the HEM family, HEMA1 is a key gene regulating the synthesis of ALA. The results showed that high-temperature treatment significantly decreased SlHEMA1 expression, while HT+MT treatment increased its expression (Figure 5A). SlHEMB gene expression was reduced under high-temperature stress (Figure 5B). Following HT+MT treatment, SlHEMB expression showed no statistically significant increase. This suggests that SlHEMA1 plays a key role in the chlorophyll synthesis pathway under melatonin-regulated high-temperature stress. In the POR family, HT treatment significantly increased SlPORA and SlPORC expression but reduced SlPORB expression. After HT+MT treatment, SlPORB and SlPORC expression levels were significantly upregulated (Figures 5C–E). In the CHL family, HT treatment significantly downregulated SlCHLI and upregulated SlCHLD expression compared to CK, with no change in SlCHLH. Compared to those in HT, SlCHLI expression was significantly upregulated in the HT+MT group, while SlCHLH and SlCHLD showed no significant change (Figures 5F–H).

[image: Bar charts illustrating the relative expression levels of various genes (SLHEMA1, SLHEMB, SLPORA, SLPORB, SLPORC, SLCHLI, SLCHLH, SLCHLD, SLCH1, SLCH2, SLCH3, SLPAO, SLPPH, SLRCCR) across four treatments: CK, MT, HT, and HT+MT. Expression levels are shown with different colors, with annotations indicating statistical significance (a, b, c). Error bars represent variability among replicates.]
Figure 5 | Expression analysis of chlorophyll synthesis and decomposition genes in tomato seedlings under high-temperature stress by exogenous melatonin. Chlorophyll synthesis gene. (A) SlHEMA1. (B) SlHEMB. (C) SlPORA. (D) SlPORB. (E) SlPORC. (F) SlCHLI. (G) SlCHLH. (H) SlCHLD. Chlorophyll catabolic gene. (I) SlCLH1. (J) SlCLH2. (K) SlCLH3. (L) SlPAO. (M) SlPPH. (N) SlRCCR. The results presented the means ± SE of three independent experiments. The different lowercase letters above the bars indicate significant differences between treatments according to Duncan’s test (p < 0.05).

The effects of MT on chlorophyll decomposition genes CLHs, PAO, PPH, and RCCR in tomato seedlings under high-temperature stress were determined. Under HT stress, SlCLH1 and SlCLH2 expression levels increased compared to those in CK. In the HT+MT group, SlCLH1 and SlCLH2 expression levels significantly decreased relative to those in the HT group. However, SlCLH3 showed an opposite trend (Figures 5I–K). Compared to CK, HT treatment increased SlPPH, SlPAO, and SlRCCR expression. In the HT+MT group, SlPPH, SlPAO, and SlRCCR expression levels were downregulated compared to those in HT. This suggests that MT application at elevated temperatures may inhibit SlCLH1, SlCLH2, SlPPH, SlPAO, and SlRCCR expression, consequently suppressing chlorophyll degradation (Figures 5L–N).




3.6 The effect of exogenous melatonin on endogenous melatonin levels and the expression of related genes in tomato seedlings under heat stress

At room temperature, the endogenous melatonin content in tomato seedlings treated with exogenous melatonin increased by 9.27% compared to that in untreated plants. In contrast, under high-temperature stress, the endogenous melatonin content in the CK group was significantly reduced by 42.68%. However, in the HT+MT treatment group, the endogenous melatonin content increased by 59.97% compared to that in the HT treatment group (Figure 6A). Under high-temperature stress, the expression levels of the SlCOMT, SlASMT, and SlSNAT genes were significantly downregulated compared to those in the CK. Notably, their expression levels increased in the HT+MT treatment group compared to the HT treatment group (Figures 6B–D). Additionally, the expression of the SlT5H gene increased under high-temperature stress compared to the CK treatment group, and this increase was further amplified after melatonin pretreatment. In contrast, the expression of the SlTDC gene was significantly reduced in the HT treatment group compared to the control group but significantly increased in the HT+MT treatment group following melatonin pretreatment under high-temperature stress. This indicates that exogenous melatonin is involved in endogenous melatonin biosynthesis, thereby alleviating heat-induced damage in tomato seedlings (Figures 6E, F).

[image: Bar graphs display various biochemical metrics across different treatments: CK, MT, HT, and HT+MT. Panel A shows melatonin content. Panels B to F show relative expression levels for genes SLCOMT, SLASMT, SLSNAT, SLT5H, and SLTDC. Different letters indicate statistical significance.]
Figure 6 | The effect of exogenous melatonin on endogenous melatonin levels and the expression of related genes in tomato seedlings under heat stress. (A) Melatonin content. (B) SlCOMT. (C) SlASMT. (D) SlSNAT. (E) SlT5H. (F) SlTDC. The results presented the means ± SE of three independent experiments. The different lowercase letters above the bars indicate significant differences between treatments according to Duncan’s test (p < 0.05).




3.7 The effect of exogenous melatonin on endogenous abscisic acid, auxin, and ethylene synthesis genes

As shown in the figure, under HT stress, the expression of the ABA biosynthesis gene SlNCED1 was significantly upregulated compared to that in the CK. However, in the HT+MT treatment group, SlNCED1 expression decreased compared to that in HT treatment alone. In contrast, the expression pattern of SlNCED2 was the opposite of that observed for SlNCED1 (Figures 7A, B). Under HT stress, the expression levels of the IAA biosynthesis genes SlFZY1 and SlFZY3 were significantly upregulated compared to those in the CK. However, when melatonin was applied under HT stress, the expression levels of SlFZY1 and SlFZY3 were significantly downregulated compared to those in HT treatment alone. In contrast, the expression of SlFZY2 was significantly lower under HT stress compared to CK, and its expression was further reduced following melatonin application under HT conditions (Figures 7C–E). SlACO1 and SlACO2 are key regulatory genes encoding rate-limiting enzymes in the ethylene biosynthesis pathway. As shown in Figures 7F, G, their expression levels were significantly upregulated under HT stress compared to those in the CK. However, in the HT+MT treatment group, the expression levels of SlACO1 and SlACO2 were reduced compared to those in HT treatment alone, with SlACO2 showing a particularly pronounced decrease (Figures 7F, G). SlACS2 and SlACS4 are members of the 1-aminocyclopropane-1-carboxylate synthase (ACS) gene family, which encode key rate-limiting enzymes in the ethylene biosynthesis pathway. Under HT stress, the expression levels of SlACS2 and SlACS4 were significantly upregulated compared to those in the CK. Moreover, their expression levels were further enhanced following HT+MT treatment (Figures 7H, I).
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Figure 7 | The effect of exogenous melatonin on endogenous abscisic acid, auxin, and ethylene synthesis genes. (A) SlNCED1. (B) SlNCED2. (C) SlFZY1. (D) SlFZY2. (E) SlFZY3. (F) SlACO1. (G) SlACO2. (H) SlACS2. (I) SlACS4. The results presented the means ± SE of three independent experiments. The different lowercase letters above the bars indicate significant differences between treatments according to Duncan’s test (p < 0.05).





4 Discussion

High-temperature stress poses a significant threat to plant growth and agricultural sustainability. High-temperature stress severely impacts tomato growth and development, significantly reducing yield and quality (Mahajan and Tuteja, 2005). This study found that high temperatures significantly hinder normal tomato leaf growth. High-temperature stress causes new leaves to curl and droop and older leaves to yellow and wither, leading to significantly inhibited growth. Elevated temperatures disrupt the balance of ROS production and removal in tomato leaves, increasing levels of hydrogen peroxide, superoxide anions, and malondialdehyde. SOD and POD enhance the plant’s antioxidant defense system, improving antioxidant capacity to better cope with high-temperature stress (Haldimann and Feller, 2004). This study found that high temperatures increase CAT and APX activities. The experiment suggests that 100 μmol·L−1 MT effectively mitigates high-temperature stress in tomato seedlings, enhancing biomass, antioxidant enzyme activity, and proline and soluble sugar levels. MT treatment also reduces conductivity, malondialdehyde, hydrogen peroxide, and superoxide anion levels. These findings indicate that MT enhances tomato seedling resilience by stabilizing membranes, enhancing osmotic regulation, and increasing antioxidant activity, consistent with previous research on wheat seedlings under similar stress (Feng et al., 2007).

Carbon assimilation is a critical photosynthetic process, converting inorganic carbon dioxide into organic compounds through enzymatic reactions (Alissandratos and Easton, 2015). Stress conditions like drought, high temperatures, low temperatures, and salt stress can alter enzyme structures and damage active sites (Henriques, 2009). Rubisco is a bifunctional enzyme. High-temperature stress above 35°C inhibits Rubisco’s initial carboxylation activity in Quercus pubescens leaves, reducing the overall photosynthetic rate (Ouzounidou et al., 1997). SBPase is a crucial enzyme in the Calvin cycle (Raines, 2003). Studies have shown that SBPase overexpression enhances photosynthesis in transgenic rice under high-temperature stress, improving high-temperature resistance. This suggests that increasing SBPase to supply Rubisco with RuBP enhances plant resistance (Bilger et al., 1995). In this experiment, high-temperature stress significantly reduced SBPase and Rubisco activities. Under high-temperature stress, MT enhances SBPase and Rubisco activities, promoting carbon fixation and photosynthesis. Enhanced Rubisco and SBPase activities increase net photosynthetic rates and improve carbon assimilation capacity. NADP-GAPDH catalyzes the reduction of NADP+ to NADPH, supplying NADPH and ATP for reactions like carbon fixation (Zhang G. et al., 2014). Experimental results showed that MT application significantly increased NADP-GAPDH activity under heat stress, boosting NADPH production to support CO2 fixation and organic synthesis. These findings suggest that MT treatment alleviates high-temperature stress effects on the Calvin cycle by regulating key enzyme activity, thereby enhancing photosynthesis.

Chlorophyll fluorescence is an effective probe for assessing the actual state of plant photosynthesis (Hou et al., 2016). Fluorescence kinetic parameters reveal the absorption, transformation, transmission, and distribution of light energy in plants (Shao et al., 2007). Measuring chlorophyll fluorescence parameters allows for assessing photosynthetic efficiency and the physiological state of plants. Parameters like maximum fluorescence yield (Fm) and variable fluorescence (Fv) relate to PSII electron transfer efficiency, while quantum yield reflects the efficiency of converting light energy to chemical energy in photosynthesis (Zhang H. et al., 2018). This study found that high-temperature stress significantly reduced Fv/Fm and Y(II) values in tomato seedling leaves, causing PSII reaction center damage and obstructed electron transport. The decrease in Fv/Fm indicates plant stress, consistent with Zhang Guoxian’s findings (Wassie et al., 2020). Qp, the photochemical quenching coefficient, reflects the openness and efficiency of photosystem II in photosynthesis (Havaux et al., 1991).

This study suggests that high-temperature stress markedly diminishes the quantum yield of photochemical efficiency (qP). This reduction indicates impeded electron transport from the oxidation side to the PSII reaction center, reducing photochemical electron transfer efficiency and light energy utilization. Consequently, energy allocated for photochemical reactions is diminished, inhibiting the photochemical process. This aligns with Shao Ling’s research on Arabidopsis thaliana, with increased NPQ further supporting this conclusion (Zhang J. et al., 2014). This study found that MT application significantly enhanced Fv/Fm, Y(II), and qP while reducing NPQ in high-temperature-stressed tomato seedlings. This indicates that MT alleviates photoinhibition from high-temperature stress, enhancing light energy conversion efficiency and photosynthetic electron transfer capacity. MT effectively mitigates high-temperature stress damage to the photosynthetic mechanism of tomato seedlings, preserving PSII function.

Rapid chlorophyll fluorescence reflects the physiological state of plants. Measuring the intensity and kinetic curve of rapid chlorophyll fluorescence reveals the photosynthetic efficiency of tomato seedlings under high-temperature stress. The OJIP curve provides detailed information about PSII photosynthetic electron transport (Havaux and Tardy, 1999). This study found that high-temperature stress significantly altered the OJIP curves of tomato leaves, reducing the O, J, I, and P phases. MT restored the OJIP curve under high-temperature stress. The JIP-test quantitatively analyzes OJIP curve changes, reflecting light energy absorption, PSII reaction center activity on the acceptor and donor sides, and dynamic redox changes in electron transfer entities (Li et al., 2023). High-temperature stress significantly increased Vi and dV/dto, indicating reduced PQ electron-acceptance capacity. MT effectively reduced both Vi and dV/dto under high-temperature conditions. ΨEo represents the efficiency of energy absorption by the antenna and transfer to QB. MT application under high-temperature stress significantly increased ΨEo. This indicates that high-temperature stress hinders electron transfer from QA to QB in tomato leaves, reducing energy transfer efficiency, while MT alleviates this damage. PIABS, the performance index for light energy absorption in photosynthesis, is highly sensitive to stress (Tanaka and Tanaka, 2006). This experiment showed that MT application increased PIABS in tomato seedling leaves, indicating enhanced photosynthetic capacity under high-temperature stress. Energy distribution changes in a single active reaction center in tomato leaves under different treatments were analyzed. High temperatures decrease light energy absorbed per unit reaction center (ABS/RC) and increase energy dissipated per unit reaction center (DIo/RC), indicating enhanced antenna absorption due to RC inactivation (Mathur et al., 2013). Variations in energy allocation per unit cross-sectional area of tomato leaves under different treatments were further analyzed. The results indicated that MT application at elevated temperatures enhanced electron transfer yield per unit area (ETo/CSm). MT under high-temperature stress protects PSII reaction center activity in tomato leaves by increasing absorption, capture, and electron transfer energy while reducing dissipated energy. MT treatment increased ABS/RC and TRO/RC ratios under high-temperature stress, indicating reduced light energy dissipation and increased energy capture for electron transfer. This improved the photochemical efficiency of tomato seedlings under high-temperature stress, protecting photosynthesis. By measuring the endogenous melatonin content and the expression levels of melatonin biosynthesis-related genes in tomato seedlings under high-temperature stress, it was observed that exogenous melatonin application during heat stress increased both endogenous melatonin levels and the expression of melatonin biosynthesis genes. These increases contribute to the regulation of osmotic adjustment substances, the scavenging of excessive ROS generated under high-temperature stress, and the protection of chloroplast structure and function, thereby maintaining photosynthetic efficiency (Ahammed et al., 2019; Jia et al., 2020).

Melatonin can interact with other phytohormones and signaling molecules, playing a crucial role in plant stress resistance. Studies have shown that under stress conditions, melatonin exhibits antagonistic or synergistic effects with other hormones throughout the physiological changes in plants (Kanwar et al., 2018). ABA, as a plant hormone, plays an indispensable role in the lifecycle of tomato seedlings. Studies have shown that under high-temperature stress, the ABA synthesis genes NCED1 and NCED9 in tomato thermo-dormant seeds are significantly upregulated (Geshnizjani et al., 2018). In this study, high temperature significantly increased the expression of the abscisic acid synthesis gene SlNCED1, inducing leaf senescence in tomato seedlings. Under heat stress, exogenous application of melatonin significantly downregulated the expression of the SlNCED1 gene. Similar findings were reported by Mohammad Shah Jahan et al. in their study on tomato heat tolerance mediated by ABA and GAs (Ding et al., 2022). However, the expression of SlNCED2 was contrary to their findings, possibly because SlNCED1 is the key gene responsible for ABA biosynthesis in tomatoes under heat stress. IAA acts as a signaling molecule under drought and other stress conditions, regulating stomatal movement by causing guard cells to lose water, leading to stomatal closure. This process reduces water loss and enhances plant drought tolerance (Sarwat and Tuteja, 2017). Studies have found that melatonin signaling and auxin biosynthesis exhibit antagonistic interactions. In Arabidopsis, melatonin overexpression significantly downregulates the expression of key auxin biosynthesis genes YUC1, YUC2, and YUC5 (Wang Q. et al., 2016). This study found that the gene expression of SlFZY1 and SlFZY3 was significantly upregulated under high-temperature stress in the FYZ family of YUC homologous genes in tomatoes, but SlFZY2 was significantly downregulated. The expression of melatonin SlFZY1 and SlFZY3 was significantly downregulated when sprayed at high temperatures, indicating that melatonin has a negative regulatory effect on auxin synthesis genes under high-temperature stress. Studies have shown that under heat stress, the expression of ethylene biosynthesis-related genes ACO1, ACO4, EREB, and ETR4 is significantly upregulated, which in turn induces the transcription of HSP genes and enhances the tomato plant’s response to high-temperature stress (Pan et al., 2019). ACS is a key rate-limiting enzyme in the ethylene biosynthesis pathway. ACS2 and ACS4 catalyze the conversion of S-adenosyl methionine (SAM) into 1-aminocyclopropane-1-carboxylic acid (ACC) (Khan et al., 2024). ACO1 and ACO2 catalyze the conversion of ACC into ethylene. In this study, it was found that under heat stress, the expression of the SlACS2 and SlACS4 genes was significantly upregulated. Exogenous application of melatonin further upregulated the expression of SlACS2 and SlACS4 under heat stress. Additionally, in tomato seedlings under heat stress, the expression of SlACO1 and SlACO2 was significantly upregulated. However, the expression changes of SlACO1 and SlACO2 upon exogenous melatonin application under heat stress were not as pronounced. This suggests that SlACS2 and SlACS4 are key genes involved in ethylene synthesis during melatonin application under heat stress. It indicates that melatonin and ethylene have a synergistic effect on plant growth, development, and stress response, jointly regulating physiological processes and enhancing plant stress tolerance (Sharma et al., 2023).

Plants possess photosynthetic pigments, including chlorophyll a, chlorophyll b, and carotenoids, which are essential for capturing light energy. However, under high-temperature stress, the concentrations of these pigments decline, leading to reduced absorption and conversion of light energy. This ultimately leads to a reduction in the photosynthetic rate (Tripathy and Pattanayak, 2012). Melatonin application significantly reduced chlorophyll degradation in tomato seedling leaves under high temperatures, protecting plants by maintaining photosynthetic potential under stress. Chlorophyll a and b synthesis and degradation involve 15 steps and 27 genes, making them complex processes (Wu et al., 2018). Each step is crucial, ultimately influencing chlorophyll levels (Zhang Z. W. et al., 2018). Chlorophyll metabolism includes both synthesis and catabolism. Chlorophyll synthesis occurs in four stages: ALA, protochlorophyllide (Proto IX), chlorophyll a, and chlorophyll b synthesis (Akram and Ashraf, 2013). Each stage involves enzyme-catalyzed reactions, and the downregulation of genes encoding these enzymes can reduce enzyme activity, blocking catalytic reactions and reducing intermediates (Notarnicola et al., 2023). This study found that high-temperature stress significantly reduced chlorophyll precursors ALA, Proto IX, Mg-proto IX, and Pchlide. These findings indicate that high-temperature stress blocks chlorophyll synthesis in tomato seedlings. After MT application at elevated temperatures, levels of ALA, Mg-proto IX, and Pchlide significantly increased. This indicates that melatonin enhances chlorophyll synthesis at high temperatures by regulating chlorophyll precursors. Proto IX showed no significant change, suggesting that some may be converted to the heme branch. This aligns with research on ALA-sprayed cucumbers’ salt resistance (Wu et al., 2022). SlHEMA1 is a key gene encoding glutamyl-tRNA reductase in the chlorophyll synthesis pathway (Zhang et al., 2015). The study revealed that high-temperature stress markedly decreased the expression of SlHEMA1. Similar results were observed under hydrothermal stress in rice (Dalal and Tripathy, 2012). In this experiment, the MT application significantly upregulated SlHEMA1 expression under high-temperature stress. This indicates that MT promotes endogenous ALA synthesis under high-temperature stress by upregulating SlHEMA1 and enhancing Glu-tRNA reductase activity. The POR enzyme is essential for chlorophyll synthesis, facilitating the conversion of Pchlide to Chlide (Schoefs and Franck, 2003). POR has three isoenzymes—PORA, PORB, and PORC—encoded by the PORA, PORB, and PORC genes (Blomqvist et al., 2008). Reports have indicated that under heat stress, POR protein levels decrease with light exposure, whereas under cold stress, yellowing and POR protein levels in light-grown seedlings remain stable (Mohanty et al., 2006). In this study, SlPORA and SlPORC expression levels significantly increased at elevated temperatures. Following the MT application, SlPORA expression was downregulated under high-temperature stress, while SlPORC expression was upregulated. The magnesium chelating enzyme (MCH) consists of three subunits—CHLH, CHLI, and CHLD—with CHLH primarily responsible for catalytic activity (Masuda et al., 2003). Jin et al. reported that chlorophyll synthase (CHLG) and protochlorophyllide oxidoreductase (POR) expression increased in melon seedlings under salt–alkali stress (Jin et al., 2019). In this study, high-temperature treatment significantly reduced SlCHLI expression compared to the control, while MT application during stress significantly increased SlCHLI expression. These findings suggest that the HEM, POR, and CLH family genes are crucial for the chlorophyll synthesis pathway. Furthermore, MT modulates these gene expressions, counteracting high-temperature stress on chlorophyll synthesis and providing protection under elevated temperatures.

Chlorophyll degradation mechanisms vary across species and treatment conditions in green plant tissues (Hörtensteiner, 2006). Enzymes such as CLH, magnesium chelatase (SGR and SGRL), PAO, and RCCR play crucial roles in chlorophyll degradation (Sakuraba et al., 2014). This experiment measured expression levels of the CLH, PAO, PPH, and RCCR genes. SlCLH1, SlCLH2, and SlCLH3 are key genes encoding the chlorophyll-degrading enzyme chlorophyllase (CLHase). The primary function of CLHase is converting chlorophyll a to deglycosylated chlorophyll a. This study found that high-temperature conditions significantly upregulated SlCLH1 and SlCLH2 expression. Low-temperature treatment in Japanese knotweed significantly increased ZjCLHase, ZjPAO, and ZjRCCR expression, accelerating chlorophyll degradation (Zhang et al., 2022). PPH is the key enzyme catalyzing the conversion of pheophytin a to Pheide a. PAO catalyzes the conversion of pheophytin to red chlorophyll catabolites (RCC). RCCR is the final enzyme in chlorophyll degradation, catalyzing the conversion of RCC to the colorless, blue-fluorescent product pFCC (Luo et al., 2022). This study demonstrated that high-temperature stress significantly upregulated SlPAO, SlPPH, and SlRCCR expression. This may affect enzyme activity and accelerate chlorophyll degradation (Tang et al., 2011). MT application significantly reduced SlCLH1, SlCLH2, SlPPH, SlPAO, and SlRCCR expression, effectively inhibiting chlorophyll degradation under high-temperature stress. In conclusion, melatonin enhances leaf adaptability to high temperatures, stabilizes PSII and PSI structure and function, and improves photochemical efficiency in tomato leaves under high-temperature stress by regulating key chlorophyll metabolism genes (Figure 8).
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Figure 8 | A model of exogenous melatonin participating in chlorophyll metabolism to induce tomato seedlings to resist high-temperature stress.

In summary, treatment with 100 μmol·L−1 MT significantly enhanced the growth of tomato seedlings under high-temperature stress. This treatment mitigated ROS damage, increased antioxidant enzyme activity, and improved membrane stability in the seedlings. MT also elevated the activity of key photosynthetic enzymes, specifically Rubisco and SBPase. MT reduced damage to PSII, facilitated electron transfer from QA to QB in the photosynthetic electron transport chain, and enhanced overall photosynthetic performance under high-temperature conditions. Additionally, MT protects photosynthesis by modulating chlorophyll metabolites and regulating key photosynthetic genes.
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Secondary salinization of soil seriously hinders the healthy cultivation of facility grapes. Biochar has been shown to mitigate the negative effects of saline stress on plants. However, the long-term response mechanism between the soil’s key physicochemical properties, ion concentration, and enzyme activity and the physiological resistance of facility grape plants to biochar combined with cow dung application to alleviate the soil secondary salinization stress remains unclear. In this study, a field experiment was set up once in September 2021 with five different treatments, including no amendments. which was used as the blank control (CK), and application of biochar (10 t·ha-1, T1), cow dung (30 t·ha-1, T2), biochar mixed with cow dung (5 t·ha-1+15 t·ha-1, T3), and biochar mixed with cow dung (10 t·ha-1+30 t·ha-1, T4), respectively. The results showed that compared with the CK treatment, application treatments significantly reduced soil total salt(TS) content and the electrical conductivity(EC) value; increased soil water-stable aggregates and nutrient content; stimulated an increase in soil urease (S-UE), sucrose (S-SC) and phosphatase(S-ALP)activities; and changed soil exchangeable calcium and magnesium ion concentrations. Among the treatments, the T4 treatment reduced TS and EC by 73.03% and 61.11%, respectively. Biochar combined with cow dung significantly increased chlorophyll content and reduced malondialdehyde content (MDA), the activities of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) in grape leaves. The T4 treatment decreased MDA, SOD, POD, and CAT by 54.59%, 40.14%, 44.28%, and 70.17% compared with the CK treatment, respectively. Correlation analysis showed that the balance of soil exchangeable calcium and magnesium ions and the stability of soil aggregate structure were the key factors in alleviating soil secondary salinization stress. In conclusion, biochar combined with cow dung application can alleviate the oxidative stress response of grape plants and improve the quality of grapes by improving the structure of soil water-stable aggregates, coordinating the concentration of soil exchangeable calcium and magnesium ions, and stimulating soil enzyme activity.
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Graphical Abstract | [image: Diagram of a grape vine illustrating soil improvement via biochar and cow dung. Pyrolysis converts wood into biochar, which mixes with cow dung and enriches secondary salinized soil, enhancing nutrients and enzyme activity. This improves soil over three years, yielding higher quality grapes.]






1 Introduction

Grape (Vitis vinifera L.) is a cash crop grown globally with high economic and nutritional value (Dong et al., 2023; Zhang et al., 2023b). Among these, the Shine Muscat grape is deeply appreciated by people because of its strong rose fragrance, high sugar and low acid content, neat and beautiful ears, and other characteristics. According to statistics, the global planting area of Shine Muscat grape is as high as 6.7 × 104 ha (Li et al., 2023; Ren et al., 2024). The development of the grape industry has brought huge economic benefits to farmers. However, the secondary salinization of the facility soil results in the deterioration of soil quality after years of high-intensity planting, excessive fertilization, and unreasonable production management, severely affecting the healthy development of the grape industry. Soil secondary salinization is caused by the intensification of agricultural production and is a form of soil degradation (Hu et al., 2020; Cai et al., 2022). Secondary salinization leads to soil compaction and imbalance of crop nutrient supply, destroys the normal physical and chemical properties of soil, and directly affects the growth and development of crops. Therefore, developing effective measures to alleviate the secondary salinization of grape facilities is of practical significance.

Biochar is a carbon-rich residue produced from agricultural and forestry waste such as straw in the temperature range of 300°C to 1000°C under anaerobic or anoxic conditions (Sun et al., 2020). It has carbon fixation, emission reduction, and sink enhancement functions. Thus, the technology of biochar preparation by biomass pyrolysis has been promoted and applied worldwide, and many types and huge quantities of agricultural and forestry wastes are generated globally every year. The comprehensive utilization of biochar is of great significance for waste resource utilization (Zhou et al., 2024). Biochar, as a soil amendment, has positive effects in terms of improving soil physicochemical properties and plant growth (Duan et al., 2021b). Studies have shown that the application of biochar in maize cultivation enhanced soil nutrient content, thereby increasing maize growth and yield (Liu et al., 2021). In addition, biochar was able to increase the pH and organic carbon content of rice soils, thereby enhancing rice yield and nutrient content (Khan et al., 2021). Studies on potatoes have also found a significant increase in yield and tuber size with the application of biochar (Akhtar et al., 2015). In addition, the application of biochar in fruit tree cultivation (e.g., apple and citrus trees) can effectively improve soil fertility and water retention capacity, thus enhancing fruit tree growth and fruit quality (Liu et al., 2022). Biochar is also effective in amending degraded soils and mitigating soil salinization (Zhang et al., 2023a). However, the application of biochar also has different effects. For example, biochar leads to enhanced salt migration and promotes salt leaching and accumulation in arid areas due to its own characteristics (Feng et al., 2020). In addition, the application of organic fertilizers can also improve soil fertility and minimize plant toxicity caused by secondary salinization (Liang et al., 2005). However, the continuous application of organic fertilizers such as animal manure can also lead to an increase in soluble salt content in the soil, aggravating the potential risk of soil secondary salinization (Yao et al., 2007).

At present, the effect of biochar and organic fertilizers in improving secondary salinized soil and improving crop quality is limited to a single basic study. Furthermore, the mechanism of the oxidative stress response to biochar and organic fertilizers in improving plant stress resistance remains unclear. Although some relevant studies have focused on the combined application of biochar and organic fertilizers on degraded soil in facilities, they are still in the stage of pot exploration or indoor culture research and lack medium to long-term field verification. Moreover, biochar mixed with different raw materials has different effects on various crops with different stress factors. Therefore, this study applied grape straw biochar and cow dung alone or in combination. It aimed to investigate the long-term improvement effect of grape straw biochar combined with farm manure on secondary salinized soil and grape quality and explore the physiological mechanism of resistance to abiotic stress. The results will help promote the effective utilization of waste biomass resources and residual nutrients in soils and provide a theoretical and application basis for improving soil and grape quality.

The aim of the study was to determine (1) whether the long-term effect of biochar combined with cow dung on reducing soil total salt (TS) content and electrical conductivity (EC) is better than that of single application; (2) whether biochar and cow dung will synergistically improve soil nutrient conditions, aggregates stability and enzyme activities; and (3) whether biochar and cow dung will synergistically alleviate the degree of membrane lipid peroxidation, and the antioxidant stress response of leaves to improve grape quality through improving soil quality.




2 Materials and methods


2.1 Study location

The study was conducted in Binchuan County, Dali City, Yunnan Province, China, in the dry-hot valley area on the south bank of the Jinsha River in China and at the edge of Yunling Hengduan Mountain Range. Binchuan is a low-latitude plateau with a dry winter and wet summer in the middle tropics. The average annual temperature is 17.9°C, and the annual rainfall is 559.4 mm. The climate is extremely suitable for crop growth. In 2023, the facility grape planting area in Binchuan County reached 12,200 ha, the fruit planting area was 11,900 ha, the annual output was 462,900 t, and the total production value exceeded 4.619 billion yuan. This improvement experiment was conducted in a greenhouse in the Jipingguan grape growing area. The daytime and nighttime temperatures in the greenhouse were 28 ± 3°C and 20 ± 2°C, respectively, with a photoperiod of 13 h. The greenhouse-cultivated soil undergoes severe secondary salinization, and the process of salinization is caused mainly by unreasonable man-made measures such as excessive application of fertilizers, unreasonable irrigation, and large evaporation capacity because of the facility’s cultivation conditions. This is prevalent globally, especially in areas with developed irrigated agriculture. The problem of soil salinization in Binchuan County epitomizes the global challenge of soil salinization. According to the Food and Agriculture Organisation of the United Nations (FAO, 2021), approximately 833×106 ha of soil is threatened by salinization globally, mainly in Eurasia, Africa, and the western United States of America. Therefore, this study on the improvement of salinized soil in Binchuan County is important for understanding the dynamics, impacts, and solutions to global soil salinization and its results could be useful for other regions.

According to the Chinese soil nutrient grading standard, the test soil was highly salinized with a nutrient imbalance, including EC value > 1500 µS·cm-1 and TS content > 1000 mg·kg−1. The basic physical and chemical properties of the tested soil are shown in Table 1.

Table 1 | Basic physical and chemical properties of the tested soil.


[image: Table displaying soil characteristics and texture percentages. pH is 7.78, EC is 2823 μS/cm, TS is 1716 mg/kg, OM is 21.62 g/kg, AP is 4.92 mg/kg, AK is 313 mg/kg, NN is 341 mg/kg. Soil texture percentages are grit at 25.12%, powder at 33.05%, and cosmid at 38.20%. Abbreviations are explained as organic matter, available phosphorus, available potassium, and nitrate nitrogen.]



2.2 Study material

The tested biochar was grape straw biochar (pyrolyzed at 500°C under anoxic conditions, with a pH value of 9.67 and a total carbon content of 455 g·kg-1) to promote the utilization of waste resources and returning grape straw to the field soil. The tested farm manure was fermented and decomposed cow dung (total nutrient content is not less than 45%, N, P, K nutrient ratio is 15∶15∶15), which is a traditional bio-organic fertilizer commonly used in the local area. The tested biochar and cow dung were purchased from Yunnan Nongjiale Agricultural Group Co., Ltd., Kunming, China.

The grape cultivar used in the study was Sunshine Rose.




2.3 Study design

This improvement experiment was carried out on the basis of the previous experimental results from an indoor culture improvement experiment on secondary saline soils in a grape-producing area. The indoor culture improvement experiment was conducted with eight different treatments (biochar, peat, cow dung, bagasse organic fertilizer, biochar and cow dung, biochar and bagasse organic fertilizer, peat and cow dung, and peat and bagasse organic fertilizer), and among these, the biochar and cow dung combined treatment was selected for the medium to long-term effect verification test in a field experiment because it had the best improvement effects.

This improvement experiment was conducted in September 2021. A total of five treatments were set up in the study: CK: no amendments (blank control); T1: biochar (10 t·ha-1); T2: cow dung (30 t·ha-1); T3: biochar (5 t·ha-1) + cow dung (15 t·ha-1); and T4: biochar (10 t·ha-1) + cow dung (30 t·ha-1). Each treatment was repeated three times, with a total of 15 plots. The area of each plot was 2 m × 2.5 m = 5 m2. The spacing between plots was 1 m, and the spacing for vine planting was 1 m × 2.8 m. Amendments of different treatments were added to both sides of the vines in each plot, which were evenly mixed with 0–30 cm soil tilling. The management measures for the viticulture period were consistent with those for other viticultures in the same greenhouse.




2.4 Sample collection and analysis


2.4.1 Sample collection

Soil, grape leaves, and fruit samples were collected in July 2024 during the grape ripening stage. Five soil subsamples were randomly collected from each plot from the 0–30 cm soil layer, excluding subsoil layers, using the diagonal method with the grape tree as the center line and mixed into a representative soil sample for each treatment. After the samples were brought back to the laboratory, the soil was gently stripped into small pieces along the natural structure, and the plant roots and small stones were removed. An appropriate amount of fresh soil was taken from each treatment and stored in a refrigerator at − 20°C. Other soil samples were naturally air-dried and passed through 2 mm, 1 mm, and 0.149 mm sieves for testing and analysis. Soil aggregates were measured by dry and wet sieve methods. At the same time, the upper leaves of each treatment were collected, sealed in a foam box with dry ice, brought back to the laboratory, and immediately stored in a freezer at − 80°C for use. Finally, four representative fruit ears and 20 fruits in the ripening stage were randomly selected from each treatment group, collected in a foam box filled with dry ice, and sealed and stored in a refrigerator at –20°C for quality determination.




2.4.2 Determination of soil aggregate stability

Aggregates were measured by a TPF-100 aggregate structure analyzer. The upper and lower swing frequency of the sieve was set to 30 times/min, and the time was set to 10 min. Aggregates with different particle sizes were obtained, transferred to an aluminum box, and dried at 105°C. The evaluation indexes of soil aggregate stability included average weight diameter (MWD)(mm), geometric mean diameter (GMD) (mm), non-water stable aggregate content (DR0.25) (%), and water stable aggregate content (WR0.25) (%). Aggregates with particle size > 0.25 mm are called soil aggregate structures, which have good structural stability, water stability, and nutrient retention (Wang et al., 2023a). The contents of non-water-stable and water-stable aggregates in undisturbed soil were obtained using a dry sieve and a wet sieve. Larger MWD and GMD values indicate more stable agglomerates (Liu et al., 2024). Soil fractal dimension (D) is a parameter reflecting the geometric shape of soil structure. The smaller the fractal dimension of particle size distribution of aggregate structure, the better the stability of soil aggregates (Cao et al., 2021).

The calculation formula is as follows:

[image: Mathematical equation showing \( MWD = \sum_{{i=1}}^{N} (\vec{x}, \vec{w}_i) \) followed by equation number (1).] 

[image: GMD is defined as the exponential of the weighted sum of natural logarithms of x sub i divided by the sum of weights w sub i, as shown in Equation 2.] 

[image: The image shows a mathematical equation: \( DR_{0.25} = \frac{M_{DR=0.25}}{M_0} \) labeled as equation (3).] 

[image: Equation labeled as number four. It states that \( W_{R 0.25} \) equals \( \frac{M_{WR 0.25}}{M_W} \).] 

[image: Equation showing the average of two numbers: \( \bar{x}_i = (x_i + x_{i+1}) / 2 \).] 

In the above Equations 1–5: [image: The expression shows \( \bar{x}_i \), which represents the mean of a subset or sample indexed by \( i \).] is the average diameter (mm) of i grain size; [image: A mathematical expression showing x with a bar over it, labeled as x sub i.]  represents the aperture (mm) of the i-th sieve, x0= x1, xn= xn+1; [image: A mathematical expression showing the variable "x" with a horizontal overbar and a subscript "i", suggesting an indexed mean or average of a dataset.]  is the percentage (%) of the aggregate mass in the i particle size interval to the total mass of the aggregate; MDR>0.25 and MWR>0.25 are the particle mass (g) of the dry sieve and wet sieve aggregates with particle size > 0.25 mm, respectively. MD and MW are the total mass (g) of dry sieve and wet sieve aggregates, respectively.

The soil fractal dimension (D) is calculated according to the following formula:

[image: The image shows a mathematical equation: \(\frac{M(\delta < \tilde{x}_i)}{M} + \left(\frac{\tilde{x}_i}{\tilde{x}_{\text{max}}}\right)^{-D} = (6)\).] 

In the formula: (δ < [image: Mathematical expression showing the variable \( x \) with a horizontal bar above, followed by a subscript \( i \).] ) represents the total mass of aggregates with particle size less than [image: Mathematical notation showing "x" with a bar over it and a subscript "i", typically representing the average or mean value of a variable \(x_i\).] , and [image: Mathematical notation depicting "x max" with an arrow over the "x" symbol, indicating a vector or maximum value.]  is the average particle size of the largest particle size of aggregates; after taking the logarithm of both sides of Equation 6, the score shape dimension D is calculated by regression analysis.




2.4.3 Determination of soil chemical properties

The pH value of the soil was determined by the potentiometric method, and the soil-to-water ratio was 2.5:1. The soil TS content was measured by mass method and EC was determined using a soil-to-water ratio of 1:5 using an FE30 Mettler conductivity meter. The content of organic matter (OM) was determined by the K2Cr2O7-H2SO4 and FeSO4 volumetric methods. The content of available phosphorus (AP) was determined by sodium bicarbonate extraction and the molybdenum-antimony resistance colorimetric method. The content of available potassium (AK) was extracted using ammonium acetate and determined using a flame meter. The contents of exchangeable calcium ion (E-Ca2+) and exchangeable magnesium ion (E-Mg2+) were determined by atomic absorption spectrophotometry. The content of nitrate nitrogen (NN) was determined using a flow injection analyzer.




2.4.4 Determination of soil enzyme activity

The change in absorbance of the solution after reacting with the soil was measured using an ultraviolet photometer to determine the activity of catalase (S-CAT). Urease (S-UE) activity was measured by employing indophenol blue colorimetry with urea as the substrate. A visible light photometer was utilized to quantify the activity of sucrase (S-SC), which facilitated the degradation of sucrose by reacting with 3,5, 1–2-nitrosalicylic acid to generate brown-red compounds. The activity of alkaline phosphatase (S-ALP) was determined with a visible spectrophotometer to quantify the amount of phenol produced during the hydrolysis of disodium phenyl phosphate to phenol.




2.4.5 Determination of grape fruit quality

The content of reducing sugar (RS) in all frozen grape fruit was determined by anthrone colorimetry after thawing at room temperature (Xia et al., 2013). For this, a 0.5 g sample was weighed and ground to a homogenate. Next, 10 mL of 80% ethanol was added and the sample was boiled in a water bath at 80°C for 40 min and centrifuged at 4,000 rpm for 10 min. Activated carbon was added to the supernatant for 30 min and filtered. Further, 0.2 mL of the sample liquid was absorbed, 0.8 mL of distilled water and 5 mL of anthracone reagent were added, the mixture was boiled in a water bath for 10 min, and the light absorption value at 625 nm was determined using a spectrophotometer. The sugar content was obtained from the standard curve (anthrone, glucose, and distilled water) and expressed in g·L-1. The dissolved solid (DS) content was determined using a PAL-1 digital display saccharometer after extracting juice from each treated grape fruit and expressed as a percentage. The vitamin C (VC) content was quantitatively determined using 2,6-dichlorophenol indophenol titration (da Silva et al., 2017). Next, a 10 g sample was weighed and ground after adding 5 mL of 2% oxalic acid solution. After filtration, 10 mL of the filtrate was titrated with the calibrated 2,6-dichlorophenol indophenol solution until a pink color developed. The VC content was calculated according to the dosage volume. It was expressed in mg·100 g-1. The organic acid (TA) content was determined by the acid-base titration method. Further, 5 g of the sample was weighed, ground with distilled water (30 mL) to a homogenate, washed at 80°C for 30 min, and filtered to a volume of 50 mL. Then, 10 mL of the sample solution was titrated with 0.1 mol·L-1 sodium hydroxide standard solution and three to five drops of phenolphthalein were added until a red color developed. The organic acid content was calculated according to the volume consumed and expressed in g·L-1.




2.4.6 Determination of malondialdehyde and chlorophyll content in grape leaves

The malondialdehyde (MDA) content was determined by the method proposed by Zhou et al (Zhou et al., 2023). Briefly, the samples (0.1 g) were homogenized in 1 mL of 0.1% (w/v) trichloroacetic acid (TCA). The homogenate was centrifuged at 16,000 g and 4°C for 10 min. A 500 -μL aliquot of the supernatant was mixed with an equal amount of 0.5% thiobarbituric acid in 20% TCA. The mixture was incubated at 95°C for 30 min, cooled on ice, and centrifuged at 12,000 g for 5 min. The absorbance of the supernatant was measured at 532 nm, and the non-specific absorption was measured at 600 nm. The MDA content was calculated from the extinction coefficient of 155 mM-1 cm-1 using the equation C = [Abs (535 – 600) ÷ 155,000] x 106. The MDA content was expressed as nmol MDA g−1 fresh weight. The chlorophyll (CHL) content in the upper leaves of each treatment was measured by a Minolta SPAD-502 at the mature stage.




2.4.7 Determination of antioxidant enzyme activity in grape leaves

For the determination of CAT activity, frozen grape leaves (0.5 g) were ground in a mortar containing a phosphate buffer solution (pH 7.0). The samples were centrifuged at 17,500 g and 4°C for 15 min. The supernatant (100 µL) was mixed with 1.9 mL of phosphate buffer (pH 7.0) and 0.01% H2O2 (1 mL). The enzyme activity was measured at 240 nm using an ultraviolet-visible (UV-vis) spectrophotometer (Implen P300, Duren, Germany) (Iwaniuk et al., 2022). The CAT activity was expressed as U·mg-1 protein·min-1. For the determination of POD activity, frozen grape leaves (0.5 g) were ground in a mortar containing phosphate buffer solution (pH 7.0), and the samples were centrifuged at 17,500 g and 4°C for 15 min. The supernatant (100 µL) was mixed with 2.7 mL of phosphate buffer (pH 7.0), followed by the addition of 0.04% MnCl2 (20 µL) and 0.14% NADH (150 µL) solutions. The enzyme activity was measured at 340 nm using a UV-vis spectrophotometer (Implen P300) (Iwaniuk et al., 2022). The POD activity was expressed as U·mg-1 protein·min-1. For the determination of SOD activity, frozen grape leaves (0.5 g) were ground in a mortar containing a phosphate buffer solution (pH 7.8). The samples were centrifuged at 17,500 g and 4°C for 15 min. The supernatant (50 µL) was mixed with 2.2 mL of phosphate buffer (pH 7.8) and 0.006% riboflavin (250 µL), followed by the addition of 0.0023% methionine (250 µL) and 0.06% NBT (250 µL) solutions. The enzyme activity was measured at 560 nm using a UV-vis spectrophotometer (Implen P300) (Iwaniuk et al., 2022). The SOD activity was expressed as U·mg-1 protein.





2.5 Statistical analysis

Microsoft Excel 2019 was used to organize the data and calculate the mean value and standard error. The SPSS 27.0 software was used for statistical analysis of the data, Origin 2021 software was used to draw bar charts, and correlation plots were used as correlation analysis charts. Duncan’s test was used to evaluate the significant differences between different treatments (P < 0.05).





3 Results


3.1 Soil TS and EC values

All four treatments significantly reduced soil TS content and EC value compared with the CK treatment (Figure 1). The order of reduction effect of the four treatments on EC was T4 > T3 > T2 > T1. Compared with the CK treatment, it was significantly reduced by 61.11%, 55.12%, 37.92%, and 35.04%, respectively, among which the T4 treatment had the best reduction effect on the soil EC. The order of the reduction effect of the four treatments on TS content was T4 > T3 > T1 > T2. It was significantly reduced by 72.98%, 63.23%, 42.56%, and 36.82%, respectively, compared with the CK treatment; the T4 treatment had the best reduction effect on soil TS content. The results indicated that the reduction effects of different amounts of biochar combined with cow dung application on soil TS content and EC were better than that of biochar or cow dung application alone.

[image: Bar charts showing electrical conductivity (EC) in microsiemens per centimeter and total solids (TS) in milligrams per kilogram across five treatments: CK, T1, T2, T3, and T4. Panel A depicts EC, highest in CK and lowest in T4. Panel B shows TS, also highest in CK and lowest in T4. Error bars indicate variability.]
Figure 1 | Effects of different treatments on soil EC and total salt content. (A) The effects of different treatments on soil EC; (B) the effects of different treatments on total salt (TS) content. Data are the means of six replicates (means ± standard errors). Different lowercase letters indicate significant differences between the treatments at P < 0.05.




3.2 Soil nutrient content

Compared with the CK treatment, all four treatments significantly increased the soil nutrients, such as OM, NN, AK, and AP contents (P < 0.05) (Table 2). The four treatments had different elevating effects on soil nutrient content. The T2 treatment had the most significant effect on soil OM content (P < 0.05), which was significantly higher than the CK treatment by 59.93%. The T3 treatment had the most significant effect on the increase in NN content in the soil (P < 0.05), which was significantly higher than the CK treatment by 79.49%. The T4 treatment had the most significant effect on soil AK and AP contents (P < 0.05). Compared with the CK treatment, the soil nutrient content was significantly increased by 62.97% and 114.64%, respectively, indicating that biochar and cow dung application alone or combined application remarkably improved the soil nutrient content.

Table 2 | Effects of biochar combined with cow dung application on soil nutrients.


[image: Table showing the concentrations of organic matter (OM), nitrate nitrogen (NN), available potassium (AK), and available phosphorus (AP) for various treatments labeled CK, T1, T2, T3, and T4. The values include means and standard errors. Different lowercase letters indicate significant differences at P < 0.05.]



3.3 Soil exchangeable calcium and magnesium ion concentrations

Different treatments had different effects on soil E-Ca2+ and E-Mg2+ concentrations. Compared with the CK treatment, all the treatments significantly increased the concentration of E-Ca2+ (P < 0.05). The effect of the T4 treatment on the concentration of E-Ca2+ was the most significant, which was 26.85% higher than that of the CK treatment. All the treatments significantly reduced the concentration of E-Mg2+ (P < 0.05). The T4 treatment had the most significant effect on E-Mg2+ concentration, compared with the CK treatment, and it was significantly reduced by 30.72% (Figure 2). In addition, it can be seen from the CK treatment that the concentrations of E-Ca2+ and E-Mg2+ in the soil are quite different. Among them, the concentration of E-Mg2+ is higher, while the concentration of E-Ca2+ is lower. The application of different treatments changed the concentration of E-Ca2+ and E-Mg2+ in the soil and reduced the difference between them. Among them, the T3 treatment showed the best reduction of soil E-Ca2+ and E-Mg2+ concentration. The results showed that biochar combined with cow dung balances the concentration of exchangeable calcium and magnesium ions in soil and alleviates the degree of secondary salinization stress in soil.

[image: Bar and line graph showing exchangeable calcium (E-Ca²⁺) and magnesium (E-Mg²⁺) ions in different treatments: CK, T1, T2, T3, and T4. E-Ca²⁺ values, marked by grey bars, range from approximately 28 to 38 cmol/kg, while E-Mg²⁺ values, shown as red bars, range from about 2.5 to 4.5 cmol/kg. Error bars indicate variability. The graph uses distinct labels (a, b, c, d, e) to differentiate statistical significance among treatments.]
Figure 2 | Effect of different treatments on soil exchangeable calcium (E-Ca2+) and magnesium (E-Mg2+) ion concentrations. Data are the means of six replicates (means ± standard errors). Different lowercase letters indicate significant differences between the treatments at P < 0.05.




3.4 Soil aggregate stability

All the treatments significantly increased WR0.25, MWD, and GMD of soil water-stable aggregates (P < 0.05) (Table 3). Among them, the T2 treatment had the most significant effect. Compared with the CK treatment, WR0.25 significantly increased by 14.33%, MWD significantly increased by 68%, and GMD significantly increased by 100%. However, all the treatments significantly reduced the soil structure damage rate (PAD) and soil branch dimension (D) (P < 0.05). Among them, the T2 and T4 treatments had the most significant effect. Compared with the CK treatment, the T2 treatment significantly reduced PAD by 55% and D by 3%. The T4 treatment significantly reduced PAD by 52% and D by 2%.

Table 3 | Effects of biochar combined with cow dung application on the stability of soil water-stable aggregates.


[image: Table comparing soil treatment effects on several parameters: WR0.25, MWD, GMD, PAD, and D across CK, T1, T2, T3, T4 treatments. Values and significant differences are indicated; WR0.25 ranges from 59.0 to 73.33, MWD from 1.04 to 1.75, GMD from 0.44 to 0.88, PAD from 20.67 to 45.67, and D from 2.87 to 2.96. Different lowercase letters denote significant differences at P < 0.05.]



3.5 Soil enzyme activity

It can be seen from Figure 3 that different treatments had different effects on the enzyme activity of secondary salinized soil. All the treatments significantly increased the activity of S-UE and S-ALP. Among them, the T2 treatment had the most significant effect on the activity of S-UE and S-ALP, which was significantly higher than the CK treatment by 727% and 216%, respectively. The T4 treatment had the most significant effect on the improvement of S-SC activity, which was significantly increased by 227% compared with the CK treatment. While all the treatments significantly reduced S-CAT activity, among them, the T3 treatment had the most significant effect, as it was significantly reduced by 77% compared with the CK treatment. In summary, biochar combined with cow dung significantly increased the biological activity of urease, sucrase, and alkaline phosphatase in soil, and significantly inhibited the activity of catalase. This effect showed different intensities with an increase or decrease in the application amount. This showed that the synergistic effect of biochar and cow dung can effectively regulate and stimulate changes in soil enzyme activity under secondary salinization stress, and the synergistic effect and potential antagonistic effect between these enzymes are some of the key factors in alleviating soil secondary salinization.

[image: Four bar charts labeled A to D showing various measurements across treatments CK, T1, T2, T3, and T4. Chart A shows S-UE with T3 highest. Chart B illustrates S-CAT with CK highest. Chart C displays S-SC with T4 highest. Chart D presents S-ALP with T3 highest. Data points are marked a to e.]
Figure 3 | Effect of biochar combined with cow dung application on soil enzyme activity. (A) soil urease (S-UE); (B) soil catalase (S-CAT); (C) soil sucrase (S-SC); (D) soil alkaline phosphatase (S-ALP). Data are the means of six replicates (means ± standard errors). Different lowercase letters indicate significant differences between the treatments at P < 0.05.




3.6 Membrane peroxidation and antioxidant enzyme activity in leaves

As shown in Figure 4, compared with the control group, all the treatments significantly increased CHL content in grape leaves and significantly reduced MDA content and activities of SOD, POD, and CAT in leaves. The T4 treatment had the most significant effect on the increase in CHL content in leaves (P < 0.05), by 116% compared with the CK treatment. MDA content in leaves and the activities of antioxidant enzymes SOD, POD, and CAT significantly decreased (P < 0.05) by 54.62%, 40.15%, 44.28%, and 70.16% compared with the CK treatment as a result of the T1, T2, T3, and T4 treatments, respectively. The results showed that biochar (10 t·ha-1) combined with cow dung (30 t·ha-1) significantly reduced the damage caused by soil secondary salinization to grapes and avoided related stress.

[image: Five horizontal dot plots labeled A to E show different chemical contents. Each plot has data points T1 to T4 and CK in distinct colors. T4 consistently shows the highest values across the plots, while CK displays the lowest. Plots measure CHL (milligrams per kilogram), MDA (micromoles per gram), SOD (units per gram), POD (units per gram), and CAT (units per gram).]
Figure 4 | Effect of different treatments on membrane peroxidation and antioxidant enzyme activities in grapevine leaves. (A) chlorophyll (CHL); (B) malondialdehyde (MDA); (C) superoxide dismutase (SOD); (D) peroxidase (POD); and (E) catalase(CAT). Data are the means of six replicates (means ± standard errors). Different lowercase letters indicate significant differences between the treatments at P < 0.05.




3.7 Nutritional quality of grape

It can be seen in Table 4 that the different treatments had different effects on grape quality. Among them, the T4 treatment had the most significant improvement effect on RS content and DS content, increased by 24.81% and 26.68% compared with the CK treatment, respectively. Furthermore, the decrease in the TA content was the most significant, with a significant decrease of 22.83%. In addition, the T3 treatment significantly increased the VC content by 45.66% compared with the CK treatment. The results showed that biochar combined with cow dung improved grape quality and increased economic benefit.

Table 4 | Effects of biochar combined with cow dung application on grape quality.


[image: Table showing five treatments (CK, T1, T2, T3, T4) with mean values and standard errors for reducing sugar content (RS), soluble solid (DS), organic acid content (TA), and Vitamin C content (VC). Values with different lowercase letters indicate significant differences at P < 0.05.]



3.8 Correlation analysis

Mantel correlation analysis showed that there was a high correlation between soil enzyme activity, biochemical indexes of grape leaves, grape quality, and soil physical and chemical properties. The physical and chemical properties of secondary salinized soil are the key factors that determine the healthy growth of grapes (Figure 5A). Spearman’s correlation analysis of soil enzyme activity and soil physical and chemical properties showed that S-UE, S-SC, and S-ALP were negatively correlated with EC, TS, E-Mg2+, PAD, and D, and positively correlated with NN, E-Ca2+, WR0.25, MWD, and GMD (Figure 5B). Spearman’s correlation analysis between the biochemical indexes of grape leaves and soil physical and chemical properties showed that MDA, SOD, POD, and CAT were positively correlated with EC, TS, E-Mg2+, PAD, and D, and negatively correlated with NN, AK, AP, E-Ca2+, WR0.25, MWD, and GMD (Figure 5C). Spearman’s correlation analysis between grape quality and soil physical and chemical properties showed that RS, DS, and VC were negatively correlated with EC, TS, E-Mg2+, PAD, and D, and negatively correlated with NN, AK, AP, E-Ca2+, WR0.25, MWD, and GMD (Figure 5D).

[image: Diagram consisting of four panels labeled A, B, C, and D. Panel A features a correlation heatmap with connecting lines, showing relationships between variables like fruit quality, soil enzyme, and leaf biochemical indexes. Panels B, C, and D are separate heatmaps indicating different relationships among variables, represented by colors ranging from red to blue, with spearman's correlation coefficients and significance levels marked with asterisks. A legend explains the colors and line styles for correlation values and Mantel’s p-values.]
Figure 5 | Correlation analysis. (A) Mantel analysis of grape growth and soil physical and chemical properties; (B) Spearman’s correlation analysis between soil enzyme activity and soil physical and chemical properties; (C) Spearman’s correlation analysis of oxidative stress factors in leaves and soil physical and chemical properties; (D) Spearman’s correlation analysis between grape quality and soil physical and chemical properties. Note: The thickness of the line represents the related r value of the Mantel analysis, the line color represents the Mantel correlation P-value, and the heat map color represents Spearman’s correlation coefficient, which is expressed by numerical values. The significant differences in the Spearman’s correlation analyses are marked with *, **, and *** at the levels of P<0.05, P<0.01, and P<0.001, respectively.





4 Discussion


4.1 Improvement effect of biochar combined with cow dung application on secondary salinized soil

The accumulation of soluble salts such as sodium chloride in the soil surface layer is a significant feature of salinized soil. Soil EC is one of the key indicators of soluble salt content in soil. The higher the content of soluble salt and the corresponding EC value in the soil, the greater the osmotic pressure of the leachate. High EC values can cause osmotic stress, which in turn causes plants to suffer salt damage (Tian et al., 2024). In most environments, soil EC is positively correlated with TS (Huan et al., 2008; Rivera-García et al., 2022; Tian et al., 2024). Corresponding conclusions were also drawn through the correlation analysis in this experiment (Figure 5A). This study showed that applying biochar and cow dung, either alone or in combination, reduced secondary salinization, which was consistent with previous research findings. Fermented cow dung and biochar as soil amendments can improve the physical and chemical properties of saline-alkali soil, reduce salinity and pH value, and alleviate salt stress (Li et al., 2022a; Pan et al., 2022; Wang et al., 2023b). This may be related to the nature of cow dung and biochar itself; organic manure can improve soil water conductivity, improve the efficiency of soil leaching, and reduce secondary salinization (Kayode Steven et al., 2018). Biochar has a huge specific surface area and strong adsorption capacity for water-soluble cations in soil, thus reducing the soil EC (Duan et al., 2021a). This study also showed that the combined application of biochar and cow dung had the most significant improvement effect on soil secondary salinization compared with a single application; the improvement effect of halving combined application was weaker than that of full-dose combined application. This may be due to the excessive application of the two replacing parts of the undisturbed soil and changing the soil particle size structure, which is conducive to the leaching of base ions, thereby reducing the TS in soil and EC. This study showed that the application of biochar significantly improved soil nutrient content, but this effect was worse than that of other treatments (Table 2). This may be related to the nutrient content in intensive agricultural production, where the application of biochar promotes the release of nutrients from the soil. In soils modified with biochar, typically higher C/N may result in N fixation (Wang et al., 2019), especially the fixation of NN (Manolikaki and Diamadopoulos, 2019). The application of the biochar did not show a fixation effect on NN. Excessive NN negatively impacts the ecological environment and human production and daily life; the accumulation of NN causes secondary salinization of soil and aggravates soil pressure (Yang et al., 2024). Cow dung contains nutrients available to plants (nitrate, phosphate, calcium, and potassium) and has high porosity, good aeration, drainage, and water retention (Joshi et al., 2015; Font-Palma, 2019). On the one hand, the combined application of the two can improve the secondary salinized soil; on the other hand, it can improve the availability of soil nutrients and promote the release of nutrients in the soil. Exchangeable calcium and magnesium are the main exchangeable base ions in soil. The content of exchangeable calcium and magnesium in soil directly reflects the ability of the soil to supply calcium and magnesium (Sharma et al., 2018). This study showed that the combined application of biochar and cow dung significantly reduced the exchangeable calcium content and significantly increased the exchangeable magnesium content in soil. However, the combined application of biochar and cow dung had opposite effects on soil exchangeable calcium and magnesium (Figure 2). Sardans et al. (2023) showed that Ca2+ content gradually increased with the extension of repair time and the decrease in Mg2+ content also promoted the gradual increase in Ca2+ content. With the extension of time, the content of Mg2+ in the soil decreased continuously and was negatively correlated with the repair time. This is related to the increase in Ca2+ and Mg2+ contents, which antagonistically affect Mg content. With the increase in Ca2+ content, the activity of Ca2+ in the soil is inhibited, which is not conducive to the absorption of Mg by plants, However, too high Mg2+ levels will also produce salt damage (Ying et al., 2022). This study also showed that biochar combined with cow dung increased soil water-stable aggregates and reduced soil structure damage rate and soil branch dimension. The possible reason is that divalent cations (Ca2+ and Mg2+, but especially Ca2+) in soil can enhance the cementation between soil particles and colloids, such as humus, and promote the formation and stability of aggregates due to their strong ion bridge (Totsche et al., 2018) and cation polarization (Huang et al., 2016; Ishiguro and Nakajima, 2000).




4.2 Effects of biochar combined with cow dung application on grape leaf stress

The Mantel correlation analysis showed that the antioxidant enzyme activity of grape leaves was significantly positively correlated with soil TS content and EC value (Figure 5C), the higher the soil TS content and EC value, the stronger the antioxidant enzyme activity of the grape leaves. Previous studies have shown that under salt stress, plants produce a large amount of ROS, such as O2⁻, H2O2, and OH⁻ (Chen et al., 2015). These ROS can cause oxidative stress and destroy intracellular proteins, DNA and cellular lipids, and other biological macromolecules, resulting in damage to cell structure and function. In order to cope with this oxidative stress, plants have evolved a complex antioxidant system, including SOD, CAT, and POD and other antioxidant enzymes (Li et al., 2022b; Yu et al., 2022; Iwaniuk et al., 2023). SOD is the first line of defense in the antioxidant enzyme system, which can disproportionate O2⁻ to H2O2 and O2, thereby reducing the toxicity of O₂⁻ (Sgherri et al., 2013). CAT and POD are mainly responsible for scavenging H2O2. CAT catalyzes the decomposition of H2O2 to H2O and O2, while POD uses H2O2 as an electron acceptor to oxidize other substrates, thereby indirectly scavenging H2O2 (Samiksha et al., 2016). Under salt stress, the ROS content in plants increases, resulting in increased antioxidant enzyme activity to remove excessive ROS. However, this increase in activity is a stress response of plants to stress. Long-term high activity of antioxidant enzymes will consume energy and resources in plants and have a negative impact on plant growth and development (Gill and Tuteja, 2010; Waszczak et al., 2018). In this study, the application of biochar and cow dung significantly reduced the TS content and EC value of the soil, thereby alleviating the salt stress of plants. By reducing salt in the soil, biochar and cow dung reduced the production of ROS in the plants, thereby reducing the demand for antioxidases. Under reduced salt stress, the activity of antioxidant enzymes in plants decreased accordingly. The decreased activity of SOD, POD, and CAT means that the plants no longer need to consume excessive energy to maintain a high level of antioxidant defense, thereby reducing the oxidative damage caused by ROS. In addition, with the decrease of salt stress, the content of CHL in plants increases, which helps to improve the efficiency of photosynthesis and promote the growth and development of plants (Moustaka and Moustakas, 2023). MDA is the main product of membrane lipid peroxidation. A decrease in MDA content indicates that the integrity of the plant cell membrane is protected and the cell structure and function are more stable (Hasanuzzaman et al., 2021). These studies fully show that plants will resist adversity through various physiological and biochemical reactions under adversity, and achieve their own healthy growth and development. Therefore, the combined application of biochar and cow dung can effectively reduce the oxidative damage caused by salinity and improve the quality of grapes by reducing soil salinity, reducing ROS content in plants, and regulating antioxidant enzyme activities. This physiological improvement helps grapes to maintain growth under adversity and reduce yield loss. The improvement of grape yield and quality directly affects market competitiveness. High-quality grapes attract more consumers, improve the market value of products, and increase the economic benefits for farmers. At the same time, by reducing the losses caused by stress, farmers can reduce production costs and improve economic efficiency.





5 Conclusions

In conclusion, biochar combined with cow dung application stimulated an increase in soil-related enzyme activities by coordinating and balancing the exchangeable calcium and magnesium ions in the soil and increased the water-stable aggregates to reduce the salt content in the soil. In addition, biochar combined with cow dung application alleviated the stress of secondary salinization on the growth of grape plants, and reduced the oxidative stress response of leaves, and ultimately improved the quality of grape berries due to improved soil quality. From the perspective of economic benefits and sustainable development of intensive planting, 5 t·ha-1 biochar combined with 15 t·ha-1 cow dung is more suitable for viticulture to prevent the excessive application of farm manure and ensure the sustainable development of grape-producing areas. After a 3-year trial period, biochar combined with cow dung has a positive impact on soil health. Based on the existing research, they are safe for the growth of grape plants and may have a positive effect on their ability to resist diseases and pests. It is recommended that policymakers promote this soil improvement method to farmers and encourage its use through subsidies and technical support to achieve a win-win situation with both soil and economic benefits. The improved technology has wide applicability globally, especially in areas facing similar soil problems, and can help to enhance the sustainability of global agriculture and contribute to global food security and eco-agricultural development.
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The TCP gene family plays pivotal roles in the development and abiotic stress responses of plants; however, no data has been provided for this gene family in Opisthopappus taihangensis. Based on O. taihangensis genome, 14 TCP genes were identified and divided into two classes (I and II). After tandem and segmental duplication/whole-genome duplication (WGD), more loss and less gain events of OtTCPs occurred, which might be related with the underwent purifying selection during the evolution. The conserved motifs and structures of OtTCP genes contained light response, growth and development, hormone response, and stress-related cis-acting elements. Different OtTCP genes, even duplicated gene pairs, could be expressed in different tissues, which implied that OtTCP genes had diverse function. Among OtTCPs, OtTCP4, 9 and 11 of CYC clade (Class II) presented a relative wide expression pattern with no or one intron. The three TCP genes could be regarded as important candidate factors for O. taihangensis in growth, development and stress response. These results provided some clues and references for the further in-depth exploration of O. taihangensis resistance mechanisms, as well as those of other unique eco-environment plants.




Keywords: Opisthopappus taihangensis, TCP gene family, abiotic stress, gene expression analysis, evolution




1 Introduction

Transcription factors are one kind of proteins that play essential roles in the growth and development of plants by binding to specific gene promoters or enhancer regions (Katagiri and Chua, 1992). Based on the characteristics of their structural domains, transcription factors may be classified as WRKY (WRKYGQ), SPL (SQUAMOSA promoter-binding protein-like), NAC (NAM, ATAF, and CUC), AP2/ERF (Apetala2/Ethylene Responsive Factor), TCP (TEOSINTE BRANCHED1/CYCLOIDEA/PCF), and various other families (Lehti-Shiu et al., 2017). Among them, TCP transcription factors are specific to plants, cell growth, and cell proliferation (Zhan et al., 2023). Every TCP member has an atypical basic helix–loop–helix (bHLH) secondary structure that made up of two hydrophilic α-helices, a disordered loop, and about 60 amino acid residues (Cubas et al., 1999). This conserved domain is essential for DNA binding, protein interactions, and the regulation of downstream gene expression in the biological processes of plants (Martín-Trillo and Cubas, 2010; Manassero et al., 2013).

As ancient transcription factors that appeared ~650–800 million years ago (Navaud et al., 2007), the genes of TCP family are primarily categorized Class I and II, due to the deletion of four amino acids in the basic domain of Class II (Martín-Trillo and Cubas, 2010). Class I (also referred to as the TCP-P class) contains PCF genes (PCF1 and PCF2), can promote cell proliferation and growth. Class II is TCP-C genes, divided into CYC/TB1 and CIN branches. Different branches may have diverse function. The TB1 genes play an important role in inhibiting lateral branch growth and male flower formation (Doebley et al., 1997; Dixon et al., 2018), the CYC genes are generally involved in the expression of lateral regions of early floral organs and regulates floral symmetry (Luo et al., 1999; Hileman, 2014). Whereas the CIN genes are mainly related to leaf morphogenesis (Nath et al., 2003; Palatnik et al., 2003; Crawford et al., 2004; Walcher-Chevillet and Kramer, 2016). At the structure of Class II, some members contain an arginine-rich R domain with an unknown biological function aside from the TCP domain. Most CYC/TB1 members possess a conserved and functionally uncharacterized ECE motif (a sequence of glutamic acid-cysteine-glutamic acid) (Howarth and Donoghue, 2006; Martín-Trillo and Cubas, 2010). From the evolutionary viewpoint, the CYC/TB1 genes have not been discovered in lycophytes or other early-diverging land plants (Horn et al., 2015). Thus, CIN genes might have arisen earlier than CYC/TB1 genes (Palatnik et al., 2003; Koyama et al., 2007; Horn et al., 2015).

TCP genes typically form homodimers or heterodimers with each other to regulate the expressions of target genes (Li et al., 2017). All target genes of TCPs contain a highly conserved DNA motif (G(T/C) GGNCCCAC), specifically the core motif (TGGGCC, GCCCR, GG(A/T) CCC) (Kosugi and Ohashi, 2002; Li et al., 2005; Schommer et al., 2008; Aggarwal et al., 2010; Viola et al., 2012; Danisman et al., 2013; Parapunova et al., 2014). Further, TCPs engage with various other transcription factors, such as DELLAs, AS2, ABI4, MYBs, and bHLHs, that can promote flavonoid biosynthesis, trigger effector immunity, respond to abiotic stress, and mediate salicylic acid (SA), jasmonate (JA), auxin, cytokinin (CK), abscisic acid (ABA), and gibberellin (GA) responses (Pruneda-Paz et al., 2009; Li et al., 2012; Steiner et al., 2012; Li and Zachgo, 2013; Tao et al., 2013; Chen et al., 2014; Davière et al., 2014; Marín-De-La-Rosa et al., 2014; Mukhopadhyay and Tyagi, 2015). In Arabidopsis, TCP20 interacts with NIN-like proteins NLP6 and NLP7 to modulate signal transduction pathways, as well as to control root growth (Guan et al., 2017). AtTCP5, AtTCP13, and AtTCP17 positively regulate the responses of Arabidopsis under high-temperature stress (Han et al., 2019; Zhou et al., 2019). In maize, the natural variation in the ZmTCP42 promoter is significantly related to drought tolerance. The overexpression of ZmTCP42 can increase the sensitivity of transgenic Arabidopsis to abscisic acid (ABA) and increase its tolerance to drought stress (Ding et al., 2019). In moso bamboo, PeTCP10 enhances the salt stress tolerance (Xu et al., 2022). Nonetheless, these studies primarily concentrated on the functions and molecular mechanisms of TCPs in model plants (such as Arabidopsis thaliana) and agricultural species. Limited researches would be performed on wild and/or non-model plant species.

Opisthopappus taihangensis belongs to the family Asteraceae, it is endemic to the Taihang Mountains that span Henan and Shanxi Provinces and typically grows within steep cliff crevices, or on slopes up to ~1000 meters above sea level (Chai et al., 2018; Zhou et al., 2024). Being a cliff species, O. taihangensis exhibits good cold and drought resistance and has high ecological and ornamental value, with a large number of flowers and lengthy flowering period (Chen et al., 2022; Han et al., 2024; Zhang et al., 2024c). During drought stress, O. taihangensis presents decreased relative water and chlorophyll contents although having a high degree of proline accumulation (Gu et al., 2019). Under longer salt stress exposure times and at higher salt concentrations, O. taihangensis survives by engaging redox-regulated antioxidant enzyme mechanisms, including superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT) (Zhou et al., 2024). More, the upregulated genes under salt stress are primarily participated in the processes related to amino acid metabolism, the regulation of transcription factors, ABA signaling pathway, osmolyte metabolism, and antioxidant enzyme activities (Gu et al., 2019; Yang et al., 2020). However, the roles of the transcription factors involved in these responses (e.g., TCPs) are unknown when O. taihangensis is under abiotic stress.

For this study, the characteristics of the TCP gene family, including their evolution and diversification in O. taihangensis were initially explored using bioinformatics and comparative analyses based on its whole genomics data. Subsequently, the expression levels of O. taihangensis TCP genes in distinct tissues under abiotic stress were investigated using RNA-seq data and qRT-PCR. Finally, the potential roles and regulatory pathways of TCP genes in response to abiotic stress for O. taihangensis were elucidated. The results provided important clues for the further investigation of the endurance mechanisms of O. taihangensis in cliff environments, which are foundational for the study of other unique cliff plant species.




2 Materials and methods



2.1 Identification of TCP genes in O. taihangensis

With the O. taihangensis genome database obtained by our previous study (Ye et al., 2024; Zhou et al., 2024), various strategies were adopted to ensure the integrity (as much as possible) of the TCP gene family in O. taihangensis. Firstly, the protein sequences of TCP genes in A. thaliana were downloaded from TAIR website as queries, the O. taihangensis protein sequences were from its genome database. These protein sequences then were used to identify O. taihangensis TCP genes by BLAST program with an e value of 1 × 10-5, whereas the other parameters were set to default values (NumofThreads: 2, NumofHits: 500, NumofAligns: 250) in TBtools (Chen et al., 2020). After which, the TCP domain was retrieved based on the hidden Markov model (HMM) (PF03634) with Simple HMM Search. Finally, all TCP genes were analyzed by the NCBI Batch-CDD tool (Wang et al., 2023b) (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) combining the BLAST and HMM search results, and the genes containing the entire TCP domain were retained.

The identified TCPs were designated as OtTCP + numbers (Table 1). Subsequently, the ExPASy (ProtParam) (Duvaud et al., 2021) (http://www.expasy.org/tools/protparam.html) tool was used to evaluate the physicochemical characteristics of the OtTCP proteins, including the number of amino acids (aa), isoelectric point (pI), and molecular weights (MW). And then, the subcellular locations of the OtTCP proteins were predicted using WoLF PSORT (Horton et al., 2007) (https://wolfpsort.hgc.jp/).

Table 1 | Predicted TCP protein data in O. taihangensis.


[image: Table displaying various molecular characteristics of OtTCP proteins. Columns include Gene Name, Amino Acids count, Molecular Weight (Da), Isoelectric Point (pI), Instability Index (II), Aliphatic Index, Hydropathicity (GRAVY), and Subcellular Localization, which is consistently noted as “nucleus.”]



2.2 Phylogenetic relationships, gene structures, and conserved motifs of OtTCPs

Using the Clustal X in MEGA (Kumar et al., 2018) with defaulted parameters, multiple sequence alignment (MSA) was conducted by the protein sequences of TCPs in O. taihangensis, A. thaliana and Oryza sativa. The conserved regions of the obtained sequences were subsequently trimmed using trimAl in TBtools (Chen et al., 2020). Then, the rootless phylogenetic tree was constructed using IQ-TREE 2 software (Nguyen et al., 2014) with the maximum likelihood (ML) method and the bootstrap validation parameter 1000. All TCP proteins’ conserved domains and amino acid sequences were compared and examined using the GeneDoc program (Nicholas and Nicholas, 1997).

MEME tool in the MEME SUITE (https://meme-suite.org/meme/tools/meme) online website (Bailey et al., 2009) was employed to examine the motifs (number =10) of the TCP protein sequences of O. taihangensis. The relative genetic structural data was obtained from the O. taihangensis genome database (GFF file) based on our laboratory. The protein motifs and intron/exon organization were visualized using Gene Structure View (Advanced) in TBtools (Chen et al., 2020).




2.3 Gain and loss of TCP genes in Asteraceae

NOTUNG software (Chen et al., 2000; Stolzer et al., 2012) was used to perform the gene gain and loss events of TCP gene family in Asteraceae. The genomic data of other Asteraceae species was downloaded from NCBI (https://www.ncbi.nlm.nih.gov/).

A species tree was from the TIMETREE (http://www.timetree.org/) online website (Kumar et al., 2017), while the gene phylogenetic tree was developed utilizing IQ-tree software (Nguyen et al., 2014). The tree species and gene tree were imported into the NOTUNG software and analyzed by the Reconciliation Mode function of NOTUNG, in which A. thaliana and O. sativa were employed as an outgroup.




2.4 Chromosomal localization and duplication events of OtTCP genes

The chromosomal locations of OtTCP genes were visualized with TBtools software, using the GFF file of the O. taihangensis genome database.

To explore the potential evolutionary relationships of TCP genes, the collinearity analysis among A. thaliana, O. sativa and Asteraceae species (Helianthus annuus, Arctium lappa, Cynara cardunculus, Cichorium intybus, Centaurea solstitialis, Erigeron canadensis, Lactuca saligna, Lactuca virosa, Smallanthus sonchifolius, Mikania micrantha, and Tagetes erecta) were investigated using the Multiple Collinearity Scan Toolkit (MCScanX) in TBtools (Chen et al., 2020). The genomic data of A. thaliana (TAIR 10), O. sativa (IRGSP-1.0), H. annuus (HanXRQr2.0-SUNRISE), A. lappa (ASM2352574v1), C. cardunculus (CcrdV1.1), C. intybus (ASM2352571v1), C. solstitialis (ASM3016916v1), E. canadensis (C_canadensis_v1), L. saligna (Lactuca_saligna), L. virosa (Lvir_assembly_v4), S. sonchifolius (ASM2352597v1), M. micrantha (ASM936387v1), and T. erecta (ASM3086718v1) was downloaded from NCBI (https://www.ncbi.nlm.nih.gov/).

Gene repetition events (such as tandem replication and fragment replication) were performed using MCSCANX in TBtools (Wang et al., 2012; Chen et al., 2020). The TCP protein sequences of these species were aligned using Blastp program in TBtools (Chen et al., 2020), with an e value of 1 × 10−10, other parameters set to default values.

The Ka (nonsynonymous substitution per site) and Ks (synonymous substitution per site) (Zhang et al., 2006) between segmental and tandem duplicate gene pairs were calculated by the simple Ka/Ks Calculator in TBtools (Chen et al., 2020). The Ka/Ks value was further utilized to identify the selection mode of OtTCP genes.




2.5 Secondary and tertiary structures of OtTCP proteins

The secondary and tertiary structures of OtTCP proteins were predicted and modelled using the SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html) (Geourjon and Deléage, 1995), SWISS MODEL (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html) servers (Waterhouse et al., 2018), while the tertiary structures were examined by PyMOL (Rosignoli and Paiardini, 2022) (http://www.pymol.org/pymol).




2.6 Cis-acting elements and gene expressions of OtTCP genes

The cis-acting elements were predicted using 2000 bp sequences upstream of OtTCP genes in PlantCARE (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/) online website (Lescot et al., 2002), the relative results were visualized with GSDS online website 2.0 (Hu et al., 2015).

The transcriptome data (PRJNA400848, PRJNA437359) of O. taihangensis under drought treatments were downloaded from NCBI (Gu et al., 2019; Yang et al., 2020). And the transcriptome sequencing data of O. taihangensis different tissues under salt stress were from our laboratory. Under 500 mM/L salt treatment, O. taihangensis individuals were treated for 0, 6, 24 and 48 h respectively. While under 24 h treatment, the sampled individuals were treated with 0 mM/L, 100 Mm/L, 300 Mm/L and 500 Mm/L salt respectively. Three replicates were set up for each treatment. After treatments, the sampled leaves from the same sites of each individual were frozen in liquid nitrogen for transcriptome sequencing (Han et al., 2024; Ye et al., 2024; Zhang et al., 2024c; Zhou et al., 2024). Based on the above, an expression heatmap of O. taihangensis under different treatments was generated using TBtools (Chen et al., 2020).




2.7 Expression validation by qRT-PCR

Finally, qRT-PCR was conducted to validate the expression patterns of randomly selected TCP genes of O. taihangensis. According to Peng et al (Peng et al., 2024), the internal reference genes were selected for evm. TU. Chr8.13443 (Han et al., 2024; Zhang et al., 2024c) and evm. TU. Chr8.39 (Zhou et al., 2024). Three technical replicates were performed for each selected gene. The PCR primers were designed using PRIMER 5.0 software (Supplementary Table S1), and the primer efficiency was evaluated from the amplification of three replicates based on Bello et al (Bello et al., 2017).

The qRT-PCR was performed with the UltraSYBR mixture (TaKaRa, Dalian, China) using an ABI7500 RT-PCR system. Reactions were done in 20 μl volume, the following qRT-PCR program was used: the template denaturation at 95°C for 3 min; followed by amplification for 40 cycles with a melting temperature of 95°C for 10s and an annealing temperature of 68°C for 15s. After 40 cycles, the melting curve analysis ranged from 60°C to 95°C, and the amplification efficiency was determined from the slope of the standard curve linear-log of target genes. All relative gene expression levels were calculated using 2−ΔΔCT (Penfield et al., 2001).





3 Results



3.1 Identification and physicochemical properties of OtTCPs

A total of 14 TCP genes with conserved domains were identified in O. taihangensis, which were designated OtTCP1 - OtTCP14 based on their locations on the chromosomes (Table 1).

As shown in Table 1, OtTCP proteins varied in their lengths, molecular weights, theoretical isoelectric points, and so on. Sequence analyses revealed that the 14 OtTCP proteins ranged from 241 (OtTCP13) to 426 amino acids (OtTCP5), with average lengths of 358 amino acids. The molecular weights ranged from 26398.93 to 45725.23 Da. For the theoretical pI, significant differences between the OtTCP proteins suggested that they might function under various acidic and basic conditions. The lowest (5.39) and highest (9.74) pI were OtTCP4 and OtTCP14, respectively. Thereinto, there were 7 OtTCP proteins (50%) with pI values of < 7.0, which indicated that they contained an abundance of acidic amino acids. All OtTCP proteins were unstable with a values of over 40 instability index (Guruprasad et al., 1990). More, almost all of the OtTCP proteins were hydrophilic that had a negative grand average of hydropathicity (GRAVY) values. Furthermore, all 14 OtTCP proteins were located within the nucleus.




3.2 Phylogenetics, gene structures, and conserved motifs of OtTCPs

A total of 70 complete protein sequences, including 33 AtTCPs (A. thaliana), 23 OsTCPs (O. sativa), and 14 OtTCPs, were used in the phylogenetic analysis. Based on a phylogenetic tree, all analyzed TCP genes were segregated into two main classes: Class I (PCF) and Class II (CIN and CYC/TB1) (Figure 1). Class I was the largest group, which contained five OtTCPs, ten OsTCPs, and fifteen AtTCPs. While class II included eight OtTCPs, three OsTCPs, and five AtTCPs. Interestingly, the CIN group in Class II contained only one OtTCP member (OtTCP6).

[image: Phylogenetic tree diagram categorizing proteins into three clades: PCF (green), CIN (blue), and CYC/TB1 (orange). Branches display protein identifiers, with numerical values indicating bootstrap support percentages for branch reliability.]
Figure 1 | The constructed phylogenetic tree based on the TCP proteins of O. taihangensis (Ot), Arabidopsis thaliana (At), and Oryza sativa (Os). The TCP gene family was mainly divided into two clades: Class I (PCF) and Class II with possessing two subclades (CYC/TB1 and CIN).

Conserved domain sequence alignment analysis was conducted to gain further insights into the evolutionary relationships and structural characteristics of OtTCP genes. The results (Figure 2) revealed that all 14 OtTCPs possessed a conserved domain of 60 amino acid residues. This conserved domain included a primary region at the N-terminus and a HLH (helix–loop–helix) motif at the C-terminus, which was consistent with the TCPs’ structure observed in other plant species (Liu et al., 2022a; Jiang et al., 2023; Wu et al., 2023). Notably, the primary regions of Class I of OtTCPs contained four fewer amino acid residues than that of Class II (Figure 2).

[image: Sequence alignment of TCP domain proteins from CLASS I and CLASS II. The alignment includes regions labeled as Basic, Helix, Loop, and Helix, showcasing conservation and variability among sequences. Specific amino acids are highlighted to indicate conserved sites.]
Figure 2 | Multiple sequence alignment of OtTCP protein was divided into an alkaline region basic and Helix I–Loop–Helix II.

Regarding the OtTCPs exons and introns, six genes (42.8%) contained introns, while the remaining 8 TCP genes (57.2%) had none. The OtTCP genes of Class I possessed more introns than did Class II. Of the OtTCP genes, five possessed a single intron, whereas only one gene (OtTCP14) had two (Figure 3C).

[image: Phylogenetic tree, exon-intron structure, and motif arrangements of OtTCP genes are displayed. Panel A shows a dendrogram with OtTCP gene labels, while Panel B illustrates colored motif patterns. Panel C highlights exon and intron distribution with color-coded legend indicating motifs, UTRs, and CDS. Two classes, I and II, are marked separately.]
Figure 3 | (A) Phylogenetic tree of the OtTCPs with two classes. (B) Conserved motifs of the OtTCP proteins. Different color represented different motif. (C) Exon-intron organization of OtTCP genes. Yellow boxes represented exons (CDS), green boxes represented UTR, and grey lines represented introns. The scale was the sizes of exon or intron.

Ten conserved motifs were identified and designated as motifs 1 - 10. In the CYC/TB1 group of Class II, most genes contained ten motifs except for OtTCP14. The CIN group of Class II did not include motifs 8 and 9, while in the PCF group of Class I, three OtTCPs contained all ten motifs. Further, OtTCP5 did not contain motif 8 and OtTCP13 did not include motifs 4 and 8. Overall, the genetic structures and conserved motifs of most OtTCPs within the same class were similar.




3.3 Chromosomal location, collinearity, and evolution of OtTCPs

The locations of OtTCP genes on chromosomes were relatively dispersed (Figure 4). Chromosome 1 contained the most OtTCP genes (4 genes, ~28.6%), followed by chromosome 6 (3 genes, ~21%), while chromosomes 2, 3, and 5 had the least (1 gene, ~7%). Chromosomes 4 and 9 held the same number of OtTCP genes (2 each, ~14%), while chromosomes 7 and 8 had no OtTCP genes.

[image: Circular genomic map showing nine chromosomes labeled Chr1 to Chr9 with linked regions highlighted in red arcs. Gene markers like OtTCP1 to OtTCP14 are labeled on the periphery. Red histograms indicate specific data values on each chromosome.]
Figure 4 | Replication events of OtTCP genes. Gray lines represented the duplicated genes, while the red lines represented the segmental duplicate TCP gene pairs. Additionally, the red lines connecting genes outside the chromosome represented the tandem duplicated pairs. Box with red line graph showed the gene densities. Gray rectangles represented the chromosomes, the corresponding names displayed externally for each chromosome.

The duplication events of OtTCP genes were analyzed, showing that only one tandem repeat gene pair (OtTCP3-OtTCP4) was found on chromosome 1. Three segmental duplication events (OtTCP8-OtTCP11, OtTCP2-OtTCP11 and OtTCP4-OtTCP9) were detected to be scattered across four chromosomes. These results suggested that tandem and segmental duplication events may play key roles in the OtTCP gene family.

The substitution Ka/Ks ratio was used to elucidate OtTCPs evolutionary processes and selection pressures, where a Ka/Ks value of 1 indicated neutral selection, < 1 denoted purification selection, and Ka/Ks > 1 signified positive selection. The Ka/Ks value for tandem duplication was 0.31778, while that for segmental duplication varied from 0.2681 to 0.3804 with a mean value 0.3292 (Supplementary Table S2). The Ka/Ks value for all duplication events was < 1, which implied that OtTCP genes evolved under the effects of purifying selection.

To further illustrate the potential evolutionary relationships of the OtTCP gene family, the comparative collinearity relationships were identified between O. taihangensis and the other 13 species (Figure 5).

[image: Diagram showing various plant species with horizontal segments connected by curved red lines. Each row lists a species name, followed by "Opsithopappus taihangensis." Green and orange segments represent plant data, interconnected by red lines, illustrating relationships or data intersections.]
Figure 5 | The collinearity analysis among A. thaliana, O. sativa and 11 Asteraceae species. The red line represents TCP collinear gene pairs in O. taihangensis and other genomes.

To further illustrate the potential evolutionary relationships of the OtTCP gene family, the comparative collinearity relationships were identified between O. taihangensis and the other 13 species (Figure 5). The collinear revealed that there were 3 collinear gene pairs between O. taihangensis and A. thaliana, no collinear genes were found in O. sativa. In Asteraceae, 9, 15, 18, 17, 13, 38, 22, 17, 14, 5, and 22 of collinear gene pairs were identified in O. taihangensis with L. virosa, L. saligna, C. intybus, E. canadensis, M. micrantha, S. sonchifolius, H. annuus, T. erecta, C. cardunculus, C. solstitialis, and A. lappa, respectively. The large number of collinear pairs between O. taihangensis and S. sonchifolius indicated a closely relationship among them. Notably, some OtTCP genes were found to have at least three collinear pairs (particularly between O. taihangensis and H. annuus), such as OtTCP2, OtTCP3, OtTCP6, and OtTCP8 (Supplementary Table S3).

A gene gain and loss analysis revealed that TCP genes underwent a dramatic dynamic change in Asteraceae (Figures 6; Supplementary Figure S1), as 103 gain and 243 loss events occurred (Figure 6). Differentiation from the outgroups, the common ancestor of Asteraceae TCPs underwent duplication (+31). Subsequently, loss events during Asteraceae evolution occurred that resulting in the TCP gene family continuously contracted. The most loss occurred in T. erecta (-22), followed H. annuus (-15) and E. canadensis (-12), while the lowest in L.virosa (-1), L. saligna (-2) and C. cardunculus (-3). For O. taihangensis, TCP genes underwent one duplication events and six loss events.

[image: Phylogenetic tree depicting relationships among various plant species. Branch labels show numerical values in green and red, indicating certain metrics. Species include Lactuca virosa, Cichorium intybus, and Oryza sativa, among others. A blue dot marks a notable node.]
Figure 6 | The gain and loss events of TCP genes in the Asteraceae. The numbers at the branch nodes represented the gained and lost genes. The blue nodes represented the possible common ancestor of the Asteraceae.




3.4 Secondary and tertiary structures of OtTCP proteins

The results of investigations into the secondary structures of OtTCP proteins (Supplementary Table S4) indicated that they were primarily comprised of α-helices (12.27%–34.03%), extended strands (8.36%–16.60%), β-turns (1.19%–9.13%), and random coils (2.05%–73.33%). The tertiary structures contained α-helices, β-turns, and random coil structures (Supplementary Figure S2), which translated to distinct OtTCP protein conformations and implied their functional differentiation.




3.5 Cis-elements of OtTCP genes

In total, 305 cis-acting elements attributed to 22 types were identified in OtTCP genes (Figure 7; Supplementary Table S5). These elements were segregated into four categories (light response, growth and development, hormone response, and stress-related cis-acting elements).

[image: Graph depicting various motifs mapped along the DNA sequences of OtTCP genes, ranging from OtTCP1 to OtTCP14. Each motif is represented by colored shapes, aligned with a reference key at the bottom. The motifs include elements like P-box, GARE-motif, and others, with sequence length marked on the horizontal axis from 0 to 2000 base pairs.]
Figure 7 | Cis-acting elements in the OtTCP promoter regions. Different colors represented various elements.

All OtTCP genes had light responses. However, the types and quantities of each OtTCP gene varied, which suggested that light signals may positively impact transcriptional regulation processes. Twelve OtTCP genes contained cis-acting elements related to growth and development, including the CGN4-motif, CAT-box, and O2-site. Hormone-responsive elements, such as ABRE (ABA-responsive element), TGA elements, CGTCA motifs, and TGACG motifs (elements involved in MeJA responsiveness), and Gibberellic acid-responsive elements (GAREs), were also screened. ABA-responsive elements (ABREs) were identified in 12 (86%) OtTCP genes (save for OtTCP6 and OtTCP9). Further, stress-related cis-regulatory elements including MBS (drought-induced response element), LTR (low-temperature response element), ARE (anaerobically induced response element), and TC-rich (defense and stress response element), were identified in the promoter regions of 14 OtTCP genes.




3.6 Expressions of OtTCP genes in response to abiotic stress

Using the download and our previous transcriptomic datasets (Ye et al., 2024), we analyzed the expressions of 14 OtTCP genes in different O. taihangensis tissues, including stems, leaves, roots, buds, and flowers (Gu et al., 2019; Yang et al., 2020) (Figure 8A; Supplementary Table S6). Tissue-specific expressions were predominantly observed for 8 OtTCP genes (OtTCP1, OtTCP7, OtTCP8, OtTCP9, OtTCP11, OtTCP12, OtTCP13, and OtTCP14) in stems; 4 OtTCP genes (OtTCP1, OtTCP3, OtTCP6, and OtTCP10) overrepresented in leaves; 3 OtTCP genes (OtTCP5, OtTCP7, and OtTCP14) highly expressed in roots; OtTCP2 mainly expressed in buds, and OtTCP4 primarily expressed in flowers.

[image: Clustered heatmaps depicting expression levels of OpTCP genes under various treatments. Each panel (A, B, C, D) represents different conditions or time points, with a color gradient from blue (low expression) to red (high expression). Labels indicate specific genes and conditions. The dendrograms show clustering relationships, and color bars on the side indicate the expression scale.]
Figure 8 | Expression patterns of OtTCPs. (A) Expression profiles of the OtTCPs in different tissues. (B) Leaves treated with 20% PEG6000 for 3.5 hours or untreated (0 hours); Roots treated with 20% PEG6000 for 9 hours or untreated (0 hours). (C) 100 Mm/L, 300 Mm/L, and 500 Mm/L mixed salt solution for 24h treatment. (D) 500 Mm/L mixed salt solution in leaves for 6h, 24h, and 48h treatment. The different colored boxes indicated the different log2 (FPKM) values, the red blocks indicated high relative expression levels and blue blocks indicated low relative expression levels.

To further explore the roles of these OtTCP genes under drought and salt stress, we compared the expression patterns across various treatments (Figure 8; Supplementary Tables S7, S8). The expression levels of OtTCP genes were diverse, with 12 genes being highly expressed in leaves, and seven being highly expressed in roots at 0h under a 20% PEG6000 treatment. All genes showed a downward trend when subjected to different levels of drought stress. Overall, the TCP genes showed high expression levels in leaves, but not in roots, which presented tissue-specific expression patterns.

The expressions of most OtTCP genes were altered under increasing salt concentrations (Figures 8C, D). Under the 100 mM and 300 mM treatments, the expressions of most genes were rapidly induced in the early stages (e.g., OtTCP1, OtTCP2, OtTCP3, OtTCP4, OtTCP5, OtTCP7, and OtTCP14). The expressions of OtTCP5, OtTCP8, OtTCP9, OtTCP13, and OtTCP14 peaked at 500 mM/L. Meanwhile, half of the OtTCP gene expressions increased over time gradients (Figure 8D).




3.7 qRT-PCR quantitative verification

The qRT-PCR showed the relative genes were significant induced or inhibited under various salt treatments, with their expression levels consistent with the previous results. These verified the precision of our analyses (Figure 9).

[image: Bar charts labeled A and B depict expression levels of OtTCP genes. In chart A, expression at 0, 6, 24, and 48 hours is shown for OtTCP6, OtTCP7, OtTCP10, and OtTCP13, highlighting significant changes. Chart B shows expression levels under CK and 100, 300, and 500 mM conditions for the same genes, indicating statistical significance with asterisks.]
Figure 9 | Expression patterns of OtTCP genes under qRT-PCR. (A) represented the treatment of 0h, 6h, 24h, and 48h of 500 Mm/L salt stress. (B) represented CK, 100 Mm/L, 300 Mm/L, and 500 Mm/L salt stress for 24h treatment. Vertical bars represented the mean ± SD of three biological replicates. Statistical significance was determined using one-way ANOVA (**** p < 0.0001 *** p < 0.001 ** p < 0.01* p < 0.05).





4 Discussion

Multiple studies have established that TCP genes play a widespread role in diverse physiological and biological processes, encompassing plant growth and abiotic stress responses (Huo et al., 2019; Liu et al., 2022a; Panzade et al., 2024). In this study, we performed the whole genome and transcriptomic data to explore the TCP gene family in O. taihangensis.



4.1 Gene structures and characteristics of OtTCPs

A total of 14 identified TCP genes (OtTCP) in O. taihangensis were classified into two main clades (Class I and Class II) and three subfamilies (PCF, CIN, CYC/TB1). Within each subfamily, the TCP gene members were from O. taihangensis, A. thaliana, and O. sativa. This suggested that these genes originated from the common ancestors, which was consistent with preceding studies on other species (Jiang et al., 2023).

Gene structures and conserved motifs provide clues for the prediction of the evolution of genes and their corresponding proteins (Cao et al., 2019). The TCP genes in O. taihangensis lacked introns or had only single or two introns (Figure 3). This structural feature was also found in Camellia sinensis (Shang et al., 2022), Cymbidium goeringii (Liu et al., 2022b), and Dactylis glomerata (Wang et al., 2023a). With fewer introns, genes can rapidly generate more proteins and quickly respond to abiotic stresses (Ma et al., 2021). For OtTCP genes, the lack of introns might be a strategy for responding to abiotic stresses.

Previous studies revealed that the CIN clade was relatively ancient in the TCP gene family. In this study, the CIN clade contained only one gene (OtTCP6) that possessed one intron (Figure 3). OtTCP genes gradually lose introns during evolution, which might be due to inversion or homologous recombination with intron-containing genes (Wu et al., 2005). OtTCP1, OtTCP4, OtTCP7, OtTCP10, and OtTCP13 had no introns; thus, they could rapidly express under abiotic stress (Figures 7C, D). Smaller genes (such as OtTCP14) that contained more introns might be involved in biological processes such as mRNA output and alternative splicing, which could modify their functionalities to a certain extent (Roy and Gilbert, 2006).

Meanwhile, in terms of structure, ancient OtTCP6 contained no motifs 8 or 9. This suggested that certain members of Class I (PCF) and Class II (CYC/TB1) eventually experienced increases in motifs 8 and 9. These structural changes may either support original functionality or induce increased functional diversity.




4.2 Evolution of TCPs

In contrast to other plants, the number of TCP genes in O. taihangensis was lower than that in Chrysanthemum lavandulifolium (39) (Wu et al., 2023), Chrysanthemum nankingense (23) (Yu et al., 2022b), A. thaliana (33) (Yu et al., 2022a) and O. sativa (23) (Li et al., 2017).

Generally, there were 14 to 38 TCPs found in angiosperms (Liu et al., 2019). Moreover, the TCP gene number was increased with the evolution of species from early-diverging to later-diverging (Martín-Trillo and Cubas, 2010; Shang et al., 2022). For example, Amborella trichopoda (belonging to Amborella of Amborellaceae) was a species of basic angiosperm group and had 15 TCP genes. Some eudicots, such as Aquilegia coerulea (14), Citrus sinensis (15), Eucalyptus grandis (16), and Vitis vinifera (15), also had less TCP genes (Liu et al., 2019). In Asteraceae, Opisthopappus genus was regarded as a relative close ancestral group of Ajania (Zhao, 2007). O. taihangensis possessing 14 TCP genes may be related with its phylogenic position (Shen et al., 2021).

Through chromosome localization analysis, it was found that OtTCP genes were unevenly distributed across nine chromosomes in the O. taihangensis genome. The uneven distribution of genes in genomic chromosomes was closely related to extensive gene loss, which is pervasive in angiosperm (Sun et al., 2023).

As know, whole genome duplication (WGD) is one of the most important driving forces for genome evolution (Magadum et al., 2013). Large number of duplicated genes would be produced after WGD (Chen et al., 2023). Here, we identified OtTCP genes experienced by tandem and segmental duplication (Figure 4). In our other study (unpulished), O. taihangensis genome was detected undergone WGD event at 59 Mya. However, more loss (-6) and less gain (+1) events of OtTCP genes occurred during the evolution (Figures 4 and Supplementary Figure S1). Some studies showed that the frequency of gene loss is up to three times higher than the rate of gene gain (Koskiniemi et al., 2012; Puigbò et al., 2014; Nelson-Sathi et al., 2015). After WGD, some functionally important gene copies can be retained, whereas some functionally redundant gene copies would be lost or pseudogenized (Duan et al., 2014; Liang et al., 2016). For O. taihangensis TCP genes, the loss events should be post whole genome duplication, and only keep some important copies (Li et al., 2024). Based on Zhang et al. (2024a), CYC2 genes of TCP family were experienced the duplications that predated their gains during the evolution of florets and floral symmetry in Asteraceae. More, the loss of CYC2d were found in the formation of ligulate florets (Chen et al., 2018; Zhang et al., 2024a). These may support our results at a certain extent.

Gene loss can contribute to species’ adaptive evolution, particularly in response to environmental challenges (Albalat and Cañestro, 2016). Under selection, positive selective pressure facilitates gene expansion or functional differentiation, whereas purifying selective pressure often renders more conservative genes (Song and Nan, 2014). Indeed, purifying selection occurred during the evolution of OtTCP genes (with Ka/Ks values consistently < 1). This selective pressure may have ultimately led to the contraction or loss of OtTCPs (Wu et al., 2022). The gene loss in the OtTCP family might be an adaptive strategy for O. taihangensis on the cliff habitats.

On the other hand, the high collinearity (38 syntenic blocks) occurred between O. taihangensis (one member of Asterodae) and S. sonchifolius (one member of Helianthodae) in the studied Asteraceae species (Figure 5). It indicated that these genes located in corresponding syntenic blocks occurred before the divergence of O. taihangensis and S. sonchifolius. Asterodae and Helianthodae both were the members of Asteroideae and diverged about 57.71 Mya after ancient WGD event (Zhang et al., 2024a). High collinearity among the two species should be happened before 57.71 Mya.




4.3 Role of OtTCPs under abiotic stress

As pivotal molecular switches, cis-regulatory elements participate in the transcriptional regulation of genes and control a variety of biological processes (Huang et al., 2021). OtTCPs were found that enriched with cis-regulatory elements associated with growth and development, hormone signaling, and stress responses (Figure 7).

All TCP genes of O. taihangensis possessed photonically responsive elements, indicating that OtTCP genes responded to light for the regulation of growth and development in O. taihangensis, which aligned with the results of C. goeringii (Liu et al., 2022b). A dozen of 14 OtTCP genes contained ABRE cis-regulatory elements associated with ABA responsiveness. ABRE-binding protein/ABRE-binding factor (AREB/ABF) can positively regulate the plant responses and enhance tolerance (Fujita et al., 2013; Yang et al., 2024), while the ABA signaling pathway is crucial for abiotic stress resistance. Plants challenged by water deficits, salinity, cold, or pathogen attacks induce the accumulation of ABA, which translates to gene expression via ABRE cis-acting elements to defend against these stresses (Dar et al., 2017). OsTCP19 gene from rice, which activated by salt, drought, and cold stresses, enhances ABA signal transduction by promoting the expression of ABA INSENSITIVE4, which interacts directly with relative encoded proteins (Tatematsu et al., 2008; Rueda-Romero et al., 2012). The TCP10 gene of Moso bamboo positively regulates early tolerance by regulating the ABA signaling pathway, which negatively regulates lateral root growth via the methyl jasmonate (Me-JA)-mediated signaling pathway (Xu et al., 2022). In A. thaliana, the TCP14 gene interacts with the DNA BINDING WITH ONE FINGER 6 transcription factor, inhibiting the activation of the ABA biosynthetic gene ABA DEFICIENT1 and other ABA-related stress genes, and then promoting the germination of Arabidopsis seeds (Tatematsu et al., 2008; Rueda-Romero et al., 2012).

Conversely, MBS (MYB binding site) is renowned for its key roles in stress signaling transduction and drought stress responses (Guo et al., 2023). TC-rich repeats are involved in defense and stress responses, while LTR elements engage low temperature stress responses. Six OtTCP genes (OtTCP2, OtTCP3, OtTCP4, OtTCP7, OtTCP9, and OtTCP10), five OtTCP genes (OtTCP4, OtTCP6, OtTCP8, OtTCP10, and OtTCP13), and four OtTCP genes (OtTCP3, OtTCP6, OtTCP8, and OtTCP14) contained MBS, TC-rich, and LTR cis-regulatory elements, respectively. This indicated that OtTCPs might utilize differential regulatory pathways to counter abiotic stresses.

It is widely recognized that the expression profiles of genes are intimately linked with their functionalities to a large extent. TCP genes in O. taihangensis exhibit significantly different expression patterns in different tissues and treatments (Figure 7). Generally, CYC members in TCP family regulate branching, such as TB1 in maize and BRC1 in Arabidopsis (Cubas et al., 1999; Aguilar-Martínez et al., 2007); and some involved in flower development (Balsemão-Pires et al., 2013). OtTCP2, 3, 4, 8, 9, 11, 12, 14 all were the genes of CYC clade. OtTCP2 up-expressed in bud, OtTCP3 in leaf, OtTCP4 in flower, OtTCP8, 9, 11, 12 in stem, and OtTCP14 in stem, root and flower (Figure 8A). The members in PCF clade of TCP family Class I also are involved in plant development (Liu et al., 2019). OtTCP1, 5, 7, 10 and 13 (PCF genes) mainly expressed in stem, root and leaf. Recently, PCF genes were demonstrated to participate in abiotic stresses (Liu et al., 2019). OtPCF genes high expressed under different salt treatments in this study (Figures 8C, D). OtTCP genes expression profiles indicated that their diverse functions, which may play important roles in the growth and development of O. taihangensis.

Additionally, some pairs of duplicate genes revealed similar or distinct expression patterns (Zhang et al., 2024b). For example, OtTCP8 and OtTCP11 exhibited a negative expression trend under drought treatments. However, under salt stress, OtTCP11 showed an upward trend, while OtTCP8 showed the converse. Duplicate genes responded to different stresses through functional diversity. Gene replication can drive the development of new biological functions, which was supported by the tertiary structures of OtTCP genes (Supplementary Figure S2).

Within different tissues and under salt stress and drought, OtTCP4, 9 and 11 presented a relative wide expression (such as OtTCP4 up-expressed in flower, R-9h, T-100 and T-6h, Figure 9). These three genes all were the member of CYC clade and had no or one intron, which contained ABRE and/or MYC/MYB cis-acting elements with the capacity to rapidly respond to stressors. Thus, OtTCP4, 9 and 11 could be considered as the candidates for the development, growth and responding to stresses of O. taihangensis, although further detailed research is necessary.





5 Conclusion

In O. taihangensis, 14 TCP genes were identified. Compared with other species, relative less TCP genes might be accsioated with its ancestral phylogenic position. The OtTCP gene family mainly underwent gene loss events after duplication, which could induce adaptive genetic changes. When challenged the stressors, those OtTCPs that lack introns can quickly respond primarily through different cis-regulatory elements. More, OtTCP genes exhibit different expression patterns in different tissues and treatments. Thereinto, OtTCP4, 9 and 11 could be recognized as important candidates for O. taihangensis with a wide expression model. These data may provide clues for the further exploration of the potential resistance mechanisms of O. taihangensis in the cliff environments of the Taihang Mountains.
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Introduction

Recently, quinoa (Chenopodium quinoa Willd.) has gained global recognition as a nutritious, adaptable crop suitable to adverse soil and climatic conditions. However, knowledge about optimal management practices for its cultivation in marginal areas of India is limited.





Methods

In this context, a field experiment was conducted in a split-split plot design with four sowing dates (D1: 1st November; D2: 15th November; D3: 1st December, D4: 15th December) in main plots, two irrigation levels (I1: 40% ETc; I2: 80% ETc) in sub-plots, and three nitrogen doses (N1: 100 kg N ha-1; N2: 150 kg N ha-1; N3: 200 kg N ha-1) in sub-sub plots having three replications during 2021-22 and 2022-23 in shallow basaltic murram soils.





Results and discussion

Results indicated that sowing on 1st November yielded the highest seed production of 1446 kg ha-1, as temperatures aligned closely with optimal growth conditions. Quinoa's drought tolerance meant that deficit irrigation was able to maintain the crop growth and yield. While the crop responded positively to higher N doses, the study found that applying 100 kg N ha-1 was optimal, considering shallow basaltic soil conditions and potential lodging issues. Additionally, water productivity, protein, and saponin content reflected similar trends to seed yield. The results suggested that early sowing, irrigation at 40% ETc, and 100 kg N ha-1 produced a seed yield of 1446 kg ha-1, demonstrating higher carbon efficiency and sustainability while minimizing N2O emissions. However, these strategies should be tailored to specific agro-ecological conditions. Overall, the findings confirm quinoa’s potential for cultivation in India’s 26 million hectares of shallow basaltic murram soils, where other crops may not thrive economically.





Keywords: quinoa, semi-arid, shallow basaltic, sustainability, water productivity, yield




1 Introduction

Recently, global agriculture has been emphasized by adopting climate-resilient and environmentally sustainable practices while aiming to reduce low greenhouse gas and carbon emissions. However, the dilemma lies between feeding a growing population and depletion of its natural resource base, particularly in water-scarce environments of semi-arid and arid regions. In emerging economies experiencing population growth like India, there is an urgent need to address food and nutrition demands amid climate variability (Srivastava et al., 2022). In this context, encouraging climate-smart, nutritious crop production systems is crucial for providing accessible, affordable, safe, and nutritious diets for communities. In recent years, quinoa (Chenopodium quinoa Willd.) has been gaining global attention as a highly nutritious agro-industrial crop, capable of thriving in adverse soil and climatic conditions (Fuentes and Bhargava, 2011; Hinojosa et al., 2018; Langyan et al., 2023). Due to its stress tolerance mechanism and minimal water requirement (300–400 mm), the crop is considered highly suitable for marginal areas of arid and semi-arid regions (Bhargava et al., 2006). Compared to dominant cereals such as rice, wheat, and maize, quinoa stands out as a gluten-free pesudocereal 1 rich in protein (13%–17%), well-balanced amino acids, essential vitamins, minerals, and bioactive compounds (Sindhu and Khatkar, 2019). Although quinoa's outer seed coat contains the bitter toxic compound saponin (0.1%–5%), which must be removed before consumption, it has significant industrial value due to its diverse biological activities, including antifungal, antiviral, anticancer, hypocholesterolemic, hypoglycemic, antithrombotic, diuretic, and anti-inflammatory effects (Vilcacundo and Hernández-Ledesma, 2016). Quinoa's resilience and superior nutritional profile have positioned it as a promising crop to combat silent hunger and malnutrition while reducing the global food environmental footprint (FAO, 2011). Further, cultivation of the crop demands minimal investment, and its yield potential could enhance farmers' profitability and resilience in climate change-affected environments.

Since the United Nations' declaration of the International Year of Quinoa in 2013, there has been a rapid expansion in the cultivated area dedicated to this crop, shifting perceptions and elevating its status from a minor to a potentially major crop (Bazile et al., 2016). With the expansion of quinoa cultivation to over 120 countries, most of the scientific studies have focused on location-specific technological aspects of crop production. While quinoa is well-suited to a variety of agro-climatic conditions, identifying the optimal planting date is crucial for successful cultivation in a given region. Most studies have suggested that the sowing window from October to December is ideal, with November being the optimal planting month in arid and semi-arid regions (Ramesh et al., 2019; Maamri et al., 2022). However, a few studies have highlighted January (Asher et al., 2020), as well as March–May, as preferable sowing windows for the crop (Taaime et al., 2023). Additionally, the stabilization of quinoa yields through deficit irrigation has been emphasized in studies by Garcia et al. (2003), Geerts et al. (2008); Pathan et al. (2023), and Mirsafi et al. (2024). Regarding nitrogen fertilization, research indicates an optimal nitrogen rate ranging from 90 kg N ha−1 to 225 kg N ha−1, depending on cultivar, management practices, and soil and environmental conditions (Kaul et al., 2005; Salim et al., 2019; Berti et al., 2000; Wang et al., 2020; Keshtkar et al., 2022). However, a positive increase in seed yield with higher irrigation levels combined with increased nitrogen doses has been reported by Bahrami et al. (2022) and AbdElgalil et al (2023). Further, Bhargava et al. (2006) highlighted quinoa's potential for both agricultural and industrial applications, particularly in India. Given that a substantial portion of the Indian population lacks access to protein-rich diets, quinoa's proteinaceous seed could significantly contribute to addressing hunger. The study also emphasized exploring the commercial potential of the crop for product development and marketing. However, to date, there have been limited developments in terms of quinoa's adaptation in India, despite the country's arid and marginal environments.

Edaphic constraints, such as shallow (26.4 million ha) and low-fertility soils (49.7 million ha), particularly in water-scarce and drought-prone agro-ecologies of peninsular India (Minhas and Obi Reddy, 2017), highlight the need for alternative crop-based interventions. Hence, this study was conducted to explore quinoa production techniques focusing on optimizing the sowing date, irrigation, and nitrogen management to ensure successful quinoa production in water-scarce marginal environments. The specific objective of our study was to assess the impact of these crop management strategies on quinoa yield, water productivity, quality, and environmental sustainability in shallow basaltic semi-arid regions.




2 Materials and methods



2.1 Study site

The field experiment was carried out during 2021–2022 and 2022–2023 at ICAR-National Institute of Abiotic Stress Management (NIASM), India (18°09′30.62″ N latitude and 74°30′30.08″ E longitude, altitude of 570 m above mean sea level) (Figure 1). The site falls within the hot semi-arid agro-ecological region in the Deccan Plateau of India, known for its extremely high temperatures, unpredictable rainfall patterns, and extended periods of dry weather (Pradhan et al., 2023). Its long-term average annual rainfall is 576 mm, 70% of which occurs during June–September as southwest monsoons and 21% during October–December as retreating monsoons. The average values for temperature (maximum and minimum), relative humidity (maximum and minimum), and total rainfall and open pan evaporation during the crop growing periods (November–March) were 30.8°C and 15.7°C, 84% and 39%, and 8.2 and 23.0 mm during 2021–2022 and 31.5°C and 14.3°C, 79.9% and 30.4%, and 7.8 mm and 25.1 mm during 2022–2023, respectively (Automatic Weather Station, ICAR-NIASM). The details of the weather parameters are provided in Supplementary Table 1. The soil of the experimental site is originated from parental basaltic rocks and characterized as shallow murrum (up to 40-cm depth) with 30% stones (>2 mm): 69% sand, 21% silt, 10% clay, and 5% available moisture holding capacity. At the beginning of the experiment, the pH (1:2.5 soil:water), electrical conductivity (EC), Walkley–Black carbon (C), KMnO4 oxidizable nitrogen (N), 0.5 M NaHCO3 extractable phosphorous (P), and 1 N NH4OAc extractable potassium (K) were 7.2, 0.18 dS m−1, 0.14%, 98.32 kg ha−1, 2.51 kg ha−1, and 207 kg ha−1, respectively.

[image: Map divided into three sections. The left section shows India, highlighting Maharashtra in green. The top right section zooms into Maharashtra with its districts. The bottom right section focuses on a site labeled "Experimental Site" at ICAR-NIASM, marked in red. Scale bars and coordinates included.]
Figure 1 | Location map of the study site.




2.2 Experimental details and crop management

The experiment was laid out in a split-split plot design with four sowing dates (D1, November 1; D2, November 15; D3, December 1, D4, December 15) in main plots, two irrigation practices (I1, 40% ETc; I2, 80% ETc) in sub plots, and three nitrogen doses (N1, 100 kg N ha−1; N2, 150 kg N ha−1; N3, 200 kg N ha−1) in sub-sub plots having three replications (Supplementary Figures 1, 2). The nitrogen quantity was applied in two splits: 50% as basal and 50% during the flowering period. The P and K doses (i.e., 60 kg ha−1) were applied as basal in all the treatments. The experiment was initiated in November 2021 using the quinoa accession "Jaipur Local", manually sown at a seed rate @ 5 kg ha−1 with 45 cm × 15 cm spacing. Sowing was established by dibbling five to six seeds per pocket in the soil to a depth of 1–2 cm. The gross and net plot areas under each treatment were 9 × 5 m and 7.5 × 4 m, respectively. To avoid border and interaction effects, a buffer area of 1.5 m was left between experimental units. Irrigation to the crops was provided via surface drip irrigation (having a discharge rate of 4 L h−1 through 16-mm laterals having inline emitters), and the crops were irrigated based on the actual crop evapotranspiration (ETc) approach. The crop ETc was computed using the following equation (Equation 1):

[image: Equation showing ET subscript c in millimeters equals K subscript p times K subscript c times E subscript pan.] 

where Kp is the pan coefficient (0.70), Epan is the cumulative pan evaporation (mm), and Kc is the crop-specific coefficient. The Kc values for quinoa as reported by Garcia et al. (2003) were considered in our study. One common irrigation of 30 mm was provided after sowing for uniform germination and crop stand establishment. Scheduling of later irrigations was conducted as per the treatment, i.e., at 40% and 80% ETc to quinoa. The total quantity of water applied through drip irrigation to the cropping systems in both the study years is given in Supplementary Table 2. All recommended crop-specific packages and practices of weeding, intercultural operations, and disease pest management were strictly followed.

When the seeds matured and plants started drying, all the morphological and yield attributing parameters were measured from a total of 10 plants per treatment. The shoots (only stem and leaves) and roots were oven-dried at 60°C for 48 h to determine the respective dry matter content. The crops were manually harvested using sickles as they matured, followed by sun drying for 7 days. The dried panicles for each experimental plot were threshed and winnowed manually. Seed yield was recorded at 12% moisture content, while the stover was oven-dried at 60°C until constant weight was obtained and then expressed as kg ha−1 for respective treatments.




2.3 Water productivity

Water productivity (WP) was calculated using the following equation (Equation 2).

[image: Water productivity formula shown as WP (kg per cubic meter) equals economic yield (kg per hectare) divided by total water applied (cubic meter per hectare). Equation labeled as (2).]




2.4 Phenology and growing degree days

The phenological developments, viz., 50% germination, 50% visible bud, 50% flowering, and 50% maturity were recorded as and when at least 50% of the plants were showing the indications in the whole plot. Days to maturity was calculated from the date of emergence to the date when the crop was harvested.

Growing degree days (GDD) was calculated based on the following formula (Equation 3):

[image: Equation showing the calculation for growing degree days (GDD): GDD equals the sum of the maximum temperature (T max) and minimum temperature (T min) divided by two, minus the base temperature (T base).] 

where Tmax is the maximum temperature, Tmin is the minimum temperature, and Tbase is the base temperature, which was 3°C for quinoa (Jacobsen and Bach, 1998).




2.5 Protein and saponin contents in quinoa seed and husk

The seed protein content was determined using the Kjeldahl method of N estimation from plant samples with a conversion factor of 6.25. The seed protein content was then multiplied with the seed yield to estimate the protein yield under corresponding treatments. The total saponin content of quinoa seed and husk was estimated following the colorimetric determination procedure reported by Hiai et al. (1976). All quinoa samples were ground with a blender and passed through 1-mm sieve. Then, 10 g of each sample powder was dissolved in 40 mL of 25% ethanol and kept in a mechanical shaker for 12 hrs. Then, 0.5 mL of vanillin solution was added to 0.5 mL of aqueous ethanol sample, followed by the addition of 5 mL of 72% sulfuric acid and mixed in an ice-water bath. The mixture was then warmed in the bath at 60°C for 10 minutes, followed by cooling in an ice-water bath. A water blank with the reagents was also made. Absorbance at 450 nm was recorded against the blank with the reagents using a spectrophotometer. Quillaja saponin was used as a standard, and the total saponin content was expressed as g 100 g−1 of dry weight.




2.6 Carbon budgeting, efficiency, sustainable index, and nitrous oxide emissions

The total C input and output were determined by adding the carbon equivalents of all inputs and outputs during crop production. Carbon equivalents (CE) of all inputs, operational activities, and processes were combined to estimate the source-wise contribution to C input (Supplementary Figure 3; Supplementary Table 3). Similarly, the C output of each cropping system was quantified using methodologies provided by Choudhary et al. (2017) and Equation 4.

[image: The image displays a formula for calculating carbon output in kilograms of carbon equivalent per hectare. It specifies that carbon output equals the total biomass yield, including seed and stover, in kilograms per hectare, multiplied by 0.44.] 

considering that C content accounts for 44% of the total plant biomass as given by Lal (2004).

Carbon efficiency, an indicator of total C production over the total input C, was calculated as follows (Equation 5).

[image: Formula showing carbon efficiency as the ratio of total carbon output to total carbon input, both measured in kilograms of carbon equivalent per hectare.] 

Carbon sustainability index (CSI) was estimated as the net gain in C over the total C input as given by Lal (2004) and Choudhary et al. (2017) and depicted in Equation 6.

[image: CSI equals the difference between Total C output and Total C input, divided by Total C input. Equation number six.] 

Carbon footprint (CF): Carbon footprints of the cropping systems indicated the total greenhouse gas (GHG) emissions in terms of kg CE ha−1 to produce 1 kg of the economic product and was computed as per Equation 7 as suggested by Yadav et al. (2021).

[image: Equation showing carbon footprint (CF) calculation: CF equals total carbon input in kilograms of carbon equivalent per hectare divided by economic yield in kilograms per hectare, labeled as equation seven.] 

Estimation of nitrous oxide (N2O) emission included both direct and indirect emissions. As direct N2O emission is proportional to the amount of N applied, direct N2O emission was computed using Equation 8.

[image: Direct nitrous oxide emissions in kilograms of carbon dioxide equivalent per hectare are calculated as the quantity of nitrogen fertilizer in kilograms per hectare multiplied by 0.016, 1.571, and 298.] 

where 0.016 is the default emission factor for N fertilizer application, 1.571 is the conversion factor used to convert N2 to N2O, and 298 is the global warming potential (GWP) of N2O concerning CO2.

Similarly, indirect N2O emissions included loss of N fertilizer in the form of volatilization and were calculated using the Intergovernmental Panel on Climate Change (IPCC) guidelines of Tier 1 and Equation 9.

[image: Equation showing the calculation for indirect nitrogen dioxide in kilograms of carbon dioxide equivalent per hectare. It equals the quantity of nitrogen fertilizer in kilograms per hectare multiplied by 0.1, 0.010, 1.571, and 298.] 

where 0.1 is the fraction used for volatilization, 0.010 is the default emission factor used for volatilization, 1.571 is the conversion factor used to convert N2 to N2O, and 298 is the GWP of N2O concerning CO2.




2.7 Statistical analysis

The recorded data were statistically analyzed using analysis of variance (ANOVA) for split-split plot design using the "Agricolae" package of R (R Development Core Team, 2015). A mixed model was used considering sowing date as the main plot factor, irrigation as sub plot factor, and nitrogen management as the sub-sub plot factor and analyzed in a split-split plot design. Since no major differences were observed among the treatments for the recorded observations, the results were averaged for 2021–2022 and 2022–2023. The F-test and least significant difference (LSD) (p < 0.05) were used to decipher the significance of the means of treatments and their interactions.





3 Results



3.1 Quinoa phenology

The impact of different sowing dates on quinoa's growth duration, developmental stages, and corresponding temperature ranges is illustrated in Figure 2. For sowing on November 1, the vegetative stage continued for 38 days after sowing (DAS), with temperatures ranging from a maximum of 27.35°C to 31.45°C and a minimum of 12.45°C to 19.1°C. The flowering period extended over 22 days, with temperatures reaching a maximum of 27.9°C to 31.4°C and a minimum of 11.25°C to 18.2°C. The seed-filling and maturity stages began at 60 DAS and continued for 33 days, resulting in a total crop duration of 99 days. During this phase, maximum temperatures ranged from 28°C to 31.5°C, while minimum temperatures ranged from 10.35°C to 14.9°C. Sowing on November 15 reduced the total crop duration by 1 week compared to November 1. The vegetative stage lasted 35 days, with a wider window for flowering (30 days). The seed-filling and maturity stages started at 65 DAS and lasted for 33 days. Temperatures during these stages were as follows: vegetative stage (27.35°C to 31.8°C maximum and 11.25°C to 19.1°C minimum), flowering stage (28°C to 31.4°C maximum and 11°C to 16.05°C minimum), and seed-filling and maturity stages (27.15°C to 32.1°C maximum and 10.35°C to 14.5°C minimum), respectively. Sowing in December resulted in a longer flowering period (35–40 days) and shorter seed-filling and maturity periods (20–23 days). During the seed-filling and maturity phases, temperatures were notably higher: 31.3°C to 34.85°C maximum and 11.6°C to 15.25°C minimum for December 1 sowing and 31.25°C to 35.25°C maximum and 14.5°C to 19.15°C minimum for December 15 sowing.

[image: Four graphs labeled a, b, c, and d, show average maximum and minimum temperatures over 100 days after sowing (DAS) during three plant growth stages: Vegetative, Flowering, and Grain Filling & Maturity. Each graph displays temperatures in Celsius with distinct patterns. Graphs are organized in a two-by-two grid, with markers indicating average maximum (triangle) and minimum (diamond) temperatures. Each growth stage is separated by dotted lines.]
Figure 2 | Effect of date of sowing on quinoa phenological stages. (a) November 1, (b) November 15, (c) December 1, and (d) December 15.




3.2 Cumulative growing degree days

For cumulative growing degree days (CGDD), the highest accumulation was observed for the earliest sowing date, November 1, with 1,900.40°C (Table 1). Sowing on November 15, December 1, and December 15 resulted in lower CGDD values of 1,785.30°C, 1,661.75°C, and 1,789.25°C, respectively.

Table 1 | Cumulative growing degree days (CGDD in °C) of different phenological stages for different sowing dates in quinoa.


[image: Table showing quinoa phenological stages with cumulative growing degree days (°C) for four dates: November 1, November 15, December 1, and December 15. Stages include 50% germination, visible buds, flowering, maturity, and harvesting. Crop duration is also listed: 99, 93, 87, and 91 days for each respective date.]



3.3 Plant height, dry matter accumulation, and yield attributes

Sowing date and nitrogen levels showed significant effects (p < 0.05) on quinoa height, dry matter accumulation, and yield attributes (Table 2). The maximum plant height (113.67 cm) was obtained during the November 1 sowing. Height decreased by 7%–20% with later sowing dates, reaching a minimum (91.28 cm) for sowing on December 15. A similar trend was seen for both shoot and root dry matter, ranging from 11.39 to 72.43 g plant−1 and 3.52 to 8.69 g plant−1, respectively. Among the yield attributes, sowing on November 1 produced the maximum panicle weight, panicle length, seed weight, and husk weight, which were 2.6, 1.7, 7.2, and 2.7 times, respectively, than those from December 15 sowing (19.05 g plant−1, 18.24 cm plant−1, 10.15 g plant−1, and 4.70 g plant−1). However, irrigation levels did not significantly affect these parameters except panicle length, which was 8.8% higher in 80% ETc than in 40% ETc (22.93 cm plant−1) (Table 2). Among the nitrogen doses, the highest mean values for plant height, shoot dry matter, and yield attributes were achieved with N3 (200 kg N ha−1) and the lowest with N1 (100 kg N ha−1). The application of 150 kg N ha−1 was significant as compared to 100 kg N ha−1 only for shoot dry matter and seed weight. The maximum seed weight was observed under N3, which was 33% higher than that under N2 (39.25 g plant−1) and 56% higher than that under N1 (33.40 g plant−1). The seed weight of N2 was 18% higher than that of N1 (p < 0.05). Husk weight was significantly higher for November sowing (12. 8 g plant−1) and for 200 kg N ha−1 (11.95 g plant−1) (p < 0.05). The 1000-seed weight of quinoa ranged from 2.22 to 2.74 g, with plots sown in November recording a 17% higher value than that of December sown plots (2.2 g) (p < 0.05). Similarly, providing irrigation at 80% ETc and 200 kg N ha−1 reported 10% and 7% higher 1000-seed weight than 40% ETc (2.35 g) and 100 kg N ha−1 (2.39 g), respectively.

Table 2 | Effect of sowing date, irrigation, and nitrogen levels on quinoa plant height, dry matter accumulation, and yield attributes.


[image: Table showing the effects of different treatments on plant growth metrics, including plant height, dry matter, panicle weight, length, seed weight, husk weight, and thousand-seed weight. Treatments include varying sowing dates, irrigation levels, and nitrogen levels. Means followed by different letters indicate significant differences at p < 0.05 according to LSD test. LSD is least significant difference.]



3.4 Quinoa seed yield and water productivity

The seed yield was significantly higher in plots sown on November 1 (1,446 kg ha−1), which was reduced by 50% for sowings on November 15 and December 1 sowing, and the lowest yield was recorded for December 15 sowing (345.61 kg ha−1) (p < 0.05) (Figure 3). There were no differences in seed yield between the two irrigation levels. However, nitrogen levels had a significant effect on quinoa seed yield (p < 0.05) with maximum values under N3 (916.58 kg ha−1) and N2 (815.04 kg ha−1), with the latter being at par with N1 (723.50 kg ha−1).

[image: Bar chart showing quinoa seed yield in kilograms per hectare under different conditions. Highest yield on November 1st. Yields decrease on November 15th, December 1st, and December 15th. Under irrigation, 80% ETc yields higher. For nitrogen, 150 kg and 200 kg ha-1 yield higher than 100 kg ha-1. Error bars and labels indicate statistical significance.]
Figure 3 | Effect of date of sowing, irrigation, and nitrogen levels on quinoa seed yield (kg ha−1). Vertical bars represent mean ± SE of the observed values. Values followed by different lowercase letters are significantly different at p < 0.05 within the treatment levels according to LSD test. LSD, least significant difference.

The water productivity of quinoa production ranged from 0.85 kg m−3 to 0.18 kg m−3 for our study (Figure 4). Water productivity was maximum for November 1 sowing (0.85 kg m−3), followed by November 15 (0.52 kg m−3) and December 1 (0.37 kg m−3), and minimum for December 15 (0.18 kg m−3). Providing irrigation at 40% ETc was 69.38% higher water productive than that at 80% ETc (0.36 kg m−3). However, water productivity was not significantly influenced by the nitrogen levels.

[image: Bar graph showing water productivity in kilograms per cubic meter for varying factors. Four bars compare sowing dates: 1st November (highest), 15th November, 1st December, and 15th December (lowest). Two bars compare irrigation levels: 40 percent ETc (higher) and 80 percent ETc. Three bars compare nitrogen levels: 100, 150, and 200 kilograms per hectare, all yielding similar productivity. Each bar is labeled with letters indicating statistical significance.]
Figure 4 | Effect of date of sowing, irrigation, and nitrogen levels on quinoa water productivity (kg m−3). Vertical bars represent mean ± SE of the observed values. Values followed by different lowercase letters are significantly different at p < 0.05 within the treatment levels according to LSD test. LSD, least significant difference.




3.5 Quinoa protein and saponin content

Since the treatment had no significant effect on seed protein content, the system protein yield followed a similar trend as that of seed yield (Supplementary Table 4; Supplementray Figure 4). Seed and husk saponin contents evaluated in the current study ranged from 0.51 to 1.26 g per 100-g dry weight and 0.64 to 1.67 g per 100-g dry weight, respectively (Figure 5). The seed saponin content was 19% higher in November sown crops than in the December 1 sowing (1.01 g 100 g−1 dry weight). However, the minimum saponin content of 0.51 g 100 g−1 dry weight was reported for the December 15 sowing. Similarly, providing irrigation at 40% ETc had 39% lower saponin as compared to that under 80% ETc (1.26 g 100 g−1 dry weight). The application of a higher dose of N increased the seed saponin content with N1 having the lowest value (0.77 g 100 g−1 dry weight), followed by N2 (1.06 g 100 g−1 dry weight) and N3 (1.21 g 100 g−1 dry weight). The saponin content of husk was higher than that of seed with irrigation levels having a significant impact, following a similar trend to that of seed saponin content. Delayed sowing, i.e., on December 15, also reported a reduced husk saponin content than the rest of the sowing dates.

[image: Bar graph showing saponin content in seeds and husks across different sowing dates, irrigation, and nitrogen levels. The y-axis ranges from 0 to 2 grams per 100 grams. Categories include sowing dates (1st Nov to 15th Dec), irrigation levels (40% ETc, 80% ETc), and nitrogen levels (100 to 200 kg/ha). Husk content generally higher than seed.]
Figure 5 | Effect of date of sowing, irrigation, and nitrogen levels on saponin contents of quinoa seed and husk (g 100 g−1 dry weight). Vertical bars represent mean ± SE of the observed values. Values followed by different lowercase letters are significantly different at p < 0.05 within the treatment levels according to LSD test. LSD, least significant difference.




3.6 Carbon budgeting, efficiency, and sustainability index

Averaged over 2 years, the carbon budgeting and related indices differed among the treatments (Table 3). Early sowing dates, i.e., November 1 sowing (D1), had the lowest C footprint (0.19 kg CE kg−1 seed) and the highest C efficiency (3.69) and were more sustainable (CSI, 2.69) (p < 0.05). This may be due to improved biomass production leading to higher C output (1,018.26 kg CE ha−1) and moderate C input (276 kg CE ha−1) in S1. Sowing during December 15 (D4) resulted in the highest C footprint (0.80 kg CE kg−1 seed) and the lowest C efficiency (0.88) and was not sustainable (CSI, −0.12), which was due to significantly less C output (243.31 kg CE ha−1) as proportionate to the quantity of C input (279.53 kg CE ha−1). Similarly, irrigating the crop at 40% ETc proved to be more C efficient and sustainable as compared to irrigating them at 80% Etc. Among the nitrogen levels, the application of 100 kg N ha−1 (N1) registered the lowest C footprint (0.33), higher C efficiency (2.14), and CSI (1.14), which was comparable to N2, i.e., 150 kg N ha−1. However, higher N levels, i.e., application at 200 kg ha−1 (N3), resulted in higher C output (632.07 kg CE ha−1) but at the cost of efficiency and increased C footprint; therefore, they were less sustainable (CSI, 0.86).

Table 3 | Effect of date of sowing, irrigation, and nitrogen levels on carbon input–output parameters.


[image: Table showing the effects of various treatments on carbon metrics. Treatments include sowing dates, irrigation, and nitrogen levels. Metrics are total carbon output, input, carbon footprint, carbon efficiency, and carbon sustainability index, with statistical significance noted.]



3.7 Nitrous oxide emissions

Among the treatments, N2O emissions (both direct and indirect) were significantly influenced only by N levels (Figure 6). The N2O emissions increased with the applied N fertilizer dose. The application of 200 kg N ha−1 had maximum direct (1,497.15 kg CO2-eq ha−1), indirect (93.57 kg CO2-eq ha−1), and total (1,590.72 kg CO2-eq ha−1) N2O emissions, followed by 150 and 100 kg N ha−1 (p < 0.05).

[image: Bar graph showing nitrous oxide emissions in kilograms of CO2 equivalent per hectare for three nitrogen levels: N1 (100 kg/ha), N2 (150 kg/ha), and N3 (200 kg/ha). The graph includes comparisons for direct, indirect, and total N2O emissions. Emissions increase with higher nitrogen levels. Error bars indicate variability, with letters indicating significant differences: "a" for highest, "b" for middle, and "c" for lowest values.]
Figure 6 | Nitrous oxide (N2O) emissions as affected by nitrogen levels. Means followed by different lowercase letters are significantly different at p < 0.05 according to LSD test. LSD, least significant difference.





4 Discussions

Optimizing production technology is essential for achieving the highest economic returns from any crop introduced to a new agro-ecological region. In this study, we evaluated how various sowing dates, irrigation regimes, and nitrogen management strategies affected quinoa yield, water productivity, and quality in shallow basaltic regions with a semi-arid climate. Our findings indicated significant differences in these parameters under different management scenarios. Although quinoa has the potential to tolerate a wide range of temperatures (−8°C to 35°C), this tolerance varies depending on the genotype and developmental stages. A sudden increase in temperature during the critical stages of the crop, i.e., flowering and seed filling, can significantly reduce yield and poses a major limitation to quinoa's global expansion (Dao et al., 2020). High temperatures at anthesis are crucial for quinoa pollination and can reduce pollen production and viability (Jacobsen et al., 2003). Temperatures above 35°C leading to substantial yield reductions due to empty seeds and seeds lacking inflorescence, reabsorption of quinoa seed endosperm, and inhibition of anther dehiscence has been reported by Bonifacio (1995). Even temperatures above 30°C hinder quinoa growth and productivity by reducing photosynthetic activity, flowering rates, and seed filling, leading to lower yields, as has already been highlighted by Hirich et al (2014). In our study, the average temperatures during critical growth stages for November 1 sowing were close to quinoa's optimal growth range (20°C–25°C), which may have led to better phenological development, growth, and yield. These findings are in agreement with Choukr-Allah et al. (2016) and Alvar-Beltrán et al. (2019). For early sowing dates (November 1 and 15), the maximum temperatures recorded were approximately 30°C during the anthesis, seed-filling, and maturity stages. However, December sowing experienced higher temperatures (34°C–35°C) during these stages, resulting in decreased yield and water productivity due to a shortened life cycle, with earlier flowering and improper seed maturation (Maestro-Gaitán et al., 2022; Matías et al., 2021). The temperature variations observed during this time of year and at this location were typical of tropical semi-arid zones. The length of the growing period varied with sowing dates, with the longest period occurring when sown on November 1 (99 days) and the shortest when sown on December 1 (87 days). This growing period was shorter compared to that observed in subtropical regions, which had durations of 169 and 134 days (Hassan, 2015; Präger et al., 2018). Regarding CGDD, the values reported in our study were comparable to those for similar agro-climatic regions (Präger et al., 2018). A higher accumulation of degree days among early sown plants of quinoa was also reported by Alvar-Beltrán et al. (2019).

In terms of irrigation, there was no significant difference in seed yield between 80% and 40% of crop evapotranspiration (ETc), as quinoa, being drought-tolerant, can thrive with limited water availability. By limiting water applications, this practice aims to enhance the water productivity and stabilize yields rather than maximize them (Geerts and Raes, 2009) and has been well investigated as an important and sustainable practice for arid and semi-arid regions (Garcia et al., 2003; Geerts et al., 2008). In contrast, other reports indicate that deficit irrigation can reduce seed yield by up to 50% compared to full irrigation (Hirich et al., 2012, Hirich et al., 2013). The variable response of irrigation on quinoa seed yield may be attributed to genotypes, soil, climate, and other crop management practices. However, crop WP ranged from 0.18 to 0.85 kg m−3 and was 67% higher under 40% ETc compared to 80% ETc (0.36 kg m−3). These findings align with the results reported by Fghire et al. (2013), confirming quinoa's high water use efficiency under drought-stress conditions. Quinoa's physiological responses to drought include rapid stomatal closure, sunken stomata, restricted root growth, and accelerated leaf senescence, which contribute to its adaptability in dry environments (Jacobsen et al., 2003).

Nitrogen is a well-known key factor influencing total plant biomass. However, optimizing crop yields with increased nitrogen rates depends on factors such as soil type, location, and management practices. In our study, significant differences were observed in various crop morphological traits, yield attributes, and seed yield between nitrogen rates of 100 kg ha−1 and 200 kg ha−1. However, both these doses were comparable to the moderate dose of 150 kg ha−1. Since the seed yield at 100 kg N ha−1 was at par with that of 150 kg N ha−1, indicating no proportional yield increase with an additional 50 kg N ha−1 application, 100 kg N ha−1 was considered optimal for our study. No differences in crop water productivity were found at higher nitrogen applications (150 and 200 kg ha−1) likely due to lower yield gain in proportion to the amount of water applied. Further, crop lodging (personal observation) occurred in plots receiving 200 kg N ha−1, likely due to increased plant biomass and the shallow soil depth at the study site, which restricted root growth and hindered proper anchorage. Similar reports of crop lodging with higher doses of N application were also reported by Wang et al. (2022). Our findings also align with reports from Kaul et al. (2005) and Shams (2012), which indicate that while quinoa yields and biomass increase with higher nitrogen application, they stabilize at a specific dosage for a given agro-ecological condition. In semi-arid regions, where water and nitrogen are crucial limiting factors, maintaining a well-developed crop canopy under full irrigation with high nitrogen doses is not sustainable. Therefore, leveraging the combined benefits of limited soil fertility and deficit irrigation can create a more effective strategy. Thus, for shallow basaltic regions using deficit irrigation, recommending a nitrogen application rate of 100 kg ha−1 will have optimum economic yield.

The 1000-seed weight observed in this study (2.22–2.74 g) is comparable with findings from other field studies (Tan and Temel, 2018) but lower compared to ranges reported for the Andean regions (3.0 g–4.7 g) (Miranda et al., 2012), which may be due to difference in terms of genotypes and pedo-climatic conditions. In general, early sowing is conducive to better seed filling and seed weight compared to late sowing. Therefore, the lower seed weight under late sowing dates can be attributed to the shortened seed-filling phase, where increased temperatures and longer photoperiods likely played significant roles. Other studies have also reported reduced 1000-seed weight due to limited irrigation and lower nitrogen application (Hirich et al., 2014b; Shams, 2018). Further, the seed and husk saponin content in our study falls within the range typically reported for quinoa (Pulvento et al., 2012; De Santis et al., 2016). The decrease in seed saponin content with delayed sowing may be related to the length of the crop growing period. Short-duration quinoa genotypes with lower seed saponin content (0.62 g 100 g−1 DM) were found to have less saponin compared to long-duration genotypes with higher content (1.92 g 100 g−1 DM), as noted by Oustani et al. (2023). Studies also reported that quinoa under water-deficit conditions tends to have lower saponin content, indicating better quality (Soliz-Guerrero et al., 2002; Gómez et al., 2011), which aligns with our results on irrigation levels. Further, saponin content with a positive and significant relationship with N dose has already been reported by Bilalis et al. (2012) and González et al. (2020).

Considering the impact of climate change and human-induced greenhouse gas emissions, promoting crop management practices that are more efficient and sustainable with minimal carbon footprints is essential (Yadav et al., 2021). The carbon input–output parameters reported in this study revealed that the early date of sowing, irrigation at 40% ETc, and the application of N @ 100 kg ha−1 were more C efficient and sustainable. This may be attributed to lesser emissions from irrigation and nitrogen coupled with higher proportionate C output. Similarly, the N2O emissions (both direct and indirect) increased in proportion to nitrogen fertilizer application. A significant and positive correlation of N2O emissions with N fertilizer application under drip irrigation was also reported by Kumar et al. (2021). Therefore, implementing optimal water and nutrient management strategies could stabilize N2O emissions while enhancing the carbon footprint and efficiency of quinoa production in shallow basaltic regions.




5 Conclusion

In shallow basaltic semi-arid regions, sowing quinoa on November 1, i.e., when temperatures align more closely with optimal quinoa growth conditions, can enhance crop biomass, yield, and water productivity. Higher temperatures during critical growth stages, i.e., anthesis and seed filling, and a short growing cycle are among the factors that reduced quinoa's yield in late November and December sowing. Therefore, planning agricultural activities, particularly through a well-planned sowing calendar, is crucial for quinoa cultivation so that temperatures during the critical growth stages must be as close as possible to the mean optimal temperatures. In our study, quinoa's growth, development, and yield were unaffected by irrigation levels. Therefore, frequent irrigation, but in small quantities, is highly suggested to reduce evapotranspiration and increase water productivity in quinoa in shallow basaltic murram soils. Further, nitrogen application at 100 g N ha−1 was found suitable considering the shallow basaltic rock, root restrictions, limited irrigation, and lodging issues. These optimization strategies are location-specific and can be tailored according to particular agro-ecological situations. However, the results confirm quinoa's ability to produce seed yields up to 1,446 kg ha−1, a level of production that most food crops cannot achieve economically in the shallow basaltic rocky terrains of drought-prone environments. This makes quinoa a promising candidate for crop diversification in India and other countries with similar climatic conditions. Furthermore, there is also a need to design a product marketing strategy and raise awareness among farmers and government agencies about quinoa's potential as a stress-tolerant alternative crop for marginal environments.
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Footnote

1The quinoa plant produces starchy seeds that resemble grains and are prepared and consumed in a similar manner, although botanically, it is classified as a dicotyledon.
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Vascular bundles regulate water balance, nutrient uptake and transport, and stress responses, ultimately influencing the yield and quality of crops. However, our understanding of the genetic functions of microRNAs (miRNAs) during vascular development remains limited. In this research, the role of miR169a in potatoes was studied. Silencing StmiR169a in potatoes promoted vascular bundle formation, resulting in not only upright and robust stems but also longer roots and more extensive root systems. Histological analysis revealed a significant increase in the number of xylem vessels in the vascular bundles of stems and roots of RNAi-mediated miR169a lines (STTM169). Silencing miR169a led to higher water use efficiency, enhanced photosynthesis rates, elevated enzymatic antioxidant activity, and reduced levels of reactive oxygen species (ROS), thereby enhancing the drought resistance of potatoes. However, overexpression of miR169a lines (OE169a) showed the opposite effects. The nuclear factor Y subunit NF-YA3 was identified as a target gene of StmiR169a. The miR169a/NF-YA3 module may be involved in the regulation of potato vascular bundle development and the response to drought stress.
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1 Introduction

Modifications in xylem morphology and structure can significantly affect water transport and disrupt the equilibrium between shoot and root growth. Pieter jan De Bauw (De Bauw et al., 2019) found that drought tolerance was related to the thickness of xylem vessels and root morphology in rice, suggesting that these traits could be useful in drought resistance breeding in rice. Potatoes are considered susceptible to drought due to their shallow root system. Traits such as open stem-type canopies and a robust root system could enhance light penetration and improve water absorption, which are associated with increased photosynthesis and drought tolerance in potatoes (Hill et al., 2021). Changes in xylem vessel density and diameter have been connected with drought tolerance (Aliche et al., 2020). Additionally, the stem lodging increases temperature and moisture, rendering potato plants susceptible to diseases such as late blight and gray mold. Therefore, dwarfed genotype has been prioritized (Khush, 1999). However, a minimum plant height is required for sustained high yield (Berry et al., 2004; Shah et al., 2017). These studies indicate that the morphology and structure of vascular bundles are associated with both biotic and abiotic stresses in crops.

MicroRNAs (miRNAs), such as miR165/166, have been discovered to modulate the expression of genes involved in vascular tissue development (Carlsbecker et al., 2010; Miyashima et al., 2011). MiR397 and miR857 are respectively involved in lignin biosynthesis and secondary growth of vascular tissues in poplar and Arabidopsis thaliana (Lu et al., 2013; Wang et al., 2014; Zhao et al., 2015). MiR528 negatively regulates the abundance of ZmLAC3 and ZmLAC5 mRNA, influencing lignin biosynthesis and lodging resistance in maize under N-luxury conditions (Sun et al., 2018). Moreover, different members of miR164, miR167, miR168, miR390, miR159, miR162, miR171, miR472, miR482, miR166, miR169, miR396, and miR1450 exhibit diverse expression patterns at different stages of vascular tissue formation (Kim et al., 2005; Tang et al., 2016; Wang et al., 2022). Hence, miRNAs have emerged as crucial regulators of vascular tissue development and deserve further exploration. AtNF-YA5, highly expressed in vascular tissues and guard cells, is regulated by drought stress both transcriptionally and post-transcriptionally via miR169 (Li et al., 2008). MiR169/NFYA is highly conserved in maize, tomato, A. thaliana, and Brassica napus (Luan et al., 2015; Zhang et al., 2022; Rao et al., 2020; Ji et al., 2023; Li et al., 2021). Further studies confirmed that miR169 confers plants with oxidative stress tolerance and maintains reactive oxygen species (ROS) homeostasis through an ABA-dependent pathway (Ji et al., 2023). Hence, investigating the function of miR169 in modulating vascular development, water homeostasis, oxidative stress response, and drought tolerance in crops represents a significant challenge.

Here, short tandem target mimics (STTMs) (Tang et al., 2012) and overexpression technologies were applied to investigate the potential regulator of miR169 on the vascular bundle in potatoes. The results showed that StmiR169a was related to vascular tissue development and lignin synthesis, which affected stem and root function. Silencing of StmiR169 resulted in maintaining ROS homeostasis, enhancing photosynthetic efficiency, and increasing potato production under drought stress, which proposed a new molecular breeding strategy to exploit the potential of miR169 in enhancing crop productivity and stress tolerance.




2 Materials and methods



2.1 Plant growth

The potato variety E Shu 3 (E3) was used for genetic transformation. In vitro-propagated potatoes were cultured in vitro using the stem-cutting seedlings in MS medium for 14 days to study the root phenotypic profiles. Potted stem cutting was maintained in a culture chamber for 35 days to assess the phenotype and drought tolerance ability. The culture chamber was incubated at a temperature of 22°C, with a day/night cycle of 16/8 hours and a light intensity of 250 µE m−2 s−1. This experiment was conducted at the Vegetable Platform of the College of Horticulture, Hunan Agricultural University.




2.2 Bioinformatics analysis

Sequence alignment was performed using DNAMAN6 (University of Manchester, http://www.mirbase.org/). A phylogenetic tree was constructed using MEGA11 to determine the evolutionary relationship of pre-miR169 family members. The cis-regulatory elements in the promoter region (1,500 bp upstream of the start codon) of the StmiR169 genes were analyzed using the PLANTCARE website (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).




2.3 Construction of expression vector and generation of transgenic potato lines

To silence miR169, an STTM structure was designed with the following sequence: 5′-TCGGCAAGTCActaTCCTTGGCTGGTTGTGTTGTTTATGGTCTAATTTAAATATGGTCTAAAGAAGAAGAATTCGGCAAGTCACTATCCTTGGCTG-3′ (Tang et al., 2012). The pCAMBIA1300 vectors containing the CaMV35S promoter linked with the designed STTM structure were synthesized by the laboratory of Academician Zhu Jiankang at the Shanghai Research Center Group of Plant Adversity Biology, Chinese Academy of Sciences.

For overexpression of StmiR169a, a 165-bp fragment of genomic DNA containing the flank sequence of StmiR169a was amplified and inserted into the PBI121 vector, driven by the CaMV35S promoter.

Agrobacterium tumefaciens-mediated transformation was performed on potato E3 (WT) (Si et al., 2003). Over 20 independent transgenic events were generated. The StmiR169 silencing transgenic plants and overexpressing StmiR169a transgenic plants were named STTM169 and OE169a, respectively. Primer sequences are listed in the Supplementary Table.




2.4 MiRNA extraction, qPCR, and 5′RLM-RACE

Small RNA extraction, first-strand cDNA synthesis of mature miR169, and stem-loop RT-qPCR were performed according to Luan et al (Yin et al., 2021). For stem-loop RT-qPCR, the U6 RNA was used as an internal standard. Relative expression values were calculated using the 2−ΔΔCT method.

Total RNA extraction, cDNA synthesis of pre-miR169, and RT-qPCR were performed using kits from Accurate Biotechnology (Guangzhou, China). The potato U6 RNA was selected as an internal reference, and the relative expression levels were determined via the 2−ΔΔCT method.

5′-RNA ligase-mediated rapid amplification of cDNA ends (5′RLM-RACE) was performed using total RNA from WT and OE169a as described (Yu et al., 2020). Primer details are provided in the Supplementary Table.




2.5 Histological analysis of vascular bundles

Tissue samples of stems, roots, and main leaf veins of 25-day-old plants were fixed in Formalin-Aceto-Alcohol (FAA) fixative in 70% ethanol and dehydrated through a graded ethanol series (70%, 80%, 90%, and 100%). Subsequently, the samples were treated with xylene and embedded in paraffin (Sigma-Aldrich, St. Louis, MO, USA). Cross-sections of the stems and roots were obtained using a paraffin slicer. The paraffin sections were stained with a 0.1% (w/v) saffron solid green kit (Solarbio, Beijing, China) and observed under a microscope (Leica, Wetzlar, Germany). Xylem vessels and phloem cells in vascular bundles of stems, roots, and main leaf veins were measured using ImageJ.




2.6 The drought treatment and restoration

The 25-day-old potato seedlings of WT, STTM169, and OE169a were treated with drought for approximately 7 days when wilting was observed. Once wilting was observed, watering was resumed until the plants returned to their normal condition. Photosynthesis measurements were taken before drought stress, on the seventh day of the drought stress, and 2 days after rehydration. Simultaneously, root/stem/leaf samples were collected and stored at −80°C for subsequent lignin, H2O2, malondialdehyde (MDA) contents, and antioxidant enzyme activity analyses.




2.7 Measurements of photosynthetic parameters

The rate of photosynthesis was measured by LI-6400 (LI-COR, Lincoln, NE, USA). Plants were placed in the chamber of the gas exchange system and illuminated with a photosynthetically active radiation (PAR) source. The concentration of CO2 in the chamber was adjusted to the desired level (400 ppm). The rate of CO2 uptake and O2 release by the plant was measured, which provided information on the photosynthesis (Pn) rate. Additionally, intrinsic water use efficiency (WUEi) and instantaneous water use efficiency (WUEt) were also calculated (Zhou et al., 2024).




2.8 Estimation of lignin, H2O2, MDA content, and antioxidant enzyme activities

The lignin content was measured as described by Hu (Si et al., 2003). The contents of leaf hydrogen peroxide (H2O2) and MDA were determined using the kit of Solarbio Ltd. (Beijing, China). H2O2 content was quantified as reported by Hao et al (Yin et al., 2021), and MDA content was determined similarly to Xia (Hu et al., 2023). Catalase (CAT) enzyme activity was assayed as previously stated (Shin et al., 2018). Total superoxide dismutase (SOD) activity was determined as reported previously (Hao et al., 2021), and peroxidase (POD) activity was determined using the kit of Solarbio Ltd.




2.9 Measurement of yield under water-limited conditions

Nine treatments were performed in this test, which were randomly arranged in cultivation tanks separated from each other. The cultivation area of each treatment was 5 m2. Potato seedlings were planted approximately 20 cm apart with rows 25 cm apart. The initiation of the water treatment occurred 20 days post-sowing. The treatment conditions comprised CK (with a soil volumetric water content, θw, ranging from 65% to 75%), moderate drought (θw, 40%–50%), and severe drought (θw, 20%–30%). A soil moisture meter (PMS710, from China) was utilized to monitor the soil volumetric water content (θw). In each pot, three measurement points were selected. A 12-cm probe was chosen for θw monitoring, and if necessary, daily rehydration was carried out. Plot yield was compared at maturity.




2.10 RNA sequencing and differentially expressed gene analysis

The total RNA of stems and roots was extracted from OE169a, STTM169, and WT of 25-day-old seedlings. Sequencing methods, Fragments Per Kilobase Million (FPKM) calculation, and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed according to previous protocols (Kanehisa et al., 2007; Roberts et al., 2011; Love et al., 2014; Kim et al., 2015; Anders et al., 2015; Chen et al., 2018; Consortium, T.G.O, 2019). RNA-seq data have been deposited in the National Center for Biotechnology Information (NCBI) BioProject database under accession number (PRJNA1029510).




2.11 Statistical analysis

Statistical analysis was performed using Microsoft Excel 2016 and SPSS 27.0. All data were expressed as mean standard deviation (± SD) and shown with error bars. One-way ANOVA was used for significant differences between the means of the two groups (* p ≤ 0.05, ** p ≤ 0.01, and ***p ≤ 0.001). Duncan’s method was used for purposes of significance analysis for multiple comparisons (p ≤ 0.05). Charts were drawn using OriginPro 8.





3 Results



3.1 Characterization of isoforms and expression profile of StmiR169s in potato

To identify potential regulator miR169 in the vascular formation of potatoes, eight potato pre-miR169 genes (a–h) situated on potato chromosomes 3, 7, and 8 were investigated using the miRBase online database (Griffiths-Jones et al., 2008). Sequence alignment revealed high identity in the 5′ sequences of the eight pre-miR169s but significant divergence in length and sequence outside this region. Notably, all eight pre-miR169s produced a single mature miRNA: 5′-TAGCCAAGGATGACTTGCCT-3′ (Figure 1A). Phylogenetic analysis grouped the eight pre-miR169s into two major clades (Figure 1B). Analysis of cis-elements in the StmiR169 promoters revealed abundant light-responsive, hormone-responsive, and stress-related elements (e.g., LTR, MYC-like, MYB, and W-box) (Figure 1B).

[image: A four-panel figure analyzes microRNA (miRNA) in plants. Panel A shows a sequence alignment of different stu-miR169 isoforms, highlighting conserved regions with various colors. Panel B features a phylogenetic tree and motif map, with motifs color-coded for light, phytohormone, and stress responses, among others. Panel C displays a bar chart of StmiR169 relative expression in different plant parts and an illustration labeling those parts. Panel D presents a heatmap of precursor expression levels across samples, with intensity indicating expression levels.]
Figure 1 | Bioinformatics analysis and expression profile of StmiR169. (A) Sequence alignment of potato pre-miR169 and mature miR169 is indicated in blue above the alignments. (B) Phylogeny analysis of StmiR169 precursors performed using MEGA11. Diagram showing locations of the cis-acting elements in promoters of eight StmiR169s. (C) Different expressions of mature miR169 in leaves, stems, roots, tubers, and stolons by stem-loop RT-qPCR. (D) Differential expressions of pre-miR169a/b/c/d/e/f/g/h in leaves, petioles, aerial main stems, underground main stems, and roots by RT-qPCR. Heatmap of calculated z-score for each pre-miR169 plotted by means of a color scale.

To evaluate tissue-specific regulation mediated by StmiR169s, StmiR169 expression in different tissues was investigated, including leaves, stems, stolons, tubers, and roots, by RT-qPCR. The results show that mature miR169 and pre-miR169 transcripts were present in all tissues; however, expression levels in the stem and root were higher compared with those in other tissues (Figures 1C, D). Compared with the expression of other pre-miR169s, the miR169a was the highest in potato vascular tissue.




3.2 Silencing of StmiR169a enhances lodging resistance by promoting rooting and vascular bundle formation in potato

Six lines of StmiR169 short tandem target mimic potato (STTM169) and five overexpression StmiR169a lines (OE169a) driven by the CaMV35S promoter were obtained (Figures 2A–D), and their phenotypes were analyzed. The results showed that compared to WT and OE169a, the STTM169 lines had more and longer roots (Figures 3A, B). The OE169a lines were higher in plant height and thinner in the stem, resulting in more severe lodging than STTM169 lines and WT (Figures 3C–E).
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Figure 2 | Construction of plant expression vector and potato transformation. (A) The short tandem target mimic (STTM) construct was used for silencing stu-miR169-5p. (B) A 165-bp DNA fragment harboring the StmiR169a hairpin structure was cloned into the pBI121 binary vector under the CaMV 35S promoter. Expression levels of miR169-5p in WT and transgenic lines STTM169 (C) and OE169a (D).

[image: Panel A shows root growth of OE169a, WT, and STTM169 plants. Panel B is a bar graph comparing root lengths, with OE169a having the longest roots. Panel C displays OE169a, WT, and STTM169 plants in pots, with OE169a appearing denser. Panel D shows the same plant groups focusing on side views. Panel E contains bar graphs comparing plant height, stem diameter, and edges. OE169a generally shows taller height and wider stems. Statistical significance is indicated with stars in panels B and E.]
Figure 3 | Phenotype of WT, STTM169, and OE169a. (A) Seedlings in MS medium for 14 days. (B) The root characteristics of 20 plants of each material. (C) The 35-day-old WT and STTM169, OE169a foliage structure, and two to three transgenic plants were selected for each independent transgenic line. (D) Growth habits in pot. (E) Quantification of plant height, stem diameter, and the number of edges and corners in 35-day-old potted plants. Significant differences between the means of the two groups were evaluated by the one-way ANOVA (*p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001).

The histological analysis revealed that the area and number of vascular bundles were significantly decreased in the main stems of OE169a compared to STTM169 and WT, and STTM169 exhibited larger and more xylem vessels (Figures 4A, B). Additionally, similar phenotypes were observed in roots and leaf venation. The lignin content tests showed that the STTM169 had higher lignin content than WT, while OE169a had the lowest (Figure 4C).

[image: Panel A shows cross-sections of plant stems labeled OE169a, WT, and STTM169 at two stages, S1 and S2, with scale bars indicating 2 millimeters. Panel B presents bar graphs comparing the number of phloem cells and xylem vessels across the three plant genotypes, showing significant differences as indicated by asterisks. Panel C illustrates lignin content in roots, stems, and leaves for OE169a, WT, and STTM169, with statistical significance marked by asterisks.]
Figure 4 | Secondary xylem proliferation and vessel expansion of StmiR169 isoform mutants. (A) Histological observations of stems at the base of plants: S1, the first stem; S2, the second stem. (B) Quantification of xylem vessels, phloem cells, and (C) lignin content in the base stems of 35-day-old seedlings. Scale bars, 2 mm.




3.3 StNFYA3 is a target gene of StmiR169a

To further explore the regulatory mechanism of StmiR169, the transcriptome of stems and roots from STTM169, OE169a, and WT were compared (PRJNA1029510). In the stem and root, the transcription factor StNF-YA3, which is suspected to be the target gene of StmiR169a, was significantly upregulated in STTM169 and significantly decreased in OE169a, respectively (Figure 5A). The 5′-RLM-RACE assay was performed to identify the StmiR169a-directed cleavage site. Twenty clones of 5′-RLM-RACE were sequenced, and the first sequencing reads of 20 clones were at 1,155 bp of StNF-YA3 mRNA and located at 2 bp in the miR169a/StNF-YA3 mRNA complementary site (Figure 5B).

[image: Panel A displays bar and line graphs comparing the relative expression of StNF-YA3 in root and stem among WT, OE169a, and STTM169 samples. Panel B shows a sequencing chromatogram and an illustration of the StNF-YA3 gene structure, including 5' UTR, CDS, and 3' UTR, with associated nucleotide sequences for StNF-YA3 and StmiR169a.]
Figure 5 | Cleavage site identification of StNF-YA3 mRNA. (A) RT-qPCR analysis of StNF-YA3 genes in the WT, STTM169, and OE169a. (B) The arrow indicates the cleavage site identified in OE169a histocultures by 5′-RLM-RACE.




3.4 Silencing StmiR169a increases antioxidant activities in potatoes under drought stress

The functional deficiency of StmiR169 isoforms endowed the STTM169 lines with an inherent ability for higher drought tolerance (Figure 6A). The contents of H2O2 and MDA of STTM169, WT, and OE169a were analyzed, and the findings indicated that the H2O2 levels of STTM169 were markedly lower than those in OE169a under drought stress (Figure 6B). After rehydration treatments, MDA levels in STTM169 declined rapidly; however, OE169a remained at a high level (Figure 6C).

[image: Panel A shows three plants labeled OE169a, WT, and STTM169, with varying degrees of leaf health. Panels B to F present bar graphs illustrating biochemical response measurements under control, drought stress, and rehydration conditions. Graph B depicts hydrogen peroxide levels, C shows malondialdehyde, D displays peroxidase activity, E shows catalase, and F depicts superoxide dismutase levels. The graphs indicate significant differences between conditions, with various levels of statistical significance denoted by asterisks.]
Figure 6 | StmiR169a related to drought tolerance characteristics. (A) Phenotypes of WT, STTM169, and OE169a under drought stress. (B) H2O2 and (C) MDA contents and activities of (D) POD, (E) CAT, and (F) SOD were assessed in leaves of WT, STTM169, and OE169a. Significant differences between the means of the two groups were evaluated using the one-way ANOVA (*p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001). MDA, malondialdehyde; POD, peroxidase; CAT, catalase; SOD, superoxide dismutase.

After drought and rehydration treatments, the POD activity in STTM169 significantly increased compared to that in WT, while no significant change was observed in OE169a (Figure 5D). The activity of CAT was the lowest in OE169a lines, followed by WT, and the CAT activity of STTM169 lines was relatively low without drought and rehydration treatments but significantly increased after drought and rehydration (Figure 6E). The SOD activity in WT, OE169a, and STTM169 increased significantly after the drought, but only STTM169 quickly recovered to the level before drought treatment after rehydration (Figure 6F).




3.5 StmiR169a silencing alleviates the reduction in photosynthesis induced by drought stress

Water use efficiency (WUE) is the key indicator for measuring the efficiency of plants in utilizing water. STTM169 showed significantly higher WUEt and WUEi compared to those in OE169a and WT (Figures 7A, B). The WUEt of STTM169 increased significantly after drought treatment, while that of OE169a and WT decreased. However, the WUEi of STTM169 increased quickly and significantly after rehydration, whereas the recovery in OE169a and WT was slower.

[image: Four bar graphs labeled A, B, C, and D compare the effects of control, drought, and rehydration on different plant lines: OE169a, WT, and STTM169. Graph A shows water use efficiency (WUEi). Graph B shows water use efficiency (WUEt). Graph C shows net photosynthesis rate (Pn). Graph D shows plot yield per kilogram. Each treatment is color-coded: control in red, drought in yellow, and rehydration in blue, with statistical significance indicated by letters.]
Figure 7 | Effects of drought stress on photosynthetic performance. (A) The net photosynthetic rate (Pn), (B) instantaneous water use efficiency (WUEt), and (C) intrinsic water use efficiency (WUEi). (D) Yield of potatoes under water-limited conditions. Different letters above columns denote significant differences. The data are mean of three replications. Duncan’s method was used for significance analysis for multiple comparisons (p ≤ 0.05).

The net photosynthetic rate (Pn) of the STTM169 (12.78 μmol/m2·s) was lower than that of OE169a (17.42 μmol/m2·s) and WT (16.29 μmol/m2·s) before drought treatment; however, the Pn of STTM169 decreased the least after drought treatment. Moreover, the Pn of STTM169 recovered to the pre-drought level after 2 days of rehydration, whereas the recovery of Pn in OE169a and WT was relatively slow (Figure 7C).

The yields of WT, STTM169, and OE169a were measured under normal irrigation, moderate drought, and severe drought. The results showed that under moderate and severe drought conditions, the yields of STTM169 were higher than those of WT and especially higher than those of OE169a plants (Figure 7D).





4 Discussion



4.1 The StmiR169a regulates the formation of vascular system, enhancing lodging and drought resistance in potato

MiRNA169 is a widespread and highly conserved microRNA across plant species, which regulates the conserved transcription factor NF-YA, and has a role in multiple organ development and biotic/abiotic stress (Zhang et al., 2022; Chen et al., 2024). However, experimental studies on the functions and mechanisms of miR169s in potatoes are lacking. There are eight miR169 family members in potatoes, whose precursors exhibited variations in size and sequence. Unlike miR169 family members of other species, such as A. thaliana and rice, the eight pre-miR169s in potatoes are processed to produce only one mature miRNA (Figure 1A). The expression level of mature StmiR169 was higher in stem and root than in other organs, especially StmiR169a (Figures 1C, D). Intriguingly, the root and stem development of transgenic lines overexpressing miR169a was adversely affected and manifested a lodging phenotype, whereas the opposite was the case for transgenic lines with partially disrupted miR169 (Figure 3). The histological analysis revealed that the area and number of vascular bundles were significantly increased in the main stems of STTM169 compared to OE169a and WT. Moreover, STTM169 had more and larger xylem vessels (Figures 4A, B). It is evident that the primary cause of the impaired development of the potato vascular system is the overexpression of miR169, which is directly associated with the potato’s resistance to lodging.

The well-developed vascular system in STTM169 also promotes the absorption and transport of water in STTM169, thereby improving the water use efficiency under drought stress (Figures 7A, B). The higher antioxidant capacity of STTM169 allows for an efficient balance of ROS under drought stress to protect potatoes (Figure 6). These findings provided the structural and physiological basis for STTM169’s resistance to drought stress, which eventually improves the STTM169 photosynthetic efficiency and yield under drought stress (Figures 7C, D).

The formation of the vascular system in plants is regulated by a complex network. Phytohormones, such as auxins, cytokinins, and gibberellins, are known to be important in vascular formation by regulating cell division, differentiation, and elongation (Lucas et al., 2013; Ohashi-Ito and Fukuda, 2014). The interplay between auxin and cytokinin is crucial for vascular formation, which involves a proper arrangement of the xylem, phloem, and procambium (De Rybel et al., 2014; Zhao et al., 2015). The miR169 family plays an important role in hormone-mediated signaling pathways (Guo et al., 2005). The KEGG enrichment analysis stem and root of WT (E3)-STTM169 or WT (E3)-OE169a in this study also indicates an abnormally active hormonal signaling response (sot04075); after the silencing of miR169a, auxin signaling transduction may be enhanced, thereby promoting the development of vascular structures and improving the lodging resistance and water transport efficiency of plants (Supplementary Figure 1). Understanding the mechanism of lodging resistance and drought tolerance modulated by StmiR169a can help us in improving crop production.




4.2 The StmiR169a target NF-YA3 regulated multiple biological processes

The nuclear factor Y (NF-Y) transcription factor is a heterotrimeric complex consisting of three subunits, namely, NF-YA, NF-YB, and NF-YC (Zemzoumi et al., 1999). Each subunit is encoded by a set of genes. The main targets of miR169s are genes of NF-YA (Luan et al., 2015; Zhang et al., 2022; Rao et al., 2020; Ji et al., 2022; Li et al., 2021). There have been reports that miR169 mediates the formation of the vascular system, leaves, and roots by regulating NF-YA (Combier et al., 2006; Luan et al., 2014). Our results of transcriptome sequencing and RT-qPCR analysis showed that compared to the WT, the NF-YA3 gene was significantly upregulated in STTM169 and significantly downregulated in OE169a (Figure 5A). The 5′-RLM-RACE confirmed that StmiR169a directly cleaves NF-YA3 (Figure 5B). Abundant light-responsive and plant hormone-responsive elements were identified within the promoter regions of StmiR169 genes. Moreover, the significant enrichment of GO terms related to biological process included “defense response” and “jasmonic acid, ethylene, cytokinin and salicylic acid activated signaling pathway”; those of the cellular component included “cell wall”, “plasma membrane”, and “integral component of membrane”; and those of molecular function included “DNA-binding transcription factor activity”, “sequence-specific DNA binding”, “heme binding”, “oxidoreductase activity”, “calmodulin binding”, “iron ion binding”, and “MAP kinase activity” in the STTM169 vs. OE169a, WT vs. STTM169, and WT vs. OE169a groups (Supplementary Figure 1). Moreover, the top four KEGG enrichment pathways were “Plant hormone signal transduction”, “MAPK signaling pathway”, “Phenylpropanoid biosynthesis”, and “ABC transporters” (Supplementary Figure 2). Furthermore, the top four KEGG pathways were “Environmental adaptation”, “Carbohydrate metabolism”, “Signal transduction”, and “Biosynthesis of secondary metabolites” (Supplementary Figure 3). Collectively, transcriptome sequencing results suggest that StmiR169/NF-YA3 is involved in a variety of biological processes, which may include enhancing antioxidant defenses, regulating hormone signaling, improving water absorption and transport capacity, and increasing the efficiency of photosynthesis. However, the regulatory mechanisms underlying these processes require further investigation.

This study disclosed that STTM169 in potatoes not only augmented drought resistance but also enhanced the plants’ capability to scavenge ROS in comparison with WT plants and OE169a. This augmented resistance was accompanied by an improved vascular bundle and root system development, higher water use efficiency, and elevated levels of photosynthesis in the transgenic plants STTM169 under drought stress. Additionally, it was discovered that StmiR169a targeted the NF-YA3 gene, thereby transcriptionally repressing its expression. On the whole, the StmiR169a/NF-YA3 module assumes a pivotal role in enhancing drought tolerance in potatoes by regulating the development of potato vascular bundles. These results validate the functional significance of the StmiR169 gene and propose it as a promising candidate for the development of novel drought-resistant potato varieties through genetic engineering and response to drought stress.
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Drought stress caused by climate change is increasingly affecting the productivity and quality of vegetable crops worldwide. This review comprehensively analyzes the physiological, biochemical, and molecular mechanisms that vegetable crops employ to cope with drought stress. In particular, it highlights the significance of key hormonal regulation pathways, such as abscisic acid (ABA), jasmonic acid (JA), and ethylene (ET), which play crucial roles in mediating stress responses. Additionally, the role of antioxidant defense systems in mitigating oxidative damage caused by reactive oxygen species (ROS) is discussed. Advances in agricultural technologies, such as the use of smart irrigation systems and biostimulants, have shown promising results in enhancing drought resistance and optimizing crop yields. Integrating these strategies with the development of drought resistant varieties through gene editing and traditional breeding techniques will ensure sustainable agricultural production in drought stressed environments. This review aims to support future research into sustainable agricultural development to enhance drought tolerance in vegetable production and secure global food supply.
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1 Introduction

Drought stress is one of the environmental factors that most severely affects agricultural productivity worldwide (Yang et al., 2019; Kim et al., 2020; Hanlon et al., 2021). As the frequency and intensity of droughts increase due to climate change, understanding and enhancing drought resistance of vegetable crops has become even more important. Most vegetable crops are primarily composed of water, making them particularly vulnerable to drought stress that affects their growth and development, and water deficits during critical growth stages result in significant reductions in yield and quality (Liang et al., 2020; Ackah and Kotei, 2021; Mukherjee et al., 2023; Jang et al., 2024). Vegetables are an essential food resource for humans, playing a key role in providing nutrients, vitamins, dietary fiber, antioxidants, and other beneficial phytochemicals. However, despite the increase in global production, the supply remains insufficient (Costlow et al., 2025).

Drought stress induces osmotic and oxidative stress in crops, leading to damage in cellular organelles caused by reactive oxygen species (ROS) (Laxa et al., 2019; Chen et al., 2022). In response to drought stress, vegetable crops engage complex mechanisms, including the hormonal regulation of key gene expression/signaling pathways, the activation of antioxidant enzymes, and protein synthesis and degradation processes (Iqbal et al., 2019; Zhou et al., 2019a; Shin et al., 2021).

Recent research has focused on improving drought resistance by integrating new plant breeding technologies (NPBTs) with traditional breeding methods to develop resistant varieties, providing a major boost to food security and sustainable agricultural development (Shao et al., 2018; Qaim, 2020). In particular, developing genetically modified organisms (GMOs) and gene-edited crops opens new possibilities in this field, playing a vital role in addressing the decline in agricultural productivity caused by climate change (Qaim, 2020).

In addition to advancements in breeding technologies, strategies such as climate-smart agricultural systems and biostimulant applications have shown promise in mitigating the adverse effects of drought on vegetable crops (Kıran et al., 2019; Savarese et al., 2022). In particular, the integration of smart irrigation systems and precision watering techniques, such as drip irrigation, can improve water use efficiency, enhance antioxidant defense mechanisms, optimize osmotic regulation, and effectively modulate key stress-responsive pathways, thereby not only enhancing drought tolerance but also playing a critical role in maintaining sustainable crop productivity and quality (Abdelraouf et al., 2020; Bwambale et al., 2022; Debebe et al., 2025).

This review aims to provide a comprehensive understanding of the physiological, biochemical and molecular responses of vegetable crops to drought stress, while analyzing the effects on vegetable crops from various perspectives. Additionally, through case studies of major vegetable crops, the review analyzes actual research outcomes applied in practice in terms of how much they enhance the drought resistance of vegetable crops and support effective agricultural production strategies.




2 Climate change and drought stress: impacts on vegetable crops

Climate conditions significantly influence the yield and quality of vegetable crops. Recently, abnormal weather patterns due to global warming have become more frequent, and global warming due to the increase in atmospheric carbon dioxide is expected to further alter precipitation patterns and distribution (Yang et al., 2019). Typically, drought stress results from insufficient rainfall, but it can also be triggered by prolonged high temperatures, intense sunlight, and soil drying caused by dry winds (Cohen et al., 2021).

Developing countries are facing severe food security crises, partly due to declining annual rainfall, which leads to reduced agricultural productivity (Warner and Afifi, 2014; Change and FAO, 2016; Dinko and Bahati, 2023). Impacts are also seen in temperate zones such as the UK, where changes in rainfall patterns due to climate change are also expected to increase the frequency and intensity of droughts (Hanlon et al., 2021). Additionally, traditional agricultural regions are moving because of more frequent droughts and water shortages (Kanyama Phiiri et al., 2016). In Korea, climate simulation studies predict significant changes in rainfall from September to November between 2030 and 2050, which will impact Chinese cabbage production (Kim et al., 2020).

Drought stress refers to the physiological and biochemical responses of plants when they experience water deficits. It occurs mostly from reduced rainfall that leads to insufficient soil moisture, severely affecting crop growth, development, productivity, and quality. For example, with Chinese cabbage (Brassica rapa subsp. pekinensis), insufficient water supply during the early heading stage after sowing, leads to retarded leaf development and significantly reduced growth rates. Leaves also become smaller in size and number, and tend to yellow, wilt or become necrotic (Jang et al., 2024). Similarly, tomato (Solanum lycopersicum L.) requires adequate water supply, especially during early growth and fruit formation (Mukherjee et al., 2023). In addition, water availability is essential to the growth of pepper (Capsicum annuum), with higher water requirement during flowering and fruit-set (Ichwan et al., 2022). The duration, intensity, and frequency of drought stress also affect the growth and productivity of crops such as cabbage (Brassica oleracea var. capitata), that under prolonged drought stress causes decreased leaf size, resulting in reduced photosynthesis and a significant reduction in final yield (Ackah and Kotei, 2021).

Climatic conditions affect the yield of various vegetables, with insufficient water supply inhibiting the growth and development of plant organs such as leaves, stems and roots, negatively impacting overall plant growth. Thus, to maintain agricultural sustainability under abnormal weather patterns including drought caused by climate change, it is imperative to further research drought resistance in plants; including a deeper understanding molecular/physiological mechanisms in response to drought stress, to the development of optimized agricultural practice and breeding of drought tolerant crops.




3 Physiological response mechanisms

Vegetable crops exhibit physiological changes in response to environmental stimuli, such as drought stress, which significantly impact crop quality and yield (Ullah et al., 2019; Kapoor et al., 2020; Qiao et al., 2024). Plants lose more water through transpiration from their leaves than they can take in through their roots when soil moisture levels drop as a result of less rainfall, heat, sunlight, or dry winds (Kirschbaum and McMillan, 2018). In response, plants expand their root systems to absorb more water and minimize water loss by closing stomata on their leaves (Fahad et al., 2017). Understanding the mechanisms behind root expansion, including increasing root length and growing deeper into the soil is critical for developing agricultural strategies to enhance crop productivity. By optimizing water absorption and minimizing water loss, plants can better adapt to drought stress (Tron et al., 2015).

Under drought stress, plants commonly exhibit leaf changes, including reduced growth, curling, yellowing, tip burn, and permanent wilting (Jang et al., 2024). Stomatal closure is a defense mechanism that plants use to minimize water loss in drought conditions, but it can also reduce photosynthetic efficiency (Pamungkas and Farid, 2022). Research on tomatoes (Solanum lycopersicum L.) demonstrated that plants close their stomata to conserve water, but this also lowers internal carbon dioxide levels, leading to reduced photosynthesis under drought stress (Liang et al., 2020). As photosynthesis declines, energy and carbohydrate production needed for growth decrease, ultimately inhibiting overall plant development (Liu et al., 2023b) (Figure 1).

[image: Diagram illustrating the effects of drought stress on plants. The sequence begins with a plant experiencing drought stress, depicted with a lightning bolt. This leads to decreased germination rate, reduced photosynthesis and chlorophyll levels, leaf curling and tip burn, decreased leaf number and size, decreased shoot growth, inhibited root growth and development, and reduced water and nutrient uptake. These factors ultimately result in decreased yield.]
Figure 1 | Drought stress impact on plant growth and yield. Drought stress negatively affects various physiological and developmental processes in plants. Various adverse effects caused by drought stress collectively lead to a decline in agricultural productivity.

In addition, plants maintain cellular ion concentration and osmotic balance through a process called osmoregulation, enhancing their physiological adaptability and increasing the chances of survival under stress (Ozturk et al., 2021). Thus, osmoregulation serves as an important defense mechanism; however, its effectiveness decreases under prolonged stress conditions, as observed in Welsh onion (Allium fistulosum), where extended drought stress (28 days) led to a decrease in osmolyte accumulation and an inability to restore physiological homeostasis, ultimately reducing plant survival and productivity (Liu et al., 2023c). Drought stress-induced physiological changes in plants directly affect agricultural productivity, making it increasingly difficult to cultivate vegetable crops in water-scarce regions (Qiao et al., 2024).




4 Biochemical response mechanisms



4.1 Antioxidant defense system

Drought stress leads to an overproduction of ROS in plant cells, causing oxidative stress that significantly affects physiological functions. ROS, such as hydrogen peroxide (H2O2), superoxide ion (O2-), hydroxyl radical (OH-), and singlet oxygen can cause detrimental effects on essential cellular components like membranes, proteins, and nucleic acids (Zhou et al., 2019a). To counteract this, plants activate their biochemical defense mechanisms through antioxidant enzymes (Laxa et al., 2019). Superoxide dismutase (SOD) converts superoxide ions into H2O2 and oxygen (O2), which are then further broken down into H2O by other antioxidant enzymes. Peroxidase (POD) is another key antioxidant enzyme whose activity increases in response to various abiotic stresses, playing a critical role in scavenging ROS and protecting cells. POD also contributes to lignin biosynthesis, which helps maintain the cell wall and reinforces plant structure (Yang et al., 2022b). Ascorbate peroxidase (APX) also plays a significant role in removing ROS; APX uses ascorbic acid as a substrate to reduce hydrogen peroxide to water, generating dehydroascorbic acid (DHA). DHA can be recycled back into ascorbic acid, allowing continuous antioxidant action (Fujita and Hasanuzzaman, 2022).

Together with SOD, POD, and APX, catalase (CAT), another crucial antioxidant enzyme, converts hydrogen peroxide into oxygen and water, rapidly lowering elevated ROS levels. These enzymes are particularly active in cell organelles like peroxisomes, and mitochondria, where ROS are predominantly generated, minimizing cell damage (Sharma and Ahmad, 2014). In Chinese cabbage (Brassica rapa subsp. pekinensis), activation of SOD was shown to suppress ROS accumulation, thereby reducing cell damage and improving drought tolerance and productivity (Chen et al., 2022). Similarly, in tomato (Solanum lycopersicum), drought and heat stress significantly increased ROS levels, which were counteracted by the activation of SOD, POD, APX, and CAT. These antioxidant enzymes played a crucial role in maintaining ROS homeostasis and preventing oxidative damage, particularly in drought-tolerant varieties (Zhou et al., 2019a). Likewise, in soybean (Glycine max), drought-tolerant cultivars exhibit enhanced antioxidant enzyme activities, effectively mitigating ROS-induced oxidative stress. Under split-root drought conditions, soybean plants significantly increased the activities of SOD, CAT, APX, and POD, which correlated with reduced H₂O₂ and MDA levels (Iqbal et al., 2019). Notably, drought-tolerant cultivars exhibited stronger antioxidant responses, maintaining higher chlorophyll content and photosynthetic efficiency compared to susceptible cultivars (Iqbal et al., 2019).

Through the activation of these antioxidant enzymes, plants enhance their biochemical defense systems to mitigate environmental stresses and help maintain internal homeostasis (Figure 2).
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Figure 2 | Antioxidant defense system in plant cell organelles under drought stress. The figure shows the generation and detoxification of reactive oxygen species (ROS) in chloroplasts, mitochondria, peroxisomes, and the cytosol. In chloroplasts and mitochondria, ROS such as superoxide ions (O₂⁻) are converted into hydrogen peroxide (H₂O₂) by superoxide dismutase (SOD). Ascorbate peroxidase (APX) further reduces H₂O₂ to H₂O, using ascorbate in the process. In peroxisomes, SOD also converts O₂⁻ to H₂O₂, which is then detoxified by catalase (CAT) to produce H₂O and oxygen (O₂). The cytosolic AsA-GSH cycle provides a continuous supply of antioxidants by recycling ascorbate and glutathione (GSH), helping to maintain cellular redox balance. Through the coordinated action of these enzymes, plants enhance stress tolerance, reducing oxidative damage in drought conditions.




4.2 Accumulation of osmolytes

Plants accumulate osmolytes as a biochemical mechanism to defend themselves against various stresses. Osmolytes are small organic compounds that help plants adapt to various abiotic stresses. These osmolytes include proline, glycine betaine, polyamines, glycerol, and mannitol, which play key roles in osmotic regulation, cell stabilization, and protein protection, allowing plant cells to maintain their function even under stress conditions (Chen and Jiang, 2010; Jogawat, 2019; Dikilitas et al., 2020). Proline accumulation occurs in response to a variety of stress conditions, such as drought, salinity, cold, and heavy metals, and has been reported to correlate with drought tolerance in several plant species (Iqbal et al., 2019; Mahmood et al., 2021; Shin et al., 2021; Plazas et al., 2022). Additionally, it scavenges ROS, mitigating the harmful effects of abiotic stresses (Hayat et al., 2012). In lettuce (Lactuca sativa), drought stress resulted in a significant accumulation of proline, with levels increasing approximately 660-fold on day 8 compared to control conditions. This dramatic increase suggests that proline plays a crucial role in osmotic adjustment and adaptation to drought stress by reducing oxidative damage and stabilizing cellular structures (Shin et al., 2021). In eggplant (Solanum melongena) and its wild relatives, proline accumulation increased significantly under drought stress; tolerant genotypes such as S. incanum and S. pyracanthos showed levels more than 79- and 95-fold higher, respectively than control plants, whereas susceptible genotypes showed only an 8-fold increase (Plazas et al., 2022). In drought-tolerant soybean (Glycine max) varieties, the accumulation of proline was significantly higher under drought stress in a split-root system compared to that in susceptible varieties (Iqbal et al., 2019). This increased concentration of proline is associated with enhanced water retention and osmotic regulation, both of which contribute to improved drought tolerance. However, recent findings indicate that the relationship between proline accumulation and drought tolerance may not be universally positive, as it can vary depending on the plant species and developmental stage. For example, in pepper (Capsicum spp.), bell pepper varieties such as Green Wonder exhibited higher proline levels under drought stress, but showed increased drought susceptibility rather than improved tolerance, suggesting a more complex interaction between osmotic regulation and stress adaptation (Mahmood et al., 2021). Glycine betaine, another important osmolyte, accumulates primarily in chloroplasts in response to drought stress and helps maintain photosynthetic efficiency through osmotic regulation (Gupta and Thind, 2015). Its primary functions include stabilizing proteins, regulating osmotic pressure, and scavenging ROS, thereby protecting plant cells and contributing to stress tolerance (Alasvandyari et al., 2017; Dikilitas et al., 2020). Despite the diverse biochemical/physiological effects of osmolytes on plants, further research is required for a deeper understanding of their impact on stress responses. Given their potential to mitigate the negative effects of ROS, osmolytes play an essential role in reducing agricultural losses caused by various environmental stresses (Figure 2).





5 Molecular biological response mechanisms



5.1 Hormonal regulation

Plants respond to various environmental stresses through hormonal regulation, controlling specific growth patterns and physiological changes. In drought stress environments, hormones such as abscisic acid (ABA), jasmonic acid (JA), salicylic acid (SA), and ethylene (ET) play complex roles in regulating stress responses (Abbas et al., 2023). ABA is a major hormone involved in abiotic stress response, influencing plant growth, germination, aging, and stress tolerance. ABA regulates drought stress responses by inducing stomatal closure through its signaling pathway and activating the expression of drought response genes (Yoon et al., 2020). ABA binds to multiple ABA receptors (PYR/PYL/RCARs), which inhibit the activity of PP2C, leading to the activation of SnRK2 and affecting downstream signaling pathways; the ABA receptors regulate the ABA signaling pathway by binding to ABA and inhibiting PP2C, thereby facilitating SnRK2 activation under stress conditions (Yin et al., 2009; Maszkowska et al., 2021) (Figure 3). On the other hand, gibberellin (GA), which regulates growth processes such as seed germination and flowering is suppressed under drought conditions. The deceleration of GA biosynthesis retards plant growth, thereby bolstering their chances of survival (Omena-Garcia et al., 2019). JA is primarily known for its role in defense against biotic stresses such as pests and pathogens, but it also plays a crucial role in abiotic stresses including drought, salinity, and heat (Ali and Baek, 2020). JA accumulates during drought stress and promotes stomatal closure to reduce water loss. It also activates antioxidant responses and regulates ion balance to minimize cell damage (Wang et al., 2020). SA contributes to drought tolerance by modulating ROS levels and regulating the expression of genes involved in stomatal regulation, often working in coordination with other hormones (Pandey and Chakraborty, 2015). ET, while primarily involved in fruit ripening and leaf aging also plays a crucial role in drought stress by balancing growth promotion and stress defense through stomatal regulation, aging acceleration, and stress-responsive gene expression (Chen et al., 2021a). These hormonal regulations are vital for plants to enhance their survival under extreme environmental conditions.
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Figure 3 | Schematic overview of ABA-dependent and ABA-independent signaling pathways involved in drought stress response. Upon drought stress, ABA is synthesized, leading to the activation of the ABA-dependent pathway, which includes ABA receptors (PYR/PYL/RCAR), PP2Cs, and SnRK2 kinases. This pathway regulates the expression of stress-responsive genes through transcription factors (TFs) like ABF/AREB families. In parallel, the ABA-independent pathway involves TFs such as NAC, MYB2, MYC2, and WRKY, which regulate the expression of drought-responsive genes such as RD22, RD29A, and ERD1 through binding to their respective regulatory elements (NACR, MYBR, MYCR, W-box, and DRE/CRT). The DREB2A TF is particularly important in the ABA-independent pathway and is negatively regulated by E3 ubiquitin ligases, DREB2A-INTERACTING PROTEIN1 (DRIP1)- and DRIP2. Together, these pathways enhance the plant tolerance to drought stress by modulating the expression of key stress-responsive genes.




5.2 Drought stress response genes

Although plant hormones typically regulate similar physiological processes, each hormone functions through distinct transcription factors (TFs) or gene networks, ensuring non-redundant activity (Nemhauser et al., 2006). Under drought stress, many genes are regulated by ABA, highlighting its importance in the stress responses (Mizuno and Yamashino, 2008). Drought stress responses are generally divided into ABA-dependent and ABA-independent pathways (Figure 3). The TFs, AREB/ABFs (ABRE-binding protein/ABRE-binding factors) function within the ABA-dependent pathway by binding to the ABRE (ABA-responsive element) cis-acting element, while DREBs (DRE-/CRT-binding proteins) operate within the ABA-independent pathway by binding to the DRE/CRT (Dehydration-responsive element/C-repeat) cis-acting element present in the promoters of stress-responsive genes (Fujita et al., 2005; Yamaguchi-Shinozaki and Shinozaki, 2005; Yoshida et al., 2014). AREB1, AREB2, and ABF3 play critical roles in activating the expression of genes in the ABA-dependent pathway by binding to ABRE. When all of these TFs are functional, plants exhibit significantly enhanced drought tolerance (Yoshida et al., 2010). AREB/ABFs induce the expression of downstream genes such as RD22 (Responsive to Desiccation 22) and RD29B (Responsive to Desiccation 29B), which are crucial for stress adaption by protecting cells and preserving intracellular water (Yamaguchi-Shinozaki and Shinozaki, 1993, 1994). Some LEA (Late Embryogenesis Abundant) genes contain ABRE sequences, which are bound by AREB/ABF transcription factors and increase the production of LEA proteins in response to drought stress. LEA proteins stabilize cell structures and protect critical molecules during cellular dehydration (Hundertmark and Hincha, 2008). Through the ABA-independent pathway, plants can react to drought stress without ABA signaling thanks to available DREB (Dehydration-Responsive Element-Binding) TFs that are a member of the plant-specific AP2/ERF (APETALA2/ethylene-responsive factor) family (Sakuma et al., 2002).

Specifically, DREB2A (Dehydration-Responsive Element-Binding protein 2A) controls the expression of genes that respond to drought stress, enhancing the capacity of plants to retain water (Sakuma et al., 2006). During the early phases of leaf turgor reduction, the NCED3 (9-cis-Epoxycarotenoid Dioxygenase) gene, which is crucial for ABA biosynthesis, rapidly increases its expression, raising ABA levels under drought stress (Sussmilch et al., 2017). The P5CS (Pyrroline-5-Carboxylate Synthetase) gene is involved in proline biosynthesis, contributing to the antioxidant system of plants (Rai and Penna, 2013).

TF families such as NAC (NAM, ATAF1/2, and CUC2), MYB (myeloblastosis), and WRKY are also involved in controlling drought tolerance (Figure 3). The NAC TFs regulate downstream stress-responsive genes, helping plants adapt to drought and salinity (Nakashima et al., 2012); for example, overexpression of NAC gene family members including ANAC019, ANAC055, and ANAC072 in Arabidopsis conferred drought tolerance (Tran et al., 2004). Similarly, transgenic plants overexpressing AtMYC2 and/or AtMYB2 showed higher sensitivity to ABA and the ABA-induced gene expression of RD22 was enhanced in those transgenic plants. Furthermore, transgenic plants overexpressing both AtMYC2 and AtMYB2 displayed upregulated expression levels of several ABA-inducible genes, contributing to drought stress resistance (Abe et al., 2003). WRKY TFs, as plant-specific TFs are strongly and rapidly induced in response to certain abiotic stresses, such as drought and salinity. Moreover, it is known that they play crucial roles in both biotic and abiotic stress responses in plants (Seki et al., 2002). Overexpression of GmWRKY54 in Arabidopsis and soybean (Glycine max) plants has been shown to enhance drought and salinity resistance through activating genes in ABA and Ca2+ signaling pathways (Zhou et al., 2008; Wei et al., 2019).




5.3 Protein stability and degradation

TFs and their downstream gene products are regulated through various plant hormones, inducing the stabilization or degradation of specific proteins to control intracellular protein levels in response to drought stress. Ubiquitin plays a critical role in protein stability and degradation, as well as in regulating the ABA signaling pathway during drought stress responses. The ubiquitin-proteasome pathway is a key mechanism for controlling intracellular protein degradation. Unnecessary or damaged proteins are tagged with ubiquitin and then degraded by proteasomes; this process is important for maintaining protein homeostasis within the cell, ensuring normal cellular functions by removing promptly damaged, misfolded or no longer needed protein (Moon et al., 2004; Sadanandom et al., 2012; Stone, 2019). Recent studies have highlighted the crucial role of the ubiquitin-proteasome pathway in improving crop yield and quality, particularly contributing to the regulation of seed germination rate, size, and nutrient composition (Varshney and Majee, 2022)

Ubiquitination is a three-step process involving three enzymes. The first enzyme, E1 (Ubiquitin-activating enzyme) uses ATP to activate ubiquitin. E2 (Ubiquitin-conjugating enzyme) transfers ubiquitin to E3 (Ubiquitin ligase), which recognizes target proteins and attaches ubiquitin, marking them for degradation by the 26S proteasome (Moon et al., 2004). The DREB2A TF that holds great importance in drought stress responsive gene expression is ubiquitinated and degraded by the E3 ligases DRIP1 (DREB2A-Interacting Protein 1) and DRIP2 under normal conditions. However, activities of DRIP1 and DRIP2 are suppressed under drought conditions, allowing DREB2A to activate downstream gene expression and enhance drought resistance (Qin et al., 2008).

In Arabidopsis, the RING-H2 zinc finger domain-containing E3 ligase XERICO (Greek for ‘drought tolerant’) has been shown to indirectly promote the expression of NCED3, a key gene in ABA biosynthesis, contributing to drought tolerance (Ko et al., 2006). Furthermore, ubiquitination can stabilize proteins, allowing them to persist longer in the cell and activate specific signaling pathways. For example, the SDIR1 (Salt- and Drought-Induced RING Finger 1) E3 ubiquitin ligase stabilizes the ABI5 (ABA-Insensitive 5) TF, enhancing drought resistance through the ABA signaling pathway (Zhang et al., 2007). The ubiquitin system is therefore crucial for raising crop quality and productivity, and it would be feasible to improve agricultural productivity and fortify tolerance to different environmental challenges by deeper understanding and utilizing the system.





6 Strategies for overcoming drought damage



6.1 Smart and traditional water management for drought resilience

Smart irrigation systems optimize water usage by monitoring soil moisture, weather, and plant needs, enabling precise watering regimes that shield vegetable crops from drought stress during cultivation. Recently, IoT (Internet of Things) technology has been employed to monitor soil moisture in real-time, enabling the implementation of automated irrigation systems. By adjusting water amounts based on the specific needs of crops, smart agriculture systems optimize crop health and yield (Bwambale et al., 2022). For instance, the pH and electrical conductivity (EC) of nutrient solutions are automatically adjusted in an IoT-based smart farming system while real-time climate conditions are monitored. This system increased the fresh weight (FW) of Chinese cabbage (Brassica rapa subsp. pekinensis) by 27.14% and dry weight (DW) by 48.9%, demonstrating the practical efficiency of smart agricultural systems in vegetable production (Promwee et al., 2024). In addition to real-time monitoring and automation, machine learning (ML) models have been increasingly integrated into smart irrigation systems to enhance decision-making processes. Recent studies have reported that Random Forest, a widely used ML algorithm, can effectively predict the yield of potato (Solanum tuberosum) and maize (Zea mays) based on rainfall and temperature data (Kuradusenge et al., 2023).

Furthermore, improving irrigation design is crucial for maximizing water use efficiency. A study on potato (Solanum tuberosum) demonstrated that optimizing drip irrigation systems can significantly improve both water use efficiency and crop productivity (Abdelraouf et al., 2020). Drip irrigation, which delivers water directly to the roots of plants, minimizes evaporation losses and ensures that crops receive adequate moisture, making it particularly effective in drought-prone environments (Abdelraouf et al., 2020). However, smart agriculture systems also face significant challenges. Many systems are limited to specific pests or crop types, restricting their broader applicability. Additionally, these systems often have high computational costs and dependencies on available data and hardware, which can lead to misclassification risks. Some systems tested on specific crops may struggle to generalize to different crops or agricultural environments (Jha et al., 2019). Traditional rainwater harvesting (RWH) practices can significantly increase crop productivity when combined with organic soil amendments. A recent study showed that the integration of in-situ RWH techniques, such as stone bunds and rainwater harvesting ponds, with poultry litter biochar increased the yields of maize (Zea mays) and barley (Hordeum vulgare) by 74% and 89.6%, respectively, while stand-alone RWH applications increased corn and barley yields by 6.7% and 36.2%, respectively. (Debebe et al., 2025). Integrating traditional water management techniques with smart irrigation systems could further enhance water efficiency in precision agriculture.




6.2 Biotechnology applications

A prominent solution to overcome drought damage in vegetable crops is the development of drought-resistant varieties through gene editing and/or breeding. In addition, transgenic plants with manipulated genes for gain/loss-of-function have been utilized to examine abiotic stress tolerance (Zhou et al., 2019b; Chen et al., 2021b; He et al., 2021; Li et al., 2021; Wang et al., 2022a, b; Yang et al., 2022a). Responsible genes for the stress-resistance traits are being introduced into other crops for various research purposes. Antisense RNA approaches for suppressing or regulating the expression of specific genes by forming double stranded RNA, disrupting translation and inhibiting the function of target genes have been also applied for generation of stress resistant crops (Deleavey and Damha, 2012). RNA interference (RNAi) techniques use short interfering RNA (siRNA) or short hairpin RNA (shRNA) for binding to target mRNAs and induce degradation, effectively silencing specific genes (Dykxhoorn and Lieberman, 2005). CRISPR/Cas9 is an RNA-guided endonuclease that specifically targets DNA sequences via nucleotide base pairing, resulting in permanent gene modifications (Hsu et al., 2014). The following table summarizes results from studies on transgenic plants with modified expression of specific genes related to drought stress: Developing stress-resistant crops based on the introduction of genes involved in stress responses is a rapid way to improve crop varieties (Table 1). For instance, the overexpression of a thaumatin-like protein gene, BolTLP1 in broccoli (Brassica oleracea L. var. Italica) has been shown to improve both drought and salt tolerance (He et al., 2021). Similarly, transgenic Arabidopsis plants that overexpress the SR (serine/arginine-rich) protein gene, BrSR45a (also known as BrSR-like 3) and the DEAD-box RNA helicase gene BrRH37 from cabbage (Brassica rapa) demonstrated improved drought resistance (Muthusamy et al., 2020; Nawaz et al., 2021). Ectopic expression of the β-carotene hydroxylase gene, DcBCH1 from carrot (Daucus carota L.) resulted in enhanced carotenoid biosynthesis, contributing to drought tolerance, while the phytochrome-interacting factor gene, DcPIF3 of carrot was found to be associated with ABA-related drought responses (Li et al., 2021; Wang et al., 2022b). Additionally, studies in chickpea (Cicer arietinum L.) have revealed that the overexpression of a glutaredoxin gene, CaGrx, contributes to ROS scavenging and improves drought tolerance (Kumar et al., 2023). In cucumber (Cucumis sativus L.), overexpression of CsATAF1, which encodes a NAC transcription factor activated ABA-dependent signaling pathways, resulting in enhanced drought tolerance (Wang et al., 2018). CRISPR/Cas9 genome editing systems have also been applied to improve drought resistance in tomato (Solanum lycopersicum); knockout of the pathogenesis-related gene 1, SlNPR1 resulted in increased stomatal opening, leading to increased sensitivity to drought (Li et al., 2019). Similarly, knockout mutants of the auxin response factor gene, SlARF4 exhibited drought tolerance, with increased expression levels of genes in the phenylpropanoid biosynthetic pathway, potentially contributing to lignin biosynthesis, vascular development, and enhanced drought resistance (Chen et al., 2021b).

Table 1 | Drought stress study in transgenic plants with regulated gene expression.
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However, since this process relies on the expression of specific stress-related genes, it has limitations. It is important to not only develop transgenic crop varieties but also integrate methods that enhance gene expression or utilize antioxidant enzymes. Also, it is still necessary to evaluate transgenic plants under stress conditions and understanding the physiological impacts of introduced/modified genes at the whole-plant level.

Recent research has increasingly focused on enhancing drought tolerance through NPBTs with conventional breeding approaches to generate resilient crop types (Shao et al., 2018). These activities are crucial for supporting food security and promoting sustainable agricultural development. The development of GMOs, particularly gene-edited crops, offers new prospects in agriculture, significantly aiding efforts to counteract declines in agricultural productivity due to climate change (Qaim, 2020). To maximize the benefits of such technologies, it is essential to take into account the regulatory framework governing GMOs and/or gene editing products. Policies regarding gene-edited crops differ significantly across the globe; certain countries implement more permissive regulations that facilitate the commercial cultivation and research of these crops, whereas others uphold stringent regulations that restrict their development and commercialization (Wolt et al., 2016). These international regulatory differences significantly influence the global distribution and adoption of GMOs and/or gene-edited products.

Moreover, the public’s understanding and perception of gene editing and GMO technologies demonstrate considerable regional disparities, which affect the acceptance and application of these technologies. This underscores the importance of transparent communication and education concerning the benefits and scientific safety of gene editing, with the aim of enhancing public awareness and fostering responsible utilization. Identifying target genes for gene editing approaches through genomics and gene function studies is also essential. By understanding the roles of specific genes in stress responses, gene editing technologies can be applied with greater precision and effectiveness. The ongoing exploration and evaluation of potential target genes are vital steps in generation of climate-resilient crops with improved levels of abiotic stress resistance. From a policy perspective, it is essential to establish equitable and science-based regulatory frameworks to mitigate adverse effects and ensure the responsible integration of these technologies into agricultural systems.




6.3 Grafting and genomics-assisted breeding for drought tolerance

A variety of non-GM approaches have been used to improve drought tolerance in vegetable crops (Zhang et al., 2019; Shehata et al., 2022). Unlike genetic modification techniques that introduce foreign DNA, these methods rely on conventional breeding, marker-assisted selection (MAS), and physiological modifications through grafting (Kumar et al., 2017; Liu et al., 2023a). One of the most widely used methods is grafting, which has been shown to improve drought resistance by increasing water uptake efficiency and activating stress-responsive mechanisms. In cucumber (Cucumis sativus), grafting onto drought-tolerant rootstocks significantly increased the activity of antioxidant enzymes and promoted the accumulation of osmoprotectants such as proline. Additionally, the grafted plants exhibited up-regulated expression of stress-responsive genes, such as CsAGO1 and CsDCLs, which contributed to improved drought tolerance (Shehata et al., 2022). In tomato (Solanum lycopersicum), grafting improved photosynthetic capacity, maintained chlorophyll content, and increased antioxidant enzyme activities, resulting in reduced oxidative stress and improved drought tolerance. Additionally, the grafted plants exhibited better stomatal regulation and higher water use efficiency under drought conditions (Zhang et al., 2019). In watermelon (Citrullus lanatus), grafting onto drought-tolerant rootstocks such as wild watermelon (Citrullus colocynthis) significantly increased antioxidant enzyme activities, reduced oxidative damage, and improved plant water status under drought conditions (Shehata et al., 2022).

Despite these advantages, however, grafting has several limitations and challenges. Grafting is a labor-intensive process that requires skilled personnel and post-graft management, making it costly and difficult for large-scale production. These factors are significant barriers to the widespread adoption of grafting, especially for smallholders with limited resources (Rasool et al., 2020; Lee et al., 2010). Additionally, successful grafting requires physiological and genetic compatibility between the rootstock and the scion. In some combinations, the accumulation of phenolic compounds at the graft interface inhibits vascular differentiation, leading to impaired water and nutrient transport and, ultimately, graft failure (Goldschmidt, 2014; Pina et al., 2012). Although grafting improves drought tolerance, its effectiveness may be limited under extreme drought conditions. Therefore, for long-term drought mitigation, grafting should be combined with other agronomic strategies, such as mulching and the application of biostimulants, to ensure optimal plant growth and productivity (Pina et al., 2017).

Recent advancements in single nucleotide polymorphism (SNP)-based MAS have significantly improved the accuracy of selecting drought-tolerant crop varieties. SNPs are variations in a single nucleotide at a specific position in the genome, enabling the precise identification of drought-tolerant genotypes (Nassar et al., 2018; Zhou et al., 2023). Compared to conventional breeding, MAS enables direct identification of drought-associated genotypes through genome-wide association studies (GWAS), accelerating the development of drought-resistant varieties (Liu et al., 2023a). Moreover, to improve the efficiency of selecting drought-tolerant vegetable crops, GWAS have been extensively utilized to identify quantitative trait loci (QTLs) linked to drought adaptation across various species. For example, a GWAS conducted on chickpea (Cicer arietinum) identified 1,344 SNP markers, of which 22 were significantly associated with drought tolerance across different environments (Istanbuli et al., 2024). Similarly, QTL analysis in Brassica napus identified loci associated with root morphology and water-use efficiency, which are essential traits for drought adaptation (Jayarathna et al., 2024). Beyond these species, GWAS have also been employed in potato (Solanum tuberosum) to identify QTLs involved in drought response at the tuber initiation stage, leading to the discovery of 38 significant genomic regions associated with physiological, biochemical, and yield-related traits under water deficit conditions (Díaz et al., 2021). These studies demonstrate that combining MAS with QTL mapping can enhance the efficiency of selecting drought-tolerant genotypes, thereby supporting the application of genome-based breeding approaches for crop improvement.




6.4 Use of various biostimulants

Another strategy to reduce drought damage to vegetable crops is the use of biostimulants (Figure 4). The market of plant biostimulants is expanding, and they are being regarded as innovative agricultural tools (Povero et al., 2016). Agricultural biostimulants can be used as substitutes for synthetic chemical pesticides like insecticides and herbicides, helping to make agriculture more resilient and sustainable (Bulgari et al., 2015; Van Oosten et al., 2017). Plant biostimulants, which can improve plant growth and production under abiotic stress conditions are made from a variety of organic and inorganic materials as well as microorganisms (Du Jardin, 2015; Goñi et al., 2018). By improving soil conditions, biostimulants have a direct impact on plant physiology and metabolism; increasing the efficiency of water and nutrient usage, promoting plant growth, and enhancing primary and secondary metabolism to assist plants cope with abiotic stress (Bulgari et al., 2015).

[image: Diagram showing the impact of biostimulants on plants under drought stress. On the left, a drooping plant symbolizes drought stress. Biostimulants, including phytohormones, humic acid, gamma-PGA, seaweed extracts, nanoparticles, and PGPBs, are in the center. They enhance ROS scavenging, hormonal pathways, cell stabilization, nutrient uptake, and osmoregulation. On the right, a healthy plant represents drought tolerance.]
Figure 4 | Figure illustrates the mechanisms and types of biostimulants used to enhance drought stress tolerance in vegetable crops. Biostimulants, including phytohormones, humic acid, γ-glutamic acid (γ-PGA), seaweed extracts, nanoparticles, and plant growth-promoting bacteria (PGPBs), improve plant tolerance under drought conditions. Biostimulants strengthen drought resistance by promoting ROS scavenging, activating hormonal pathways, stabilizing cellular structures, improving nutrient uptake, and regulating osmotic balance, thereby increasing plant growth, productivity, and stress resistance.

Humic substances (HSs) such as humic acid, fulvic acid, and humin are naturally occurring components of soil organic matter and have been shown to enhance drought resistance when applied to plants (Trevisan et al., 2010). For example, when humic acid-based biostimulants were applied to lettuce (Lactuca sativa), the plants showed improved nutrient absorption capacity, leading to enhanced quality and increased resistance to abiotic stress (Savarese et al., 2022). In melon (Cucumis melo L.), the application of humic acid increased the accumulation of potassium (K) and calcium (Ca) ions, chlorophyll content, and the activity of antioxidant enzymes like SOD and CAT, thereby improving drought resistance (Kıran et al., 2019). As soil conditioners and biostimulants, seaweed extracts were also utilized in agriculture because they included compounds that functioned similarly to plant hormones to stimulate plant growth (Battacharyya et al., 2015). Applying seaweed extracts to broccoli (Brassica oleracea var. cymosa L.) enhanced resilience to abiotic stresses and improved production and quality (Gajc-Wolska et al., 2012). These results suggest that seaweed extracts can be useful for enhancing the productivity of high-value crops such as broccoli. Microorganisms also play roles in improving soil health and promoting plant growth. PGPB (Plant Growth Promoting Bacteria) enhance the production of osmolytes and regulate hormonal pathways in plants. They also help plants withstand abiotic stresses such as heat, salinity, and drought by improving root development and water uptake (Turan et al., 2017). Similarly, γ-glutamic acid (γ-PGA), a biodegradable and non-toxic polymer produced by microorganisms, has attracted attention for its potential applications in agriculture. γ-PGA improves nitrogen absorption under soil conditions, enhances water retention capacity in Brassica napus L., and promotes the removal of ROS while facilitating the accumulation of the osmoprotectant proline under drought stress (Xu et al., 2020). Biostimulants not only promote plant growth but also modulate stress signaling and regulate gene transcription, thereby fundamentally strengthening crop resilience. In particular, γ-PGA regulates plant stress response pathways by activating the expression of ABA biosynthesis-related genes and contributes to enhancing the activity of antioxidant enzymes such as SOD, CAT, APX, and POD (Xu et al., 2020). Thus, the mechanisms of various biostimulants are involved in enhancing cellular and metabolic responses, such as stress signaling, ROS scavenging, and transcriptional activation. Nanoparticles have recently attracted more attention from researchers due to their functional roles that are comparable to those of biostimulants. The application of proper concentration of titanium dioxide (TiO₂) and zinc oxide (ZnO) nanoparticles was shown to promote photosynthesis and nutrient absorption in tomato (Solanum lycopersicum L.), demonstrating the potential to enhance abiotic stress tolerance. However, high concentrations of nanoparticles can cause physiological disorders and inhibit growth, so further research is needed to establish optimal concentrations for application across various crop species (Raliya et al., 2015). Another approach to confer drought resistance is the application of exogenous hormones or bioactive substances, which can induce positive changes in crops under stress conditions (Table 2).

Table 2 | Effects of exogenous hormone and bioactive substance treatments on vegetable crop responses under drought stress.


[image: Table displaying various biostimulants and their effects on crops under drought stress, along with references. It includes agents like abscisic acid and ascorbic acid and their impacts, such as increased sugar content and enhanced drought tolerance. Crops vary from lettuce to tomato. The table references multiple studies cited by author names and years.]




7 Conclusions

The sustainable production of vegetable crops, which is essential for ensuring global food security, is seriously threatened by the increasingly extreme weather patterns brought on by climate change. Among the many impacts of climate change, drought stress, interferes with physiological, biochemical, and molecular mechanisms of plants from germination to maturation, resulting in decreased productivity.

For key vegetable crops, drought stress has been shown to cause leaf senescence and reduce photosynthetic efficiency. In response to drought-induced ROS, the activity of antioxidant enzymes such as SOD, POD, CAT, and APX was increased. These enzymes contributed to reducing ROS accumulation and minimizing cellular damage, thereby enhancing crop survival. Through the ABA signaling pathway, stomatal closure and the activation of drought-responsive gene expression were triggered, while other hormones like GA and JA also induced various physiological changes, increasing plant tolerance to drought.

The use of climate smart agricultural systems and biostimulants positively influence the growth and productivity of vegetable crops. Smart irrigation systems, in particular, optimized crop health and yield by monitoring soil moisture in real time. Additionally, various biostimulants proved effective in enhancing drought resistance in crops such as lettuce and melons, showing potential for increasing tolerance to abiotic stresses. However, further research is necessary to determine the optimal concentrations for the application of nanoparticles, as high concentrations have been shown to induce stress and inhibit growth.

Future research should further elucidate the complex interactions among transcription factors, hormone signaling pathways, and drought-responsive genes. While gene editing technologies hold great promise, long-term evaluations are necessary to ensure their stability, efficiency, and regulatory viability across various crop species. Similarly, optimizing biostimulant applications, nanoparticle utilization, and smart irrigation systems will be crucial for maximizing their impact under drought conditions. An integrated approach that combines gene editing, molecular breeding, smart irrigation, and biostimulant applications will be essential for climate-resilient vegetable cultivation and production, thereby ensuring long-term global food security.
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Glossary

ABA: Abscisic acid

JA: Jasmonic acid

ET: Ethylene

ROS: Reactive oxygen species

NPBT: New plant breeding technologies

GMO: Genetically modified organisms

SOD: Superoxide dismutase

POD: Peroxidase

APX: Ascorbate peroxidase

CAT: Catalase

PP2C: Protein Phosphatase 2C

SnRK2: Sucrose Non-Fermenting Related Kinase 2

GA: Gibberellin

AREB/ABFs: ABRE-binding protein/ABRE-binding factors

ABRE: ABA-responsive element

DRE/CRT: Dehydration-responsive element/C-repeat

RD22: Responsive to Desiccation 22

RD29B: Responsive to Desiccation 29B; LEA, Late Embryogenesis Abundant

DREB: Dehydration-Responsive Element-Binding

AP2/ERF: APETALA2/ethylene-responsive factor

DREB2A: Dehydration-Responsive Element-Binding protein 2A

NCED3: 9-cis-Epoxycarotenoid Dioxygenase

P5CS: Pyrroline-5-Carboxylate Synthetase; NAC, NAM, ATAF1/2, and CUC2

MYB: myeloblastosis

E1: Ubiquitin-activating enzyme

E2: Ubiquitin-conjugating enzyme

E3: Ubiquitin ligase

DRIP1: DREB2A-Interacting Protein 1

ABI5: ABA-Insensitive 5

SDIR1: Salt- and Drought-Induced RING Finger 1

TF: Transcription factor

PGPB: Plant Growth Promoting Bacteria

SNP: Single nucleotide polymorphism

GWAS: Genome-wide association studies

QTL: Quantitative trait loci.
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Introduction

Chloride channels (CLCs) play critical roles in anion transport, stress adaptation, and ion homeostasis in plants. Whereas their genomic wide indentification and functional divergence in tomato (Solanum lycopersicum) remain largely unexplored.





Methods and results

In this study, we identified nine CLC genes in the tomato genome, classifying them into two evolutionarily distinct clades (Group I and II) based on phylogenetic analysis. Structural dissection revealed conserved transmembrane domains (9–12 TMDs) and motif patterns (e.g., motifs 3/7/9 in Group I), with SlCLC02 exhibiting the largest gene size (27,041 bp). Promoter analysis indicated the presence of key abiotic stress-responsive cis-elements (ABRE, MYB, MYC), aligning with the pronounced transcriptional dynamics of SlCLCs under salinity stress. Notably, qRT-PCR analysis demonstrated that most SlCLC genes (particularly SlCLC05, an ortholog to AtCLC-g) exhibited rapid upregulation within 1-4 hours followed by downregulation in roots under salinity treatment, suggesting early stress signaling roles. Likewise, preliminary expression profiling under cadmium stress further identified specific induction of SlCLC07, proposing gene-specific roles in heavy metal detoxification. Strikingly, SlCLC09 lacked collinearity with Arabidopsis/potato homologs, implying lineage-specific diversification. 





Discussion

These findings elucidate the SlCLC family’s structural diversity, evolutionary constraints, and stress-responsive regulation, providing a framework for targeting specific SlCLC genes (e.g., SlCLC05) to enhance chloride homeostasis in crops under combined salinity and cadmium stress. This study will open a new research direction for genetic crop improvement to ensure protected vegetable production.





Keywords: Solanum lycopersicum, chloride channels, abiotic stress, alleviation of stress, anion transport, chloride ions




1 Introduction

World climate change, excessive irrigation requirements, and soil salinization have a substantial influence on current crop growth and production, limiting the sustainable expansion of irrigated agriculture and presenting a danger to world agricultural security (Hassani et al., 2021; Rehman et al., 2022; Muhammad et al., 2024). Sodium chloride (NaCl) is a predominant salinization agent in agricultural soils, imposing osmotic and ionic stress on crop plants (Zhou et al., 2024). While the toxic effects of sodium (Na+) on plants and the associated adaptive mechanisms have been extensively studied (Wu, 2018; Balasubramaniam et al., 2023), the role of chloride ions (Cl−) has been less explored. Although previous studies have suggested that chloride ions play an important role as micronutrients in plant growth, plants exhibit symptoms of nutrient deficiency when exposed to environments with low chloride ion concentrations (Broyer et al., 1954; Johnson et al., 1957). In addition, recent studies have proposed a new perspective on chloride ions as beneficial macronutrients. These studies suggest that chloride ions can improve plant water balance and water relations, promote avoidance and tolerance to water stress, and enhance drought resistance in plants (Franco-Navarro et al., 2016, 2021; Colmenero-Flores et al., 2019).

Soil salinity is typically characterized by the salt concentration as non-saline (less than 3 g/L), slightly saline (from 3 g/L to 6 g/L), medium saline (from 6 g/L to12 g/L), and highly saline (more than 12 g/L) (https://www.fao.org/4/r4082e/r4082e08.htm), and salinity in plant bulk tissues is typically expressed in terms of average Na+ and Cl− content [mg/g dry weight, (DW)] or concentration (mmol/L, mM), considering that the Na+ and Cl− content/concentration in plants varies among species without non-saline-treated soil. For example, in glycophyte plants, Cl− is accumulated in tissues at concentrations 10 to 500 times higher than the micronutrient requirement (i.e., more than 50 mg/g DW compared to 0.2 mg/g DW), despite the high energy cost of uptake and accumulation (White and Broadley, 2001; Xu et al., 1999; Colmenero-Flores et al., 2019). For Na+, most major agricultural crops have poor tolerance to salinity. Although the concentration of sodium in tissues (approximately 1 g/kg DW) is closer to the range of micronutrients, at higher supply levels, the concentration of sodium in tissues approaches that of macronutrients, especially C4, in plant species. This may be related to its ability to substitute for potassium in osmotic regulation (Broadley et al., 2012). However, certain studies have demonstrated that, in a salinity scenario, the excessive accumulation of Cl− in bulk plant tissues can result in several detrimental consequences for plant physiology (Almeida et al., 2014; Rajappa et al., 2024; Yang et al., 2023b), including leaf necrosis, impaired stomatal function, reduced photosynthetic activity, and an increase in the production of reactive oxygen species (Brumós et al., 2009; Wu and Li, 2019), leading to a cumulative suppression of plant growth and yield (Geilfus, 2018; Rajappa et al., 2024). Moreover, the efflux of Cl− from the root system exhibits a positive correlation with plant salt tolerance (Geilfus, 2018), implicating this process as a potential principal mechanism to avert the toxic effects of chloride ions within plants. Some genes, such as the chloride channel protein family (CLC), cation–Cl− cotransporter (CCCs), slow anion channel associated (SLAC/SLAH1), aluminum-activated malate transporter (ALMT), nitrate transporter/peptide transporter (NRT1/NPF), the multidrug and toxic compound extrusion (MATE), and the ion chloride nucleotide-sensitive protein (ICln1) family, are likely crucial for the nutrition, long-distance transport, and compartmentalization of chloride ions, and for regulating cell turgor and enhancing stress tolerance in plants (Brumós et al., 2010; Cubero-Font et al., 2016; Hedrich and Geiger, 2017; Liu et al., 2024; Wu et al., 2025).

CLCs were initially discovered in the electric ray Torpedo californica (Miller and White, 1980), but the first found in tobacco (Nicotiana tabacum) plants was NtCLC1 (Lurin et al., 1996; Zhang et al., 2018). The function of the CLCs has been confirmed in several species, with seven CLC members in Arabidopsis thaliana (Nedelyaeva et al., 2020), eight CLC members in soybean (Wei et al., 2019; Liu et al., 2021), 17 CLC genes in tobacco (Zhang et al., 2018), and 22 CLC genes in Brassica napus (Liu et al., 2020) identified (Liu et al., 2022). They were identified as an anion channel or transporter, controlling intracellular organelle ion homeostasis and acidification by moving anions across the membrane, which is generally separated into anion channels and anion/proton antiporters (Yang et al., 2023a). A more comprehensive analysis revealed that CLCs, as intrinsic membrane proteins, have a structure consisting of 10 to 12 transmembrane domains (Dutzler et al., 2002; Wei et al., 2019), and play an important role in vesicular transport mainly by regulating the internal pH, such as alkalinization in tobacco endoplasmic reticulum (EPR) lume, or the transmembrane electric potential (Δψ) of organelles (von der Fecht-Bartenbach et al., 2007; Sun et al., 2018). However, the hypotheses formulated from the existing data require further exploration. Some reports suggested that CLCs were present in the cell membranes and involved in various cellular functions (Jentsch et al., 1990; Jentsch, 2008). Moreover, many reports revealed that CLCs are located in the endomembrane system, vacuolar membranes (AtCLCa, AtCLCc, AtCLCg, GmCLC1, and ThCLC-a) (Li et al., 2006; Jossier et al., 2010; Yang et al., 2013, 2023b; Zhou et al., 2013; Wege et al., 2014; Nguyen et al., 2016; Liu et al., 2022; Balasubramaniam et al., 2023; Hodin et al., 2023), Golgi vesicles (AtCLCd and AtCLCf) (von der Fecht-Bartenbach et al., 2007; Marmagne et al., 2007; Guo et al., 2014; Scholl et al., 2021), thylakoid membrane of chloroplasts (AtCLCe), mesophyll cells (AtCLCa) (Geelen et al., 2000; De Angeli et al., 2006), guard cells (AtCLCa) (Wege et al., 2014; Hodin et al., 2023), and mitochondria (ZmCLCc) (Tampieri et al., 2011). Although some genes, such as OsCLC1 and CsCLCs, have already been studied, their functions remain to be established (Diédhiou and Golldack, 2006; Colmenero-Flores et al., 2007; Brumós et al., 2009, 2010; Migocka et al., 2013; Um et al., 2018; Liu et al., 2024). These research studies revealed that CLCs mediate the uptake and translocation of anions such as Cl−, ensuring anion homeostasis (Dutzler et al., 2002; Wei et al., 2019), play a role in nutrient transport (Ludewig et al., 1996), and contribute to modulating membrane potential, maintaining turgor pressure (Dutzler et al., 2002) and controlling stomatal movement (De Angeli et al., 2013; Yang et al., 2023a). Furthermore, they are involved in hormone signaling (Barbier-Brygoo et al., 2011), embryonic development, and adapting to various abiotic and biotic stresses (Jossier et al., 2010; Nedelyaeva et al., 2020, 2022).

It has been revealed that CLCs serve as pivotal regulators in the maintenance of Cl− equilibrium under saline conditions (Liu et al., 2021). In soybean plants, GsCLC-c2 has been reported to play a role in regulating anionic homeostasis and maintaining lower Cl−/NO3− ratios in shoots to enhance NaCl tolerance (Liu et al., 2021). Recently, Rajappa et al. (2024) found the NaCl-induced translocation of AtCLCf to the plasma membrane (PM) from the Golgi in Arabidopsis thaliana, thus increasing the efflux of Cl− from the root system and plant tolerance to saline conditions. In addition to enhancing efflux, CLCs also play a role in ion sequestration, such as GmCLC1 and OsCLC-1 (Nakamura et al., 2006), vacuolar-located ion transporters that sequester ions from the cytoplasm into the vacuole, thereby mitigating their toxic effects (Li et al., 2006), or AtCLCd, first transported into the trans-Golgi network and related compartments, and then transferred from the cytoplasm to the vacuole or apoplast by the endosomes (von der Fecht-Bartenbach et al., 2007). Several studies reported that CLCs are regulated by a variety of factors. As for AtCLCa, its activity is regulated by nucleotides and phospholipids (Jentsch and Pusch, 2018), allowing them to sense the ATP/AMP ratio and modulate AtCLCa accordingly, binding with PI(4,5)P2 or PI(3,5)P2 in the protein dimeric interface and occupying the proton exit pathway to promote vacuolar acidification and stomatal closure (Yang et al., 2023a). The ZmCLCg protein was initially proved to be associated with salt tolerance in maize (Luo et al., 2021). Interestingly, a response regulator ZmRR1 has also been proven to have the same function and can modulate Cl− exclusion from shoots but the potential regulatory relationship between ZmRR1 and CLCs in maize is yet to be reported. These findings highlight the importance of CLC functions in plant salt tolerance, however, the underlying molecular mechanisms remain unclear. The collected evidence points to a model where the Cl−/H+-antiporter, Na+/H+-antiporter, and V-type H+-ATPase work in concert within endosomes.

Tomato (Solanum lycopersicum L.), a moderately tolerant species to salinity, is a significant horticultural crop with economic and nutritional importance (Sofy et al., 2021). It is vulnerable to salt stress, and excessive salinity levels influence seed germination, plant growth, and fruit development (Roşca et al., 2023). Research has identified specific genes associated with Cl− transport in tomato plants, contributing to the understanding of salt tolerance in this species; however, studies focusing on tomato CLC genes remain limited. Bioinformatics and experimentation have significantly enhanced the understanding of the structure, function, and regulatory expression of CLC proteins. The precise role of CLC proteins in tomatoes under saline conditions remains unclear, despite a noticeable association with salt stress. This study seeks to elucidate the mechanisms by which CLCs function in tomatoes and evaluate their role in salt stress resistance, which is crucial for theoretical understanding and practical applications in agricultural plant breeding.




2 Materials and methods



2.1 Identification and sequence of the CLC gene family in tomato

The latest genomic data of tomato (ITAG5.0) were obtained from Phytozome13 (https://phytozome-next.jgi.doe.gov). We only preserved the longest protein sequence of each gene to eliminate redundancy. The identified CLC protein sequences from Arabidopsis (https://www.arabidopsis.org/), wheat, soybean, and potato were downloaded. These sequences were queried using the BLAST to retrieve homology genes from the tomato genome with E-value of 10-5. The CLC domain (PF00654) from the Pfam database in InterPro (https://www.ebi.ac.uk/interpro/) was employed as a query searched by Hidden Markov model (HMM) profiles with an E-value of 10-5. Furthermore, the protein sequences identified by both the above methods in the S. lycopersicum genome were integrated. The remaining proteins were considered candidate tomato CLC proteins. We submitted all candidate sequences to NCBI-CDD (https://www.ncbi.nlm.nih.gov/cdd/) and MEME to verify the CLC conserved domains and motifs (Bailey et al., 2009).

The molecular weight (MW), isoelectric point (pI), instability index (II), aliphatic index (AI), and grand average of hydropathicity (GRAVY) of these identified proteins were investigated using ExPASy (http://web.expasy.org/protparam/) online software. Subcellular localization of them were predicted based on the WolfPSORT (https://wolfpsort.hgc.jp/).




2.2 Phylogenetic relationship, gene structure, and conserved motifs analysis

To understand the evolutionary relationship of the tomato CLC genes, multiple sequence alignments of the identified CLC proteins of Arabidopsis, wheat, and potato, were performed using Muscle. A neighbor-joining (NJ) tree was constructed using IQ-tree software with a bootstrap value of 1,000. The chromosome physical location of the CLC genes was displayed using the Gene Location Visualize function of TBtools (Gasteiger et al., 2005; Chen et al., 2020).




2.3 Analysis of cis-acting elements in CLC promoters

The PlantCARE online tool (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) was used to analyze the 2 kb upstream sequence of the promoter sequence from the tomato CLC family gene (Rombauts et al., 1999).




2.4 Chromosome distribution and collinearity analysis

The positional information and chromosome lengths of SlCLC gene members were from a ITAG 5.0 gff file. These data were compared and visualized through covariance analysis using the Multiple Co-linear Scanning Toolkit (MCScanX) (Wang et al., 2012).




2.5 Protein tertiary structure and gene expression pattern analysis

CLC proteins are integral in facilitating the transmembrane transport of anions. Within this gene family, SwissModel (https://swissmodel.expasy.org) was employed to visualize the 3D structure with rainbow color (Waterhouse et al., 2018). The online TomExpress platform (https://tomexpress.gbfwebtools.fr/query) and relevant data mining tools were used to carry out comprehensive transcriptomic profiling of eight SlCLC genes in tomato vegetative and reproductive tissues (Zouine et al., 2017).




2.6 Plant materials, NaCl and Cd treatments, RNA extraction, qRT-PCR, and expression of SlCLCs in tomato tissues

Tomato was used for expression analysis under salt (NaCl) and Cd stress. Tomato seeds were cultured in soils for 21 days with one seedling in one pot with 16 h light (350 μmol m−2 s−1 light intensity, 28°C) and 8h darkness (28°C) in a plant growth room in Guangzhou, China. The 21-day seedlings were cultivated and watered with 20 mL supplemented with 100 μM Cd or 100 mM NaCl (China National Pharmaceutical Group Co., Ltd.) for 0 h (CK), 1 h, 2 h, 4 h, 8 h, 12 h, or 24 h in one pot. The leaves were sampled, quickly frozen in liquid nitrogen, and stored at -80°C. Each treatment was independently replicated three times. A TianGen RNA Plant Kit was used to extract total RNA. qRT-PCR was performed on a LightCycler 96 (Roche). The 10 μL reaction volume contained 5 μL of 2×SYBR Green Mix, 2 μL of cDNA, 0.5 μL of forward and reverse primers (Supplementary Table S6), and 2 μL double distilled water (ddH2O). SlACT was used as a reference gene. The results were calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001). The data are presented as the mean ± standard error of the mean (SEM). Statistical analysis was performed using GraphPad Prism 9.0 software, employing one-way analysis of variance (ANOVA).





3 Results



3.1 Identification and phylogenetic analysis of the SlCLC family members in tomato

Nine genes, designated SlCLC01 to SlCLC09, were identified through BLASTP and HMM searches of the tomato genome, considering homology, conserved domains, and transmembrane domains. However, the gene length, CDS length of SlCLC01, and its amino acid count were unusually extensive, measuring 20,890, 5,262, and 1,753 bp, respectively (Supplementary Tables S1, S2). Therefore, we checked it again using Fgenesh software (http://www.softberry.com/cgi-bin/programs/gfind/fgenesh.pl), and found it to be related to two genes, SlCLC_6_like and PH-like superfamily (cl17171) (Supplementary Figure S1, Supplementary Table S3). Therefore, we reconstructed it with shorter genes, only preserving the SlCLC_6_like gene, and named it SlCLC01 for phylogenetic analysis. The corresponding amino acid sequences were subjected to bioinformatics analysis, including an assessment of their physicochemical properties. The results showed that the length of SlCLC genes varied from 27,041 bp (SlCLC02) to 3,068 bp (SlCLC04), with CDS lengths from 2,223 bp (SlCLC02) to 2,538 bp (SlCLC09). The amino acid number of SlCLC genes varied from 740 bp (SlCLC02) to 845 bp (SlCLC09). The largest protein had a molecular weight of 191.14 kDa (SlCLC01), while the smallest protein weighed 79.24 kDa (SlCLC02), with an average molecular weight of 97.48 kDa. Among the SlCLC family members, three proteins (SlCLC02, SlCLC06, and SlCLC08) of the Group I members were considered acidic (pI < 7), while six proteins (SlCLC01, SlCLC03, SlCLC04, SlCLC05, SlCLC07, and SlCLC09) of the Group II members were classified as basic (pI > 7) (Table 1; Figure 1). The isoelectric points of the proteins fell within the range of 6.42 to 8.82. The instability index in the SlCLC proteins varied from 33.23 to 48.41. The aliphatic index and GAH of SlCLC proteins ranged from 94.14 (SlCLC01) to 113.42 (SlCLC04) and from -0.08 (SlCLC01) to 0.37 (SlCLC05), respectively.

Table 1 | Physicochemical property characterization of the CLC gene family identified in tomato.
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Figure 1 | Phylogenetic analysis of evolutionary relationships of CLCs in Arabidopsis (Arabidopsis thaliana, AtCLC), soybean (Glycine max, GmCLC), potato (Solanum tuberosum, StCLC), wheat (Triticum aestivum L., TaCLC), and tomato (Solanum lycopersicum L. SlCLC). Green and yellow indicate Groups I and II. A red star represents tomato.

Furthermore, all the SlCLC proteins were found on the plasma membrane and exhibited 9 to 12 transmembrane domains (Table 1; Figure 2). It is noteworthy that SlCLC01 and SlCLC08 were localized in the chloroplast and mitochondrion, respectively. SlCLC02 and SlCLC06 were found in both the cell membrane and mitochondrion, while the majority of SlCLCs (SlCLC03, SlCLC04, SlCLC05, SlCLC07, and SlCLC09) were exclusively located in the cell membrane. The localization of proteins within subcellular compartments was fundamentally linked to their functional roles. Predicting the cellular locations of proteins is crucial for understanding gene functions. Further experimental confirmation is necessary to achieve more accurate subcellular localization.

[image: Diagram of SICLC proteins, labeled SICLC01 to SICLC09, showing transmembrane domains and loops. Proteins have numbered transmembrane regions crossing a highlighted membrane area, with loops extending outward. Color-coded key indicates residue types.]
Figure 2 | Predicted transmembrane domain of SlCLCs.

Phylogenetic analysis plays a crucial role in examining gene function, the evolutionary relationships among species, and genetic diversity and variations. We constructed the phylogenetic tree using seven CLC proteins from Arabidopsis thaliana, 10 CLCs from Glycine max, 10 CLCs from Solanum tuberosum, 33 CLCs from Triticum aestivum L., and nine CLCs from Solanum lycopersicum L. to evaluate the evolutionary relationship. A phylogenetic tree was constructed based on 69 CLC proteins from Arabidopsis, soybean, wheat, potato, and tomato. All CLC proteins were classified into two groups (Figure 1). Each assembly covered members from diverse species, implying a high conservation among the CLC family. Group I included three SlCLC members (SlCLC02, SlCLC06, and SlCLC08), and the other six SlCLCs fell into Group II. Notably, SlCLCs genes were found to have significant sequence similarity to StCLCs, except for SlCLC07 which was similar to AtCLC-D. These findings specify that the well-maintained sequences of these genes share a comparable evolutionary relationship in potato.




3.2 Conserved motifs, domains, and models of SlCLC proteins

According to the protein structure analysis, nine SlCLC proteins were investigated, and a total of 10 conserved motifs were identified. Notably, significant differences were observed among the two different groups (Figure 3A). In fact, SlCLC01, SlCLC3, SlCLC4, SlCLC05, SlCLC07, and SlCLC09 from Group II contained all 10 motifs, but SlCLC02, SlCLC06, and SlCLC08 particularly had motifs 3, 7, and 9, indicating a distinct evolutionary process and physiological function. All the SlCLC proteins contained one domain named CLC and CBS_pair, which is the typical domain of the CLC family (Figure 3B). The conserved amino acid residues consisted of motif 10 (GxGxPE), motif 7 (GKxGPxxH), and motif 1 (PxGxLF), including motif 3 (GxAxELT) and motif 9 (VxIxKxG) in particular (Figure 3D).
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Figure 3 | Conserved motifs (A) and domains (B) in SlCLC proteins and exon-intron structure (C) and amino acid composition of each motif (D). UTR and CDS represent untranslated regions and coding sequences, respectively.




3.3 Exon-intron structure and duplication in the SlCLC gene family

A comparison of gene structures within the tomato species SlCLC gene family revealed significant variations in the number of introns, as shown in Figure 3C. When investigating the evolutionary mechanisms of the SlCLC gene family, our results show that the distribution of the nine genes was not uniform across all the chromosomes in tomato. SlCLC01 and SlCLC02 were found on chromosome 1, while SlCLC08 and SlCLC09 were distributed on chromosome 10. The genes SlCLC03 and SlCLC04 were located on chromosome 2, SlCLC05 and SlCLC06 were distributed on chromosome 7, and SlCLC07 was located on chromosome 9 (Figure 4A).
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Figure 4 | Schematic representations of the chromosomal location, synteny analyses, and segmental duplication relationships of SlCLCs in tomato species. (A) chromosome location; (B) synteny analyses; (C) segmental duplication relationships.

To better understand the origin and functional divergence of the SlCLC gene family, a comparative collinearity analysis was conducted for CLC genes in tomato (Figure 4B). Within the tomato genome, two pairs of paralogous genes, SlCLC06/SlCLC08 and SlCLC03/SlCLC04, were detected, and SlCLC03 and SlCLC04 were on the same chromosome (Figure 4B), signifying a segmented duplication role in the expansion of the SlCLCs gene family. To further reveal the evolution of the CLC family, a comparative syntenic analysis was carried out on tomato, potato, and Arabidopsis (Figure 4C). A total of 12 and 8 collinear blocks were detected between tomato (eight genes) and potato (eight genes) and between tomato (five genes) and Arabidopsis (five genes), respectively (Figure 4C). Eight SlCLC genes were collinear with seven StCLCs of potato through the eight SlCLC genes, suggesting a close evolutionary relationship between these two species. All SlCLC genes were distinctly collinear with the CLCs, suggesting a high degree of homology and conservation of CLC genes across three species and a close evolutionary relationship among the other two species.




3.4 3D model predictions and cis-acting elements of SlCLCs

The three-dimensional structures of these SlCLC proteins were predicted using homology modeling. Noteworthy changes were detected in the three-dimensional architectures of the four proteins, as shown in Figure 5. The three-dimensional structures of these proteins serve as the basis for understanding their biological functions. In SlCLC04, SlCLC05, SlCLC07, and SlCLC09, distinct patterns of coiling and folding structures were evident, whereas SlCLC02, SlCLC03, SlCLC08, and SlCLC06 exhibited a relatively lower proportion of coiled regions. There were still significant differences in the 3D model protein predictions between SlCLC01 before and after being restricted (Supplementary Figure S2). To better understand the transcriptional regulation and potential function of the SlCLC genes, the cis-regulatory elements in the promoter were predicted (Supplementary Table S4). In total, 36 functional cis-elements were obtained, and the top three were Box 4, G-box, and abscisic acid responsiveness element (ABRE). Their functions were part of a conserved DNA module, a cis-acting regulatory element involved in light responsiveness, and abscisic acid responsiveness, respectively. Hormone responsiveness and stress-related transcription factors were found in all nine SlCLCs. MYC promoter elements were found in all nine SlCLCs. MYB was found in eight SlCLCs, except SlCLC02. Many hormone-related elements were found in the promoter regions of these SlCLCs (Figure 6A, Supplementary Table S4). Among them, ABRE was identified in four SlCLCs, a low temperature responsive (LTR) element was found in two SlCLCs, and W box (a specific DNA sequence element, with the core sequence TTGACC/T) was found in six SlCLCs, except SlCLC02, SlClC03, and SlCLC04. Our study uncovered multiple cis-regulatory elements that show a critical position in light, abiotic stress, and hormone responsiveness, as illustrated in Figure 6B.

[image: Nine molecular structures labeled SICLC01 to SICLC09 are depicted, each showing complex protein configurations with helices and strands in varied colors like red, orange, yellow, green, and blue, illustrating different protein conformations.]
Figure 5 | Predicted 3D structure of nine genes in the SlCLCs family using a Swiss model.

[image: Diagram showing two panels: Panel A depicts binding sites, including motifs like ABRE, MYB, and G-box, along nine different sequences (SICLC01 to SICLC09). Panel B is a heatmap showing the occurrence of motifs associated with various environmental factors like light and stress responses across the sequences, with a color gradient scale from 0 to 25.]
Figure 6 | Identification of the cis-acting element in the promoter of SlCLC genes.

This involved examining the 2,000 upstream base pairs of the CLC genes. These elements included circadian, light, ABA, auxin, gibberellin, methyl jasmonate (MeJA), and salicylic acid, and anaerobic, anoxic, wound, mixed, and low-temperature stresses. In fact, a salicylic acid responsiveness element was identified in SlCLC02 and SlCLC03, and mixed and low-temperature responsive elements were identified in SlCLC04. In addition, three genes, SlCLC05, SlCLC07, and SlCLC08, were found to contain elements that are essential for gibberellin and MeJA hormone responsiveness. Anoxic stress elements were found in SlCLC08, especially. Stress-related elements were found in SlCLC09, such as mixed stress and low temperature. The findings indicate that SlCLC genes have a significant role in the stress responsiveness of tomato in the signaling networks that govern different developmental processes and also in response to biotic and abiotic stresses.




3.5 SlCLC interaction networks

Protein-protein interactions (PPIs) were projected using the STRING tool. Nodes with higher connectivity were considered more critical for the stability of the entire network and we utilized Cytoscape software to refine it. SlCLC02 exhibited higher connectivity with SlCLC01, SlCLC03, SlCLC04, SlCLC05, SlCLC07, and SlCLC09, excepting SlCLC06 and SlCLC08. SlCLC08 interacted with SlCLC01, SlCLC05, SlCLC07 and SlCLC09, SlCLC03, and SlCLC04 (Figure 7A). In tomato, SlCLC01, SlCLC02, SlCLC06, SlCLC07, SlCLC08, and SlCLC09 were likely to be regulated by A0A3Q7FID6, which belongs to transmembrane transport, demonstrating transmembrane transporter activity. Specifically, SlCLC07 was also connected with A0A3171674, A0A494G8R9, and A0A3Q71061. The functions of A0A3171674, A0A494G8R9, and A0A3Q71061 were ion binding, metal ion binding, transition metal ion binding, lipid transporter activity, and intramembrane lipid transporter activity. It is worth noting that NHX1 annotation was sodium and potassium-proton antiporter activity, anion antiporter activity, and active ion transmembrane transporter activity (Supplementary Table S5; Figure 7B).

[image: Diagram A shows a network of colored nodes labeled SICLC01 to SICLC09, connected by colored lines. Diagram B depicts a circular network of nodes labeled SICLC01 to SICLC09 and additional nodes, linked by black lines.]
Figure 7 | Modified protein–protein interaction (PPI) network based on SlCLC proteins. The PPI network shows the interaction relationships between CLC proteins. The two circles connected by the gray line represent the interaction between the proteins.




3.6 SICLC expression patterns in a range of tissue types and prediction of miRNA targeting

To determine the expression profiles of SlCLCs genes in Solanum lycopersicum, a systematic analysis was performed across a range of plant tissues. Due to the lack of data for SlCLC04 in the corresponding database, the data analysis was conducted excluding SlCLC04, and the findings showed unique transcription levels for each of the eight genes (Figure 8). SlCLC01, SlCLC02, SlCLC05, and SlCLC07 showed significant expression in leaves. SlCLC06, SlCLC08, and SlCLC09 displayed high expression levels in stems. It is noteworthy that the transcript levels of SlCLC03 and SlCLC09 were generally higher in roots than other members of SlCLC across all plant tissues examined. Based on these findings, we can better understand how various organs in tomato plants regulate chloride ions via the SlCLC gene family. The prediction of miRNA targeting in whole-genome analysis is essential for unraveling the intricacies of gene regulation and can have significant implications for understanding developmental processes and responses to environmental stimuli. The prediction of miRNA targeting is shown in Table 2. The miRNAs sly-miR390a-5p, sly-miR390b-5p, sly-miR395a, sly-miR395b, and sly-miR482e-3p target the gene Solyc01T003527.1 (SlCLC01), and sly-miR5303 targets the gene Solyc10T001041.2 (SlCLC09), both of which are involved in inhibiting translation. Furthermore, other miRNAs are involved in the inhibition of cleavage.

[image: Nine images of tomato plants labeled SICLC01 to SICLC09. Each plant diagram is color-coded by part: flower, fruit, leaf, stem, and root, using a red-blue gradient to signify certain variables, with legends included.]
Figure 8 | SlCLC gene expression patterns were evaluated in a range of tissue types. In total, 20 samples from three key developmental stages were collected for metabolic profiling and RNA-seq.

Table 2 | Prediction of miRNAs targeting the SlCLC genes in tomato.


[image: Table displaying microRNA interactions, showing columns for miRNA accession, target accession, target site, miRNA aligned fragment, alignment, target aligned fragment, and type of inhibition, either cleavage or translation.]



3.7 SlCLC expression patterns under salt stress condition

To further investigate the response of SlCLCs in tomato under salt stress, qRT-PCR was conducted to examine the expression patterns of these genes in plant roots, as demonstrated in Figure 9. After being treated with NaCl (100 mM), these SlCLCs have different responses to environmental changes. Like SlCLC01 and SlCLC03, the expression of SlCLC02 in the roots was still low 4 hours after salt stress, but then SlCLC02 expression was moderately upregulated compared with SlCLC01 and SlCLC03. The response of SlCLC05 was the most rapid, with its expression rapidly increasing during the first hour of salt stress treatment and maintaining a high level of expression for up to 8 hours. In contrast, the expression of SlCLC07 increased slowly, reaching its peak at 12 hours. SlCLC04 and SlCLC07 also experienced a cliff-like drop after 12 hours, with a sharp decrease observed at the 24-hour mark. Other genes slowly declined after reaching their peak values. Similar to SlCLC08, SlCLC06 exhibited a slow increase in expression over 24 hours, reaching its maximum at 4 hours, and then gradually decreased. The expression of SlCLC09 exhibited fluctuation.

[image: Nine bar graphs display the relative expression levels of different SICL genes over various treatment times: zero, one, two, four, eight, twelve, and twenty-four hours. Each graph shows fluctuating expression, peaking at different times depending on the specific gene, labeled from SICL01 to SICL09. Bars are orange, with visible error bars indicating variability.]
Figure 9 | Expression patterns of SlCLCs in tomato under NaCl stress.




3.8 CLC gene expression pattern under Cd stress

The expression of SlCLC01 steadily increased during the cadmium stress treatment, reaching its maximal value at 4 hours and then gradually decreasing. At 4 hours, the expression of SlCLC02 and SlCLC03 significantly increased, a phenomenon that was also observed in other genes, including SlCLC04 after 8 hours of stress treatment and SlCLC05 and SlCLC07 after 2 hours of stress treatment. The maximal values of SlCLC06 and SlCLC09 were achieved at 8 hours, respectively, even though they exhibited similar phenomena. Notably, SlCLC02 and SlCLC09 underwent an abrupt and substantial downregulation at 12 hours. After 2 hours of treatment, the SlCLC08 gene exhibited a relatively stable upregulated expression, which persisted for 24 hours, as illustrated in Figure 10.

[image: Nine bar graphs display relative expression levels over treatment times for different genes labeled SICLC01 to SICLC09. Each chart shows expression values at 0, 1, 2, 4, 8, 12, and 24 hours. The expression level generally peaks at 4 or 8 hours across most graphs, with varying intensities for each gene. Error bars indicate variability.]
Figure 10 | Expression patterns of SlCLCs in tomato under Cd stress.





4 Discussion

Numerous CLCs have been found and functionally described as a result of their significant role in transporting anions across membranes and regulating ion homeostasis (Rajappa et al., 2024; Luan et al., 2025). Understanding the mechanisms of anion absorption and transport in plants is crucial for elucidating plant nutrition and stress responses. Although the association between CLC transporters and salt stress has been documented in certain species, such as Arabidopsis thaliana and Glycine max L (Liu et al., 2022; Rajappa et al., 2024), advancements in this area of research in other plants remain notably limited. Hence, this study undertook a comprehensive analysis of the CLC gene family within a tomato species using bioinformatics methodologies. Our objective was to provide novel insights into the function of the CLC gene family within the tomato species.

In this investigation, a total nine CLC family genes from genome of Solanum lycopersicum, designated as SlCLC01 to SlCLC09, were discerned in other previously documented species, including Arabidopsis thaliana (7), Glycine max (10), Solanum tuberosum (10), and Triticum aestivum L. (33). Based on previously published investigations, it has been observed that numerous plant species possess up to 33 CLC genes. Our research findings align with previous studies, highlighting the conserved origin of the CLC gene family across diverse plant species. In concordance with previous studies that have characterized eukaryotic CLC proteins as containing two hydrophilic regulatory CBS domains, we observed that all nine tomato CLC proteins harbor these domains (Figure 2). During the structural analysis of the SlCLC protein, we found that the SlCLCs contain a common conserved domain that was also found in other species. Our analysis also confirmed the presence of the three highly conserved amino acid motifs that are crucial for the formation of the anion conduction pathway (Nedelyaeva et al., 2020, 2023): the GxGxPE motif, which forms the selective filter in motif 10; the GKxGPxxH motif in motif 7; and the PxxGxLF motif in motif 1 (Bergsdorf et al., 2009; Wege et al., 2010). The selective filter in motif 10 is significant due to the presence of GSGxPE, which confers chloride specificity, and GPGxPE, which is responsible for nitrate specificity. Additionally, we postulate that the gating glutamate residue is located within motif 7, as in CLC proteins, the gating glutamate residue is situated within a conserved motif, GKxGPxxH. This motif is one of the three highly conserved regions in the CLC gene family, playing a crucial role in anion selectivity and transport function (Xing et al., 2020). The presence of the gating glutamate residue is a hallmark of CLC antiporters, which mediate active transport by coupling with energy consumption to move substrates against their electrochemical gradient (Zifarelli, 2022; Fortea et al., 2024). Although we have identified the genes containing motif 1 that potentially function in monomeric and homodimeric forms, the precise roles of these forms await further functional validation in future studies.

The cis-acting elements of CLC can provide more information about the regulation profiles of the SlCLC gene family. In this study, multiple cis-elements, which were identified from the promoter region of SlCLC family genes, directly respond to a variety of biotic and abiotic stresses, including anoxic stress, low-temperature stress, and wound stress. Nevertheless, there were ABRE, MeJA responsive elements, auxin-responsive elements, gibberellin-responsive elements, and salicylic acid-responsive elements. Our analysis showed that the MYC was prevalent in the promoters of all SlCLC genes, particularly in SlCLC08, which has five MYC binding sites. Given MYC’s role in jasmonate (JA)-mediated growth, development, and defense, it likely plays a significant part in the regulation of SlCLC genes under salt stress, especially in mitigating chloride toxicity (Fu et al., 2020). Additionally, the SlCLCs contained elements related to hormones, with MYB present in eight SlCLC genes (excluding SlCLC02) (Figure 6), therefore, CLC genes may have had some function related to plant growth and development during evolution. According to previous studies, a beneficial range of chloride (Cl−) applications can increase the ability of plants to tolerate drought stress (Franco-Navarro et al., 2021). Furthermore, CLCs have a relationship with the tolerance to salt and nitrate assimilation of plants (Li et al., 2024; Lundell and Biligetu, 2024). From the PPI results, we found a sodium proton antiporter NHX1 that interacted with SlCLC03, SlCLC06, SlCLC07, and SlCLC09 (Supplementary Table S5; Figure 7B), and it is worth noting that NHX1 also plays a crucial role in the developmental process and adaptation responses through phytohormonal signaling mechanisms (Ayadi et al., 2022). This also explains why these genes play a responsive role in plant hormone signaling as well. A recent study found that potatoes, closely related to tomatoes on the phylogenetic tree, were engineered to overexpress two genes from Vitis vinifera: VvNHX, a sodium/proton antiporter, and VvCLC, a chloride channel. The genetic modification led to enhanced plant growth, significantly improving tuber yield and quality. This indicates that the CLC and NHX genes may significantly influence tomato development (Ayadi et al., 2022).

To investigate the expression patterns of the SlCLC gene family in tomato (Solanum lycopersicum) under NaCl stress, this study conducted qRT-PCR analysis on nine genes of the SlCLC family. The results showed that the genes of the SlCLC family genes generally exhibited an expression pattern of initial upregulation followed by downregulation under NaCl stress. However, the expression patterns of SlCLC genes at various time points showed similarities with those in other species. In tobacco (Nicotiana tabacum), the expression levels of some NtCLC genes were significantly induced by salt stress (Zhang et al., 2018). In studies on soybean, where different chloride salts (MnCl2, KCl, and NaCl) were used for treatment, GmCLC1 exhibited similar effects in alleviating the stress on yeast GEF1 mutants caused by different chloride salts (Wei et al., 2016), however, the expression patterns of the genes cannot be solely attributed to chloride ions, as different effects have been observed in the expression patterns of CsCLCs in Camellia sinensis when utilizing KCl (Xing et al., 2020). Furthermore, although the expression of SlCLC02 in the roots underwent moderate upregulation, it was still relatively low compared to other genes (Figure 9). This can be attributed to its predominant expression in leaves (Figure 8), a pattern shared by SlCLC01, SlCLC05, and SlCLC07. Interestingly, SlCLC05 showed significant upregulation within the first hour of NaCl stress and was closely related to AtCLCg (Figure 3), and AtCLCg has been reported to participate in plant Cl− homeostasis during NaCl stress (Nguyen et al., 2016). In other studies, the expression of MhCLC-c1 was enhanced in response to NaCl stress, suggesting that these proteins are actively involved in Cl− homeostasis and play a significant role in enhancing the plant’s overall salinity tolerance (Song et al., 2023). We confirmed that SlCLC05 in tomato roots is highly sensitive and can rapidly respond to NaCl stress. Furthermore, we investigated SlCLC03 and SlCLC04, which are closely related to the soybean GmCLC-Aa gene (Figure 1) (Wei et al., 2016). GmCLC-Aa, the first reported member, encodes a Cl−/H+ antiporter localized to the vacuolar membrane, contributing to Cl− homeostasis under salt stress (Liu et al., 2022). Both SlCLC03 and SlCLC04 exhibited relatively high expression levels, with SlCLC03 peaking rapidly at 4 hours before declining and dropping sharply after 12 hours. Given their phylogenetic relationship with AtCLCa–AtCLCd (De Angeli et al., 2006; von der Fecht-Bartenbach et al., 2010), SlCLC03 and SlCLC04 likely function as anion/proton antiporters and play a crucial role in rapidly responding to salt stress to maintain Cl− homeostasis. SlCLC06 and SlCLC08, which are phylogenetically close to AtCLCf, are speculated to play roles in chloride detoxification under salt stress (Rajappa et al., 2024). Furthermore, AtCLCf is also confirmed to be regulated by the WRKY9 transcription factor, and increased intracellular NaCl levels can induce the translocation of AtCLCf from the Golgi apparatus to the plasma membrane. However, the specific function of SlCLC06 and SlCLC08 still needs further experimental verification.

Currently, the expression patterns of the CLC gene family are highly variable and largely determined by the specific tissues sampled. The expression profiles of CLC genes are highly dependent on the sampling locations. For instance, the expression of TaCLC genes sampled from whole plants showed a downregulated expression pattern under transient salt stress (Mao et al., 2022). In contrast, the expression of SlCLC genes in plant roots initially increased and then decreased. Notably, even within the same plant, expression patterns can vary significantly among different tissues. Transcriptomic data from the TomExpress website suggest that this differential expression pattern may be attributed to the tissue-specific regulation of SlCLC genes (Figure 8), similar to the expression patterns observed for GhCLC5/16 genes in cotton (Yang et al., 2023b). Additionally, comparative synteny analysis revealed that SlCLC09 does not share orthologous relationships with CLC genes from potato or Arabidopsis thaliana (Figure 4C). Collectively, these findings indicate that the SlCLC gene family has undergone functional differentiation during its evolutionary history.

Cadmium is mobilized through the phloem, allowing it to accumulate in any part of the plant (Zulfiqar et al., 2022). It leads to a reduction in biomass and yield due to its ability to induce membrane lipid peroxidation and competition for the Ca-calmodulin binding sites between Cd and Ca ions (Haider et al., 2021). Chloride ions can form CdCl+, which has less adsorption than Cd2+ because of the high exchange selectivity of the divalent ion (Saeki and Kunito, 2012). In our study, SlCLC01, SlCLC02, and SlCLC03 exhibited gradual increases in expression, peaking at 4 hours before declining. SlCLC04 and SlCLC06 showed significant upregulation after 8 hours of stress treatment, while SlCLC05 and SlCLC07 displayed marked increases after only 2 hours. The earlier peak expression pattern of SlCLC05 and SlCLC07 shows their function in the early phases of the stress response and may be related to certain defensive mechanisms. The expression of the SlCLC08 and SlCLC09 genes increased slowly and resulted in a stably coordinated reaction that sequesters or transports cadmium away from sensitive cellular components, which is necessary for survival. The declining expression of these genes after a peak may indicate stress-related adaptation. Adaptation to cadmium stress depends on chloride channels, notably those carried by CLC genes, which control chloride ion flow and hence reduce cadmium toxicity (Fu et al., 2020). SlCLC02 and SlCLC09 downregulation after 12 hours may indicate a shift in the plant’s strategy for sustained stress control. These reactions indicate a sophisticated and adaptable regulatory network that allows plants to react to different degrees of stress over time.




5 Conclusion

In this study, we identified nine CLC family genes in tomato and analyzed their sequences and genetic structures. A qRT-PCR-based analysis showed the response patterns of the CLC genes under NaCl stress, thus providing genetic resources for studying the transportation and accumulation of Cl− in tomato. The results indicate an intricate relationship between these genes and the plant’s capability to regulate chloride ion balance (Figure 11). The SlCLC gene’s promoter contains a variety of cis-acting elements, including light response, abscisic acid response, auxin response gibberellin, MeJA, salicylic acid, and anaerobic. The interactions between the proteins were strong, although SlCLC02 had low sensitivity to NaCl stress but it plays an important role in coordinating function with other CLC genes. SlCLC05 may have a physiological function in chloride homeostasis during NaCl stress due to its quick response to stress, and SlCLC03 and SlCLC04 play important roles in maintaining the balance of Cl− by acting as anion/proton antiporters. Future studies must focus on supporting the computational predictions by means of lab-based experiments and more investigations into the functions performed by CLC genes in salinity tolerance. Such efforts might be very helpful in promoting the development of crop varieties with increased tolerance to environmental problems such as salinization.

[image: Diagram of a tomato plant under salt stress, showing Cl⁻ ion translocation from roots to leaves. The root, stem, fruit, and leaf are labeled with specific SICLC genes. Enlarged views of root and leaf cells illustrate Cl⁻, Na⁺, and H⁺ transport processes, including signal transduction and related gene activation. Cl⁻ channels (CLCs) and sodium/hydrogen exchangers (NHX1) are highlighted in the cell membranes.]
Figure 11 | Diagram of SlCLC transport functions and expression locations in tomato. The left side shows the expression sites of SlCLCs based on expression profiles. The right side depicts the localization of SlCLCs in the membrane system and the possible cations involved in intracellular ion homeostasis.
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Biotechnology has revolutionized the agricultural landscape, ushering in a new era of crop improvement. Biotechnological delivery innovations have driven significant advancements, from enhancing nutritional value and shelf life to developing stress-resistant varieties. Leveraging techniques like genome editing, RNA interference (RNAi), and omics approaches, the potential to generate tolerant crops, create beneficial germplasm, achieve higher crop yields, and enable targeted biomolecule delivery has been unlocked, leading to the establishment of novel, sustainable agricultural systems. This review synthesized 481 studies sourced from the Web of Science (WOS) database, reflecting the diversity of plant species, biotechnological approaches, and abiotic/biotic stress categories reported in the literature over the past three years. The findings focused on specific applications and implications of various technologies across different stress categories and plant types, providing a detailed perspective on stress tolerance mechanisms. Furthermore, the review highlights significant areas of controversy, including ethical concerns, debates, challenges, risks, socioeconomic impacts, and limitations associated with these technological advancements. As the world’s population surges and dietary demands evolve, biotechnology holds the key to assuring secure food supplies and promoting sustainable agricultural practices amidst the challenges brought about by climate change. This synthesis highlights the significant potential of biotechnological advancements in revolutionizing agriculture, facilitating the creation of resilient, adaptable, and sound systems capable of addressing the needs of a swiftly evolving world.
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Highlights

	Omics data is the highest (n=161), while CRISPR/Cas genome editing is trending among crops (n=45).

	Grain studies dominate, leaving fruits and vegetables underrepresented in abiotic stress research.

	Key species like Oryza sativa have often been used to improve stress tolerance over the last three years.

	Drought (n=94) in grains (n=236) was most prevalent, with the Australian pine invasion stress being the sole study screened.






1 Introduction


1.1 Revolutionizing agriculture in the current era

Humanity has previously relied on traditional agricultural practices for centuries to ensure its growing population (Turnbull et al., 2021; Prado et al., 2014; World Agriculture: Towards 2015/2030, 2023). While these methods laid the foundation for modern food systems, they often struggled to meet the needs of increasing populations and rapidly changing climates. In recent years, there has been a paradigm shift in agriculture as a result of the introduction of cutting-edge biotechnology instruments, which have revolutionized traditional farming processes and introduced unparalleled levels of efficiency. To illustrate, biomolecule delivery to plants has long relied on the traditional infection (with Agrobacterium) or biolistic particle delivery method. However, the research presented by Zhang et al. (2019) details a novel method for delivering biomolecules into plants by DNA nanostructures coordinating gene silencing in mature plants. The researchers successfully used nanostructures to transport siRNA into mature plant cells, effectively silencing targeted genes. Such technologies not only bypass traditional barriers but also enable broader applicability across diverse plant species. This versatility was further demonstrated in the development of maize varieties and rice lines, where genetic modifications in elite inbred lines, specifically altering granule-bound starch synthase 1(GBSS1), regulate amylose production. These adjustments resulted in a range of low amylose content of maize and rice lines (Zhu et al., 2020), with modified GBSS1, regulating amylose production. That is important because grain with less amylose has superior nutritional and appetizing qualities, along with extensive uses in the textile and adhesive industries. Other tecniques that are very different from traditional methods are robotics and artificial intelligence (AI) which are critical in enhancing crop stress tolerance using precision phenotyping, where robotic platforms and high-throughput imaging systems rapidly assess plant traits under stress (Mukherjee et al., 2025). It allows early stress detection using AI-driven sensors and drones that identify even subtle variations in plant health prior to any visible damage (Wang et al., 2025). These discoveries further optimize resource allocation through the implementation of smart irrigation systems that utilize AI to track water levels in the soil, climate, and plant needs, reducing unnecessary water loss for example. Besides, machine learning-based climate resilience models also allow breeders to develop crop varieties tolerant to future climatic stress factors (Das et al., 2025). In addition, these technologies accelerates breeding processes through the selection of stress-tolerant genes from vast genomic datasets, with automation optimizing CRISPR-based genome editing efficiency and accuracy (Bhuiyan et al., 2025). These outcomes highlight how targeted genetic modifications can simultaneously address dietary needs and industrial goals, further exemplifying the versatility of biotechnological interventions (e.g., gene-editing tools, synthetic biology, or soil microbiome engineering).

As the global population is projected to reach 9.7 billion by 2050 (United Nations, 2022) and as dietary shifts increase the demand for improved diets, there is a pressing need to significantly increase crop yields while sustainably producing foods (Lal, 2016). To address this challenge, a multifaceted approach will be crucial, one that leverages a combination of biotechnological innovations, advancements in traditional plant breeding, and the implementation of improved agronomic practices (Vemireddy, 2014; Husaini, 2022). The prospects for innovative solutions and tools adding up to the pile almost every year to drive significant advancements in crop improvement are indeed promising and multifaceted (Ranjha et al., 2022). The benefits of agribiotech are long-standing, with farmers worldwide embracing its diverse applications nowadays that span the spectrum of agricultural practices, including the development of better yielding varieties, enhancing nutritional profiles, and the production of biofertilizers. Innovations hold great potential to meet the increasing need for improved and sustainable crop production that is more tolerant to pressing agricultural issues, such as drought, high temperature, and soil salinity, which has started to occur more frequently and more dramatically.

The purpose of this study is to provide an assessment of current developments in biotechnology that have been made to increase crop resilience to environmental challenges. Modern molecular techniques, including CRISPR/Cas genome editing, marker-assisted breeding, and omics technologies, are the main focus here to improve crops. For instance, CRISPR/Cas genome editing for drought tolerance and other characteristics was outlined in the context of their implementation in applied crop breeding to create climate resilience. Similarly, omics technologies are not outlined as independent advances but as ways to interpret and improve crop adaptation to biotic and abiotic stresses. In addition to this, the review discusses the difficulties that are involved with the implementation of these technologies, such as ethical problems, regulatory impediments, and public acceptance. The purpose of this review is to suggest a road map for future research and policy development to promote sustainable agriculture practices and increase global food security. This is accomplished by summarizing the existing progress that has been made and identifying knowledge&policy gaps, and technological limitations.




1.2 Progress


1.2.1 Drought tolerance

The sheer volume of the latest plant biotechnology data may render a comprehensive review impractical. However, recent experimental research on advancements in abiotic and biotic stress tolerance stands out, particularly the development of drought-tolerant crop varieties, which exemplifies the field’s rapid progress (Sharma et al., 2002; Vemireddy, 2014; Zhu, 2008). For example, genome editing and engineering techniques have been used to develop several drought tolerant crops (Raza et al., 2024; Rai et al., 2023; Ahmad, 2023; Sathee et al., 2022; Joshi et al., 2020) by modifying plant tissue-specific responses (Martignago et al., 2020). However, the basic strategy involves modifying genes that play key roles in response to drought stress, including overexpressing genes involved in drought signaling, such as those functional in the modulation of phytohormone signaling (e.g., abscisic acid signaling pathway) that enhance the ability to perceive and respond to drought conditions. Playing with signaling pathways has been shown in petunia and cassava plants as one of the examples (Estrada-Melo et al., 2015) (Zhao et al., 2014). Modifying genes that control root architecture and development via root system architecture (RSA) phenotyping was also among the biotechnological approaches for drought tolerance (Ndour et al., 2017) (Wajhat-Un-Nisa et al., 2023). In this context, genetic selections and the development of water deficit tolerant commercial maize varieties have been developed. This method can improve the plant’s capacity to access either water or nutrients from the soil during water scarcity periods. Manipulating genes responsible for the biosynthesis of osmoprotectant molecules that help plants maintain cellular integrity and function under water-deficit conditions are also among the valid methods used recently (Zhu et al., 2020; Zafar et al., 2020).

Beyond transgenic breeding with trans or cis-genesis (Jiang et al., 2017; Mishra et al., 2017; Pehlivan, 2019), precise genome editing by CRISPR has emerged as well, as a powerful tool to develop drought-tolerant crops by perfectly targeting specific genes in drought-specific stress responses (Jain, 2015; Esmaeili et al., 2022; Wang and Qin, 2017). CRISPR-Cas9 genome editing has enabled the targeted modification of genes to enhance drought tolerance in species such as Arabidopsis, rice (Kumar et al., 2023; Joshi et al., 2020; Paixão et al., 2019; Cao et al., 2017), wheat, maize (Rai et al., 2023), and several fruits, ornamental and industrial crops (Ramírez-Torres et al., 2021). Chronologically, molecular markers first have been essential in depicting plant genetic heterogeneity under environmental stressors. Numerous quantitative trait loci (QTLs) linked to enhancing drought resilience have been found in multiple crops (Puttamadanayaka et al., 2020). Gene mapping and germplasm evaluation enabled drought-tolerant wheat breeding, which can be categorized among climate-smart future crops (Khadka et al., 2020). Nonetheless, the accuracy and dependability of QTL identification seem problematic. In light of this, genome editing has proven highly effective in improving crop tolerance to abiotic and biotic stressors. Primary key genetic targets for this technique included those involved in ABA signaling, osmoprotectant synthesis, and root development (Sharma et al., 2002; Vemireddy, 2014; Zhu, 2008). However, there are novel sidesteps in this technology also: for instance, plant gene editing via de novo meristem induction is one of the novel techniques that bypasses the limitations of traditional tissue culture methods like delivering Cas9 and single guide RNAs reagents to explants in a culture for a typical plant gene-editing process. This old process was often genotype-dependent and could lead to unintended genetic changes. De novo induction, as described in (Maher et al., 2020), offers a more direct approach: 1. delivery: gene editing reagents and developmental regulator (DR)s are delivered directly to somatic cells of intact plants, often via Agrobacterium-mediated transformation. 2. the DRs induce the formation of new meristems at the site of delivery (meristem induction). 3. de novo meristems develop into shoots carrying the desired gene edits (shoot development). The key to this technique is the use of DRs, such as WUSCHEL and SHOOT MERISTEMLESS, which are essential for meristem formation and maintenance. The ectopic expression of these genes can trigger the emergence of new meristems in the target tissue. Simultaneous delivery of gene editing reagents (CRISPR-Cas9 components such as those needed for prime editing, adenine, and cytosine editing, or dual base editing) (Zhu et al., 2020) ensures that the newly formed meristems carry the desired genetic modifications. This method bypasses the need for lengthy and often problematic tissue culture procedures. Potentially higher efficiency and reduced time required for gene editing speed are gains compared to traditional methods. It also provides genotype independence and reduces surprise changes owing to its potential applicability to broader plant genotype groups and ability to minimize the risk of somaclonal variations associated with tissue culture. This work (Maher et al., 2020) successfully demonstrated the technique in Nicotiana benthamiana (a model tobacco) and Solanum lycopersicum (tomato). While further research is needed to optimize the method for other species and target tissues, the principle (efficient DRs delivery and editing reagents to target cells) remains crucial and still holds promise for a faster and more versatile approach for a wide range of dicotyledonous plants.

Furthermore, the application of nanotechnology has shown great potential in crop improvement to drought stress, with studies demonstrating the use of nano-scale materials to be able to have better water-use efficiency and photosynthetic activity in Arabidopsis and other major crops (Zhang et al., 2019; Kwak et al., 2019; Sharma et al., 2002; Vemireddy, 2014; Zhu, 2008). Emerging evidence suggests that chloroplast-selective gene delivery, together with nanoparticle-mediated approaches, can indeed enhance plant drought tolerance. Chloroplast-targeted genetic engineering has enabled the precise delivery and expression of involved genes in drought responses, such as those regulating ABA signaling, osmoprotectant synthesis, and root development, leading to more drought-tolerant crop varieties (Zhang et al., 2019). In this context, plant resilience to drought stress by enhancing water-use efficiency and photosynthetic activity in model species like Arabidopsis, as well as major crop plants, has been reported lately (Kwak et al., 2019). These advanced approaches, when integrated with traditional breeding and genome editing methods, offer significant potential for developing crops that are drought-tolerant and capable of surviving during climate change-related water shortages (Sharma et al., 2002; Vemireddy, 2014; Zhu, 2008).




1.2.2 Thermotolerance

Recent studies have demonstrated omics-driven plant breeding for crops with higher tolerance to high and low temperatures (Demirer et al., 2019; Zafar et al., 2020). Systems biology approach and multi-omics data from integrated studies alongside machine learning algorithms and speedy breeding techniques blended of two or multiple omics methodologies within a singular study, conducted under identical or varying stress conditions and plant tissues, produced a thorough omics dataset, obtained mainly by the overexpression of heat shock proteins and the manipulation of cold acclimation genes for novel breeding programs aimed at creating temperature-smart cultivars (Zhou et al., 2022; Saeed et al., 2023). By leveraging these cutting-edge methods applied at tissue or single-cell levels (such as genomics, transcriptomics, proteomics, metabolomics, miRNAomics, epigenomics, phenomics, and ionomics) alongside the vast power of machine learning/speed-breeding data, essential stress-responsive genes and pathways have also been identified in plants to tolerate heat, cold, and salt stresses (Sezgin Muslu and Kadıoğlu, 2021). Machine learning analyzed the related data to evaluate plant thermotolerance responses and identified essential elements, including marker genes, metabolites, and proteins. Speed-breeding, on the other hand, expedited breeding cycles, enabling rapid introgression of desired traits and assessment of thermo-adaptive characteristics (Raza et al., 2024). Furthermore, electrophysiology and RNA-Seq of Arabidopsis STTM165/166 mutants revealed that Ca ion efflux in the cells was responsible for the generation of plant electrical signals regulating Ca+2 channel activity (Zhao et al., 2023). Also, through patch-clamp surface recording and differentially expressed gene ontology analyses, differential expression of electrogenic proton pumps (Arabidopsis H+-ATPases (also known as AHA genes)) generating slow wave membrane potentials has been shown to regulate plant electrical signals and temperature tolerance in this work.




1.2.3 Salt tolerance

Innovations targeting other critical factors of stress, such as salinity, also signify substantial progress. The initial green revolution, fueled by chemical fertilizers, brought about a significant surge in food grain production; nevertheless, it also created a considerable issue: salinity (Gupta and Huang, 2014). When the ECe (conductivity of soil extract, saturated) is ≥ 4 dS/m, which is about the same as 40 mM NaCl and causes an osmoticum of 0.2 megapascal (MPa), the soil is considered to be salty in nature (Acosta-Motos et al., 2020; Corwin and Lesch, 2013; Ladeiro, 2012). In this context, even though the absence of a direct association between threshold salinity and yield reduction per unit rise in salinity, due to variations in salt exclusion, absorption, compartmentation, and other mechanisms of salt tolerance among various crop species, once posed a challenge, the genetic engineering of genes functioning in ion homeostasis, osmolyte biosynthesis, and antioxidant systems has enabled the development of tolerant plants that can grow and yield well in saline soils to date (Acet and Kadıoğlu, 2020; Fu and Yang, 2023). If we go back further, in 2000, Halfter et al. found that the SOS2 protein kinase physically interacts with and was activated by the calcium-binding protein SOS3, and emerging roles of the Salt-Overly Sensitive (SOS) pathway were established in Arabidopsis (Halfter et al., 2000). This knowledge paved the way for several metabolic manipulations: the overexpression of genes encoding sodium/proton antiporters, which regulate the Na+ efflux out of the cell, has been shown to improve tolerance in various crop species (Singh et al., 2021). Similarly, the engineering of genes involved in the biosynthesis of compatible solutes, such as glycine betaine and trehalose, helped plants maintain cellular osmotic balance under saline conditions (Deinlein et al., 2014). This was achieved by the classical transgenic approach (Pehlivan et al., 2016) to provide salinity tolerance to plants, which revolves around boosting internal defense mechanisms, often via a single-gene approach, sometimes gene pyramiding by a quantitative genetics process that is controlled by several numbers of genes simultaneously (Sun et al., 2018) On the other hand, in transcriptomic analysis, Zhao et al. (2022) found that stress-responsive transcription factors (TFs) interact with promoter areas to modulate the expression of salt stress-responsive genes associated with tolerance. Among grapevine TFs, the AP2-EREBP, bHLH, MYB, histone, WRKY, HSF, AuxIAA, and AS2 exhibited the most pronounced shifts (Zhao et al., 2022). Tolerant variants mobilized a greater number of bHLH, WRKY, and MYB TFs in response to salt stress compared to sensitive types. The manipulations in transgene research, which encode antioxidant enzyme genes such as SOD and CAT, enhanced the plants’ capacity to scavenge ROS and alleviated the oxidative damage linked to salt (Roy et al., 2014; Shams and Khadivi, 2023). Furthermore, the significance of halobiomes as a reservoir of genes for salt tolerance engineering in glycophytic crops was recently explored (Wani et al., 2020). Halobiomes, which consist of microbial communities adapted to thrive in the presence of high to very high salt habitats, serve as valuable reservoirs of stress-adaptive genes (Wani et al., 2020). These genes either functional for cellular Na+ influx or ion channel regulation, biosynthesis and transport of osmoprotectants, extracellular secretion, antioxidant machinery trigger etc. have potential applications in engineering salt tolerance in glycophytic crops (Chen S. et al., 2021), making halobiomes an important resource for agricultural biotechnology (Khare et al., 2024). The significance of microRNAs as essential post-transcriptional regulators in plant adaptive responses to salinity was also analyzed, along with a critical evaluation of their application to cultivating salt-tolerant crop plants such as grape, pepper, and alfalfa (Wei et al., 2023; Ma et al., 2022, 2020). Research on gene expression via constitutive promoters provided limited biological insights relative to the application of cell type-specific or inducible promoters. Consequently, the engineering of salt-tolerant plants achieved through miRNA overexpression, utilizing synthetic biology principles to improve engineering strategies, maintained homeostasis sor stable hormone levels to avoid pleiotropic effects, fully comprehended post-translational modifications, and precisely fine-tuned salt stress responses by engineering novel regulatory targets as reported by (Singh et al., 2021).

Recent research has investigated alternate splicing mechanisms and targeted techniques for gene editing to understand plant responses to salt stress further and to generate salt-tolerant crop cultivars (Ahmad et al., 2023). The several omics methodologies interconnected at the molecular level regarding salt stress tolerance in plant regulatory systems were illustrated alongside the roles of nano-biotechnology and microbiota (Xiao and Zhou, 2023). These improvements, when integrated with sophisticated breeding procedures and phenotyping technologies, have resulted in an array of salt-tolerant crops capable of surviving in regions with elevated soil salinity, hence enhancing the viability of agriculture and food security (Saradadevi et al., 2021; Singh et al., 2021; Afzal et al., 2022).




1.2.4 Pest and disease resistance

Through the introduction of novel resistance genes, such as those encoding antimicrobial proteins, pathogen recognition receptors, and defense-related TFs or novel resistance genes from other organisms, such as Bt genes from Bacillus thuringiensis for insect resistance (Mapuranga et al., 2022) and the RFO (resistance to Fusarium oxysporum) genes from radish for fungal resistance, has also been a significant focus of biotechnology research and has led to the commercialization of several genetically modified (GM) crops (Chinnusamy et al., 2005; Roy et al., 2014; Hanin et al., 2016; Hernández, 2019). Endophytic microorganisms significantly contribute to host plant tolerance by eliciting systemic resistance, synthesizing more beneficial secondary metabolites, and aiding bioremediation (Koltun et al., 2018; Kaul et al., 2020; Bao et al., 2019). This has been a central focus of research confined to cultivating crops with enhanced disease resistance to biotic pressures attributed to genetic characteristics associated with stripe rust, leaf rust, stem rust, powdery mildew, fusarium head blight, and some insect pests. RNAi-based elements that give resistance to viral diseases were also essential components of varied integrated pest management tactics for various crops in countries with developed as well as developing economies (Li et al., 2022). After the innovation of the CRISPR system, the approach has been used to enhance resistance to late blight disease in potatoes by disrupting the susceptibility gene StDMR6–1 and to confer resistance to powdery mildew in wheat by editing the mildew resistance locus A gene (Taj et al., 2022; Schenke and Cai, 2020). In contrast to traditional transgenic approaches that incorporate foreign herbicide-resistant genes (e.g., bar), which encodes phosphinothricin N-acetyltransferase into crops, the editing of herbicide-targeted genes to confer defense through CRISPR-Cas has more potential due to its rapidity, adaptability, and absence of transgenes. This is also significant as weed issues are escalating at a global scale; creating herbicide-resistant germplasms is a cost-effective way to sustain high crop yield and avert soil degradation in terms of habitat protection (Zhu et al., 2020). CRISPR-Cas9 has facilitated the development of herbicide-resistant varieties in several crops, allowing for more effective weed control (Zhu et al., 2020). The technology has been employed to enhance resistance against citrus canker disease and enabled the obtaining of wheat varieties resistant to powdery mildew disease (Zhu et al., 2020). The predominant method in functional genomics had previously emphasized the deletion via non-homologous end-joining repair of susceptibility elements essential for effective host colonization in plants (McGaughey and Whalon, 2023). However, the latest data indicated that genome re-engineering through homology-directed repair or base editing can inhibit host manipulation by altering the targets of pathogen-derived molecules (e.g., effectors) to the point of unrecognizability, hence reducing plant sensitivity (Veley et al., 2021). Due to these disadvantages, CRISPR/Cas genome editing became increasingly essential for quickly generating adaptive resistance characteristics in crops to address forthcoming challenges (Zhu et al., 2020).




1.2.5 Enhancing nutrients/nutrient use efficiency

Enhancing nutrients and nutrient use efficiency in crops like rice and wheat to reduce fertilizer inputs and environmental impact by optimizing nutrient uptake, translocation, and utilization mechanisms was another avenue in recent works (Kaul et al., 2020). Key areas of progress included the engineering of plant-microbe interactions, the use of endophytes and nanomaterials (nano-biotechnology) (Napier and Sayanova, 2020) to improve growth and stress tolerance, yield and quality traits, and the application of synthetic biology principles to create novel biosynthetic pathways for the production of valuable metabolic compounds like carotenoids, vitamins, and minerals (Sirirungruang et al., 2022; Barnum et al., 2021). The use of biotechnology to improve the nutritional quality of food crops, such as increasing the levels of essential vitamins, minerals, and amino acids, had the potential to address global malnutrition issues (e.g., developing biofortified crops with improved nutritional profiles to address micronutrient deficiencies). In terms of enhanced quality, researchers, for instance, successfully modified oil content and fatty acid amounts in oilseed crops and increased the levels of gamma-aminobutyric acid, a beneficial nutrient, in tomato fruits (Zhu et al., 2020). Editing the OsLOGL5 gene, which is involved in cytokinin regulation, has led to increased grain yield under multiple environmental conditions. Furthermore, knocking out genes encoding cytokinin oxidase/dehydrogenase enzymes, responsible for cytokinin degradation, resulted in higher yields. Indeed, implementing synthetic biology techniques to modify crops such as Camelina and Arabidopsis for the improved production of high-value compounds, such as omega-3 acids, plant-derived pharmaceuticals, and renewable chemicals, alongside the development of biofortified crops with better nutritional profiles to combat micronutrient deficiencies (such as elevating the concentrations of vitamins, minerals, and essential amino acids in staple crops like cassava, pearl millet, and sweet potato) represents significant examples of this avenue. Notable examples also include the application of nanoparticles to deliver nutrients and agrochemicals more effectively and the engineering of microorganisms to produce secondary metabolites. Considering all these examples, which generally is directed towards Arabidopsis, rice, maize, barley, tobacco, tea, ryegrass, sorghum, rapeseed, alfalfa, cicer, eggplants, wheat, pea, soybean, cotton, faba, cowpea, grapevine, potato, tomato, barley, banana, cabbage, and quinoa, but basal land plants or higher plants such as Marchantia and poplar (Figure 1) it is evident that these studies have yielded plants as green factories for producing substances beneficial to humanity, minimizing environmental impact, and enhancing sustainability using GM plants, thereby translating fundamental research into practical products.
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Figure 1 | The co-occurrence network of research on plant abiotic and biotic stress was conducted using the latest techniques during the last three years (2022-2024).






2 Data collection and visualization methods

The data collection within this study was performed by WOS query (TS = (plant stress$)) AND TS = (“plant biotechnology” OR “agritech” OR “plant genetic engineering” OR “genome editing” OR “CRISPR-Cas” OR “omics*” OR “marker-assisted breeding*” OR “transgenic breeding*” OR “trans-genesis*” OR “cis-genesis*” OR “functional genetic*” OR “targeted modification*” OR “gene overexpression*” OR “targeted genetic engineering*” OR “gene co-overexpression*” OR “gene pyramiding*” OR “phenotyping*” OR “gene mapping*” OR “germplasm evaluation*” OR “climate-smart crops*” OR “tolerant crops”) from the Web of Science Core Collection with publication years refined to 2022, 2023, and 2024. Review articles, books, book sections, conference proceedings, experimental studies, modeling studies, and non-plant and/or stress-irrelevant studies were excluded (records, n=213). During this stage, (after 1118 documents were obtained as sample size), document type was refined as article and Web of Science Categories were refined to plant sciences (records, n=684), agronomy (records, n=144), environmental sciences (records, n=74), (horticulture records, n=49), engineering environmental (records, 23), agricultural engineering (records, n=17), agriculture multidisciplinary (records, n=17), nanoscience nanotechnology (records, n=8), green sustainable science technology (records, n=5) and 912 final documents were obtained in the 2nd round. Then, search results were refined to a more granular level by refining meso and micro-level citation topics, and 644 SCI results were obtained in the 3rd round. A preliminary evaluation was conducted to verify the relevance of the data. Reviews, irrelevant, and duplicate works were also removed from the data set at this stage (excluded irrelevant data were the works analyzing external foliar applications to increase abiotic stress tolerance, halophytes from saline regions, cell wall biosynthesis in yeast, soil culture experiments- basic traditional physiology research- and experiments on virus promoters). A collection of 481 research studies was finally examined following the sequential elections.

The data analysis and visualization were performed for synthesized data set using SigmaPlot Version 13.0. The Sankey diagram was made by https://www.sankeymatic.com/build/while for Word Cloud Chart, an online word cloud generator tool (https://www.jasondavies.com/wordcloud/#http://www.jasondavies.com/wordtree/cat-in-the-hat.txt) was used. The map was created by QGIS mapping software (https://qgis.org).




3 Results and discussions

This review analyzed a total of 481 studies on plant stress (Figure 1). All of the works were conducted in the last 3 years, with a significant 14.6% increase in the number of studies performed in 2024 compared to 2023, reflecting the growing interest in this critical area. Stress research was classified into two primary categories: abiotic and biotic. Most of the research (87%) focused on abiotic stress, while the remaining portion comprised biotic stress. The study was conducted over 33 separate groups, with drought (22.2%) emerging as the predominant abiotic stressor, followed by salinity (15.5%) and organ development (9%). In biotic stress, only the disease effect was investigated (Figure 1). To elucidate the effects of both biotic and abiotic stresses, researchers used 14 different techniques. Although these techniques vary according to the stress factors applied, the omics approach (28.3%) stands out as the most frequently used technique, emphasizing their pivotal role in stress-related research. Other significant techniques included phenotyping (15.2%), genome-wide identification (13.3%), CRISPR/cas genome editing (9.6%), and marker-assisted breeding studies (9.4%). This distribution highlights the growing dependence on integrative, high-throughput techniques to tackle intricate stress systems in plants. On the other hand, it is remarkable that the regulatory constraints and traditional breeding methods leading to lower adaption rate of CRISPR technique (Piergentili et al., 2021).

Grains, constituting the dietary staples for an important part of the worldwide population, predominated the studies, accounting for over half of the dataset (49.1%). Industrial crops comprised 18.9%, but vegetables (11.6%) and fruits (7.7%), essential elements of global food security and nutritional diversity, garnered relatively less focus. Among the grains, rice (n=48) and wheat (n=47) were prominent among 34 different species (Figure 2a). In the industrial plants, tobacco (n=16) and cotton (n=11) were most prominent (Figure 2c). Among the fruits banana being the most remarkable (Figure 2b), whereas in the vegetable category, tomato (n=23) and potato (n=11) were the most prevalent (Figure 2d). Studies also included plant groups such as habitat protectors or wildlife soil covers, though to a lesser extent (Figure 2e). Additionally, a word cloud generated from the most frequent keywords across studies offers insight into trending biotechnological approaches (Figure 2f). The research output was geographically dispersed among multiple countries. China emerged as the predominant contributor, generating the highest number of studies, followed by the USA and India (Figure 2g). This global participation underscores the acceptance of plant stress research as a priority in addressing the issues posed by climate shifts, food security, and sustainability (Figure 2g).
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Figure 2 | The number of articles by publishing year (The bar chart illustrates published article numbers per year, while the line chart represents the cumulative amount of articles throughout three years). Published articles on grains (a) fruits, (b) industrial plants, (c) vegetables, (d) and the plants used as habitat protectors/wildlife soil cover, (e). The word cloud was generated by the keywords in the M&M section (f). Network of contributions among countries based on the national affiliations of all authors (g).




4 Prospects of biotechnology for crop improvement

The rapid advancement of biotechnology provided plant breeders with access to an extensive array of exceptional genes and characteristics, which can be integrated through singular events into high-yielding and regionally tailored cultivars (Figure 3). It presents transformative opportunities by paving the way for engineering plants as “green factories” capable of producing valuable bio-based products, including omega-3 fatty acids, plant-derived pharmaceuticals, and renewable chemicals.
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Figure 3 | Advancement in agriculture through biotechnological approaches.

A landmark advancement in the space is CRISPR-Cas technology, offering precise, efficient, and versatility genome editing solution (Table 1). Notably, transgene-free gene editing is becoming increasingly viable. Techniques such as using deactivated Cas9 proteins fused with regulatory domains can modulate gene expression epigenetically without altering the DNA sequence (Demirer et al., 2019; Ayanoğlu et al., 2020). Such epigenome-targeted edits have demonstrated potential in controlling developmental traits and stress responses, for instance through manipulation of long non-coding RNAs and enhancer RNAs (Nerkar et al., 2022; Devi et al., 2022).

Table 1 | Application of CRISPR/Cas system in crops against abiotic and biotic stresses.
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Recent developments in genome editing technologies are transforming plant genetic engineering. Among these innovations, base editing, prime editing, and virus-mediated delivery systems stand out. Base editing, in particular, allows for precise nucleotide changes either transitions or transversions at specific genomic locations without creating double strand breaks (DSBs) or requiring a donor repair template (DRT). Currently, three main types of base editors are utilized: cytosine base editors (CBEs), which convert C:G base pairs to T:A; adenine base editors (ABEs), which change A:T to G:C; and C-to-G base editors (CGBEs), which convert C:G to G:C (Li et al., 2022). This high level of precision makes it possible to induce targeted single-nucleotide changes, leading to either the disruption or enhancement of gene function. As a result, base editing significantly advances gene function analysis, crop improvement, targeted domestication, and the controlled evolution of specific traits in plants (Ren et al., 2018; Tan et al., 2022; Li et al., 2022). Prime editing is an advanced and precise genome editing method that enables targeted DNA modifications without requiring double-strand breaks or donor DNA, thereby minimizing off-target effects (Averina et al., 2024; Anzalone et al., 2019, 2020; Gao, 2021). It uses a Cas9 nickase fused to a reverse transcriptase and a specialized guide RNA (pegRNA) to introduce desired edits through reverse transcription and DNA repair mechanisms (Xie et al., 2022). Prime editing was first demonstrated in plants in 2020 using rice and wheat protoplasts, showing its potential for precise genome modification (Lin et al., 2020). Optimized plant-specific systems enabled targeted point mutations, insertions, and deletions, with editing efficiencies reaching up to 21.8%. Subsequent studies established stable rice lines with desired edits in both endogenous and exogenous genes (Li et al., 2020; Tang et al., 2020). Notably, prime editing has been used to modify key agronomic genes like ALS, IPA, and TB1, enhancing traits such as herbicide resistance and yield-related architecture (Butt et al., 2020). Additionally, virus-based delivery systems, which facilitate efficient and heritable genome edits in plants, overcoming traditional tissue culture limitations (Zhang et al., 2022). To increase editing efficiencies, Weiss et al., 2025 achieved an advantageous miniature system/transgene-free editing of Arabidopsis thaliana in a single step with edits inherited in the next generations by engineering tobacco rattle virus to carry a compact RNA-guided enzyme and its guide RNA. They showed that even though viruses might have low cargo capacities to carry big CRISPR-Cas systems for targeted mutagenesis (e.g., meganucleases) (Honig et al., 2015), using viral delivery as vectors to introduce genome editing reagents to plants is a novel platform.




5 Sustainable agriculture

Protecting the environment is the primary goal of sustainable practices because food security goes hand-in-hand with sustainable agriculture. Therefore, practices that conserve resources and protect ecosystems are essential. Critical aspects of sustainable agriculture include the multifunctional platform of synthetic plant biology, like exogenous application of RNA interference molecules (RNAi) or gene editing, which can potentially address the challenge of feeding a rapidly growing global population (Demirer et al., 2019). Additionally, bioinformatic tools that enabled the identification of conserved motifs and sequence similarities between organisms have contributed significantly to the development of more efficient, productive, and environment-friendly agriculture (Zhu et al., 2020). Genetically modified (GM) crops have significantly revolutionized agriculture and food security, particularly for grains such as maize, rice, and soybean, as well as industrial crops such as cotton, tea, and tobacco. These crops have shown enhanced traits like heavy metal tolerance, drought tolerance, pest and disease resistance, herbicide tolerance, and improved food quality, farm income, and environmental benefits. Some well-known examples that have already reached a plateau serving precision agriculture include plants expressing Bt toxins and virus-resistant papaya, squash, and plum (Kholová et al., 2021; Ricroch et al., 2017; Sharma et al., 2002; Liu et al., 2017). Despite these advancements, the applications of GM technologies have been confined mainly to commodity crops, leaving minor crops, fruits, and vegetables underrepresented. This is concerning, as these underutilized crops are essential for a nutritionally balanced diet and for diversifying agricultural income sources (Cao et al., 2016). Expanding the scope of biotechnological research to include these crops can address regional food security challenges and increase the robustness of global food systems.

Conventional plant genetic modification methods has been reported unfeasible for many economically important crops, such as common bean (Weiss et al., 2025). Even CRISPR today remains sometimes ineffective in rice (particularly Japonica cultivars) (Shan et al., 2014) and wheat (the hexaploid nature of wheat, which has multiple sets of chromosomes, complicates CRISPR applications) (Zhang et al., 2021a). Some potato and tomato varieties also pose regeneration challenges, making it difficult to implement CRISPR-based edits in a large-scale, commercially viable manner. Nonetheless, the advent of CRISPR/Cas9 has paved a new way to rapidly modify a broader range of plants, including fruits, vegetables, and orphan crops that are understudied/underrepresented but critical for regional food security (Zhu et al., 2020) in one step and only one generation (Weiss et al., 2025). These developments have the potential to transform agriculture and make it more regenerative, productive, and resilient in the face of global fluctuations like climate change, limited land and water resources, and the need to feed a significant population (Saeed et al., 2023).




6 Food security

Biotechnology-driven supply systems have changed the game for food security by developing crop varieties with higher yields, better disease resistance, and better biotic and abiotic stress tolerance. These advancements are crucial for 700 million people worldwide who are living on less than $1.90 daily and suffering from malnutrition (World Extreme Poverty Statistics, 2024). State-of-the-art technology trends can contribute to a significant increase in the desirable regulated products characterized by high, medium, and very high product purity, especially in cereal, fruit, and vegetable crops (Zhu et al., 2020). Deleting unfavorable genetic elements or introducing gain of function mutations to create perfect germplasms efficiently to establish male sterility (Singh et al., 2018), or formation of haploid embryos (Liu et al., 2017), or domestication (Li et al., 2018). These advancements make agriculture more environmentally friendly and economical. They also may conserve local varieties protect crop production with less labor, providing a sustainable food supply for a growing global population. However, food security is interconnected with many other global challenges (Cole et al., 2018), and addressing it requires a multifaceted approach that covers environmental, social, and economic factors (Calicioglu et al., 2019). For instance, the scientific dominance in stress research by some countries could be characterized by a combination of environmental, economic, and technological drivers. The countries with high climatic stressors, e.g., long periods of drought, extreme temperatures, or soil salinity, experience higher pressures to develop stress-resistant crops. Their research agenda might be, therefore, a reflection of the urgency to provide food security and sustain agricultural production under extremely unpredictable weather conditions. Moreover, countries with strong agriculture economies, particularly those that rely mainly on staple crops, might also be large investors in stress tolerance (Li et al., 2018). Their governments and research institutions may know the strategic importance of stable yields, not only to ensure national food security but also to feed export markets and industrial applications such as biofuels and animal feed. In such cases, scientific investment is a mix of economic pragmatism and necessity (Cole et al., 2018). Apart from economic and environmental factors, the technological and infrastructural capacity of a country also decides research output. Countries with advanced research infrastructures and well-funded and established industries are better placed to conduct cutting-edge research on plant stress tolerance. Also, fostering collaborative efforts through grants/projects on climate adaptation and strengthening crop value chains and knowledge sharing have been cornerstones (Calicioglu et al., 2019). Because consumption through the sharing of knowledge products might encourage the exchange of best practices and experiences among countries to enhance crop production and consumption. These factors being responsible for the dominance of some countries in stress research bring into question a pertinent issue of research equity at the global level.

Since agriculture is the backbone of many economies, improved food security strengthens the agribiotech sector, creating new jobs and boosting incomes (Prado et al., 2014). Reliable food production also helps stabilize food prices, benefiting consumers and producers and giving rise to market stability. Moreover, food security isn’t just about quantity but also quality (Varzakas and Smaoui, 2024). Therefore, access to nutritious food can help combat diet-related diseases and proper nutrition and strengthen immune systems, making populations more resilient to diseases and/or malnutrition.




7 Climate change resilience

Climate change significantly threatens world food production by increasing its frequency (Gupta et al., 2020); therefore, obtaining plasticity with novel abilities for plants is essential in light of the increasing effects of climate change. Agricultural practices contribute to climate change; however, they can also be a part of the solution to climate change mitigation. Indeed, conventional and novel plant breeding efforts have produced crop varieties with improved tolerance to drought, heat, cold, soil salinity, etc., all of which are intensified by climate change. The innovations enhanced stress tolerance in crops, thereby ensuring sustained productivity and yield stability in the face of shifting environmental conditions (Zhu et al., 2020; Ricroch et al., 2017; Cao et al., 2016; Demirci et al., 2017; Koltun et al., 2018). This advancement is particularly crucial for major staple grains such as maize, wheat, and rice, which form the dietary foundation for the majority of the global population. In accordance with this, cereal growth should be prioritized to be protected from abiotic/biotic stress by countries with high dependence on staple foods. Moreover, grains occupy the greatest area under cultivation in global agricultural production, hence there has been a concentration of research investment on these crops (most of the countries undertake large-scale projects specifically to sustain cereal production, and these are typically supported by significant funding). These plants also possess extremely high economic significance, not only as food but also for biofuel, animal feed, and industrial purposes. Apart from this, plants such as rice and maize are experimental crops in genetic studies and are therefore, always under the microscope. Cumulatively, all these factors result in more research on grains as compared to other plant groups. In addition, the distribution of funds for vegetables and fruits frequently relies on regional priorities, particular health and nutrition objectives, and the strategic interests of commercial organizations. However, fruits and vegetables are equally important to human nutrition, and therefore research must be carried out on both as well.

The integration of nanomaterials in agriculture, on the other hand, offers a transformative strategy to enhance nutrient delivery and agrochemical efficiency (Usman et al., 2020). Key benefits include reduced fertilizer waste, optimized nutrient utilization, improved crop yield and quality (Quintarelli et al., 2024), and activation of plant defenses against stresses such as drought and salinity (Zulfiqar et al., 2024). Nonetheless, concerns about environmental toxicity (Zulfiqar et al., 2024) remain among critical challenges. Addressing these issues is crucial to comprehending and harnessing nanotechnology’s potential for climate resilience.




8 Regulatory frameworks

Regulatory frameworks must strike a balance between rigorous safety assessments and efficient approval processes to enable the timely delivery of innovations that can enhance food security and climate change resilience. A flexible, evidence-based, and transparent regulatory framework has been crucial for the smart advancement and use of agricultural biotechnologies to date (Hood et al., 2011; Raman, 2017). Today, robust and adequate regulatory frameworks that can effectively assess and manage the safety and environmental impact of biotechnology-derived crops are more than needed, given the risks diminishing natural resources. However, while regulatory approval is essential for commercialization, this can also pose significant hurdles and delays, hindering the timely delivery of beneficial products to farmers and consumers (Lassoued et al., 2018). This regulatory uncertainty can create barriers to the widespread implementation of advanced techniques that have the potential to increase crop productivity, climate resilience, and safe farming practices (Lassoued et al., 2018). Streamlining and harmonizing regulations internationally can help accelerate the translation of research advances into practical applications (Entine et al., 2021).




9 Public perception and trust

Public views and attitudes toward emerging biological sciences and novel technologies are critical determinants of the successful launch and implementation of these technologies (Siegrist and Hartmann, 2020); however, there are questions as to whether they are currently sufficiently taken into account which may end up leading ‘market avoidance’. Indeed, failure to address public concerns and maintain trust may have a negative impact on novel techniques and their applications (Trump et al., 2023). Public safety concerns about the environmental impact/ecological balance and ethical standards of agribiotech, therefore, must be addressed by fostering an environment of transparency, open communication, and inclusive engagement with all stakeholders, including the general public, farmers, policymakers, and industry (Trump et al., 2023). Promoting public awareness and establishing clear and robust regulatory frameworks, as well as effective communication strategies, can help navigate the latest advancements in the area and ensure the responsible development and deployment of agritech technologies in a digital era (Kleter et al., 2019).




10 Risks and benefits

The potential of novel plant genetic modification methods is vast, as it spans the full spectrum of life, including agriculture, food processing, medicine, and various other fields. Indeed, the beneficial outcomes and processes for advancement lead to many life-saving agents, like vaccines, proteins, etc., that have been developed lately (Demirer et al., 2019). Yet, the applications is not without risks and limitations. Despite several advantages, they are consistently seen as posing a potential risk to both the environment and people’s health in various respects (Zhu et al., 2020). In fact, this tremendous progress in the area has limited the majority of resources (Zhang et al., 2019). Therefore, the intentional alteration and transmission of precisely engineered gene constructs through modern methodologies have had generated ongoing global controversy (Demirer et al., 2019). Now, these technologies may not go beyond if ethical issues are clearly articulated, including informed consent, confidentiality, research subjects, equitable access to research benefits, mortality, and benefits for research personnel such as insurance, intellectual property rights, and liability (Prado et al., 2014). Hence, considerable attention should be directed to the management of bioethics/bioterrorism through the utilization of gene-edited super pathogens or pharmaceuticals designed to eliminate memory and immunological responses.




11 Socioeconomic implications

The rapid development of genetic modification tools has brought about significant socioeconomic implications, particularly in the domain of the agri-food sector. For example, after the creation of GABA-enriched tomatoes in 2022 (Waltz, 2022), the first CRISPR-edited vegetable (mustard) hit the US market as a start-up last year. Editing a healthier future with these techniques is encouraging, as evident in instances such as removing allergens from foods (Assou et al., 2022); however, the extensive use of these technologies has elicited apprehensions regarding the possible consolidation of power among a limited number of large corporations potentially exacerbating economic disparities and limiting the access of small-scale farmers to these innovations (Braun, 2002; Trump et al., 2023). Additionally, the patenting of the products and the rights associated with them have sparked debates around equitable access and the implications for food security, maybe not for developed but in developing countries (Munshi and Sharma, 2017). Another socioeconomic implication is the potential impact on trade and global markets, as countries and continents/regions have adopted different regulatory approaches to the use of these products, leading to trade barriers and disruptions (Trump et al., 2023). Addressing these socioeconomic concerns requires a balanced and inclusive approach, ensuring that the benefits are equitably distributed and that the needs of diverse stakeholders, including small-scale farmers, consumers, and vulnerable communities, are taken into account (Braun, 2002; Munshi and Sharma, 2017).




12 Ethical considerations

CRISPR-edited crops are positioned outside the regulatory restrictions typically applied to GMOs, offering a more flexible framework for their development/adoption (Ding et al., 2022; Pan et al., 2021). Nevertheless, this strategy in agriculture might still not universally acceptable due to the variances in ethical, cultural, and regulatory views of countries. In France and the European Union, for instance there are strict regulations due to public caution and environmental concerns (Gaskell et al., 2010). In addition, in Latin America, nations such as Mexico and Ecuador reject gene-edited crops to maintain biodiversity and local heritage (Montenegro de Wit, 2017). Also, distrust in Africa and Asia, Tanzania and India, is based on seed sovereignty as well as health and environmental impacts (Paarlberg, 2010; Jasanoff and Hurlbut, 2018). Furthermore, religious and cultural beliefs are also reflected in public views, with some groups viewing gene editing as unnatural or immoral, even if it is not directly illegal.

On the other hand, potential misuse (e.g., bioterrorism, genetic mosaicism, non-target gene drifts), such as introducing allergens, invasive pest species, or viruses, leads to ecological imbalance as in the case of other ethical considerations surrounding germline editing, as well as in breeding of the human species (eugenics) (Ayanoğlu et al., 2020) are among the critical issues in emerging agricultural technologies developed for the safety of food stocks. A balanced approach is needed to maximize benefits while mitigating risks and ensuring responsible innovation by both life scientists and social scientists. Overlooking to address the product’s legal and social implications can create substantial obstacles to product acceptance and adoption, hence supporting the implementation of the “safety-by-design” supremacy ideology (Annas et al., 2021). Therefore, legal and social challenges and opportunities are to be considered for sustainable and responsible agri-biotech applications.




13 Conclusion

Obtained data reveals key trends and gaps in abiotic stress research in crops. In this context, we concluded that while omics-based studies dominate the field, CRISPR/Cas genome editing is gaining traction as an emerging tool. The focus remains largely on grain crops, with fruits and vegetables receiving considerably less attention. Among species, Oryza sativa has been a primary model for improving stress tolerance in recent years. Drought stress is the most extensively studied factor, particularly in grains, whereas research on other abiotic stresses, remains scarce. These findings underscore the need for a more balanced research focus across different crop types and stress factors to ensure comprehensive strategies for improving crop resilience. On the other hand, the rapid advancements in biotechnology for crop improvement have brought both significant benefits and pressing socioeconomic and ethical concerns that require careful consideration. While cutting-edge technology has enabled enhanced yields, resilience, and reduced reliance on chemical inputs, issues such as unequal access to technology, potential monopolization by large corporations, trade barriers and varying levels of public acceptance across regions present substantial barriers to equitable implementation.

In some countries or cultures, the use of genome editing or GM-based approaches may face ethical, legal, or religious objections, which can influence regulatory pathways and societal acceptance. Addressing these concerns through inclusive policymaking, transparent communication, and public engagement is critical to ensure trust and responsible innovation.

Future research priorities in this context, may cover increasing representation of underrepresented/underutilised crops and need for integrative and interdisciplinary methods. Ultimately, the successful and responsible application of agricultural biotechnology hinges on maintaining technological integrity, ensuring safety and security, and transparently conveying the legal, ethical, and social implications of these transformative tools. By proactively addressing the key challenges, the biotechnology community can foster sustainable innovations that serve the diverse needs of stakeholders, from small-scale farmers to consumers and vulnerable communities.
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Lavender (Lavandula angustifolia Mill.) is a valuable aromatic plant with significant commercial importance. However, cold stress–one of the primary abiotic factors impacting sugar metabolism–adversely affects its agricultural productivity in Northeast China. To investigate the mechanisms underlying cold tolerance in L. angustifolia and support economic development, we measured the sugar content and performed transcriptome analysis at temperatures of 30°C (control), 20°C, 10°C, and 0°C. The results revealed that when the temperature dropped from 30°C to 0°C, the amylase activities and the content of maltose and glucose increased, while the starch content decreased. During the process, the up-regulation of LaAMY and LaBAM1/3 suggests an adaptive response in L. angustifolia to cold stress by promoting the breakdown of starch. Meanwhile, the up-regulation of sugar metabolism genes LaRHM1, LaMUR4, LaUGD4, alongside the downregulation of photosynthesis-related genes LaPSAD1, LaPSAN, LaPSBQ2, LaLHCB4.2, and LaPSB27-1 illustrate a strong connection to soluble sugar metabolism. These key genes exhibit significant correlations with starch content and amylase activities, specifically in the decomposition of starch into soluble sugars. The results indicate the decomposition of starch into soluble sugars plays a crucial role in osmotic regulation, facilitating subsequent sugar metabolism in L. angustifolia under cold stress. The correlation between gene expression and physiological indicators suggests that genes can potentially mitigate light-induced damage while promoting cellular homeostasis. Molecular docking analyses between the proteins PSAN and RHM1, MUR4 and UGD4, as well as between LHCB4.2 and RHM1, MUR4, and UGD4 predict that these protein interactions involved in sugar metabolism and photosynthesis contribute to enhancing cold resistance in L. angustifolia.
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[image: Diagram illustrating the process of transcriptome analysis in *Lavandula angustifolia* under cold stress. Arrows show the flow from RNA sequencing to WGCNA and key differentially expressed genes related to glycometabolism and hormones. Soluble sugar metabolism illustrates starch transformation into glucose and maltose, providing substrates. Protein prediction and molecular docking are depicted with structural illustrations, detailing interactions like LaPSAN and LaMUR4. Leaf samples are central, highlighting their role in the study.]
Graphical Abstract |





1 Introduction

Cold stress is caused by sudden temperature drops in autumn and unexpected cold snaps in late spring. For most plants, cold stress can be categorized into two types: chilling stress (below 20°C) and freezing stress (below 0°C) (Dou et al., 2016). The damage induced by cold stress significantly affects growth, health, and distribution limits of plants and causes more worldwide economic losses to agriculture than any other climate-related hazard (Lamichhane, 2021). Plants have undergone intricate evolutionary processes, equipping them adaptive strategies to survive in cold environments (Meng et al., 2025). It is well-documented that starch metabolism can facilitate adaptive changes in source-sink carbon allocation, thereby helping plants withstand cold stress (Dong and Beckles, 2019). Thus, investigating the regulatory mechanisms of starch metabolism underlying plants responses to cold stress has significant implications for agricultural productivity and biodiversity conservation.

The predominant soluble sugars, including glucose, maltose, and sucrose, are crucial for transporting and storing organic materials in both “source” and “sink” tissues of plants. Importantly, accumulation of sugars such as sucrose and glucose under cold stress is thought to protect cellular structures from freezing damage and regulate osmotic pressure. For instance, sucrose acts as a cryoprotectant by reducing the damage of cell membranes at low temperatures and scavenging reactive oxygen species (ROS) (Bai et al., 2023). Meanwhile, the starch and sucrose metabolism involves various enzymes, including β-amylase (BAM), α-amylase (AMY), sucrose synthase (SUS), and starch synthase (SS). Modifying the activities of these enzymes can accelerate the starch-sucrose pathway and enhance soluble sugars formation at low temperatures (Zhang et al., 2017a). Additionally, a study has revealed a significant increase in the levels of glucose and rhamnose in plants when subjected to cold stress (Ghabel and Karamian, 2020). Thus, an investigation of changes into the soluble sugar metabolism under cold stress conditions is beneficial for enhancing plants cold tolerance.

Sugar signals are multifunctional molecules in plants that connect photosynthetic metabolism with cold stress regulation. The regulation of photosynthesis is intricately linked to the metabolism of sugars in plants (Rozpądek et al., 2019). Photo inhibition and light-induced damage can adversely affect energy synthesis and metabolism in plants, especially under cold stress (Guo et al., 2024). This provides a substantial explanation for the effects of low temperatures on sugar metabolism (Hassan et al., 2021). Thus, the stability of the photosynthetic system (PS) at low temperatures is of significant importance. During the process of photosynthesis, energy can be harvested by the light-harvesting chlorophyll a/b binding protein (LHCB) in photosystem II (PSII) (Zhang et al., 2022). The proteins photosystem II subunit Q2 (PSBQ2) and LHCB4.2 in PSII are also crucial for capturing light energy and maintaining the stability of PSII (Wu et al., 2021; Ojosnegros et al., 2022). The photoremediation function of photosystem II subunit Psb27 (PSB27) in PSII is associated with a plant’s ability to adapt to low temperatures. Meanwhile, proteins such as photosystem I subunit D (PSAD) and photosystem I subunit N (PSAN) in photosystem I (PSI) also enhance the efficiency of photosynthesis, with PSAN helping plants acclimate to low temperatures by reducing the formation of ROS (Blanc et al., 2012; Renard et al., 2020).

The starch-sucrose metabolism makes key functions of providing vital substrates for soluble sugar metabolism (Yu et al., 2024). Key genes exert crucial regulatory roles in these metabolic pathway. The synthesis of UDP-rhamnose (UDP-Rha) is catalyzed by the rhamnose synthase (RHM), utilizing UDP-glucose (UDP-Glc), as observed in the substrate of peaches and petunias (Gu et al., 2020; Zhao et al., 2020; Sang et al., 2022). UDP-glucose dehydrogenase (UGD) has been found to convert UDP-Glc to UDP-glucuronic acid (UDP-GlcA) within the UDP-glucose pathway, leading to increased sugar accumulation levels in bamboo and sugarcane (Yang et al., 2020; Mason et al., 2023). UDP-GlcA also serves as a precursor for the synthesis of arabinose (Ara), which can be synthesized from UDP-xylose (UDP-Xyl) through the regulation of the UDP-D-xylose 4-epimerase1 (MUR4) (Dugard et al., 2016; Saez-Aguayo et al., 2017). Additionally, under cold stress conditions, LHCBs positively regulate guard cell signaling in response to abscisic acid (ABA) by modulating ROS homeostasis in Arabidopsis (Xu et al., 2012). Low temperatures increase ABA levels, activating the downstream ABA response promoter ABA-responsive element binding factor 2 ABF2 gene and initiating the ABA-dependent pathway (Chen et al., 2020). Moreover, sugar signals integrate multiple hormone signaling pathways to regulate the overall growth of plants (Chen et al., 2021). The MAP kinase kinase (MKK3) cascade is also involved in mediating the negative feedback regulation of ABA signaling (Mao et al., 2024). Low temperatures trigger the transport of Ca2+ and activates the MAPK cascade, facilitating soluble sugars accumulation and enhancing plant resilience under cold stress conditions (Zhang et al., 2017b).

Lavandula angustifolia, a shrub belonging to the Lamiaceae family, is native to the Mediterranean region (Dobros et al., 2023). The flowers and leaves of L. angustifolia are rich in polysaccharides and other antioxidants usually used in the production of high-value cosmetics, essential oils, and medicines (Kazeminia et al., 2020). Given the diverse economic significance of this species, it has been widely introduced from Yili, Xinjiang, to northeastern China. However, L. angustifolia may be affected by cold stress in these regions. Large temperature fluctuations due to late spring frosts and their effects on L. angustifolia have become more frequent in the expanding cultivation areas in recent years (Supplementary Table S1).

While numerous studies have explored the effects of cold stress on other crops, the specific mechanisms of soluble sugar metabolism and cold tolerance in L. angustifolia remain poorly understood. Previous study indicates that the activation of self-protective mechanisms serves as the key process through which L. angustifolia acclimates to cold conditions (Kazeminia et al., 2020). This involves the activation of specific transcriptional programs, allowing the plant to establish a new balance between development and defense against stressful environments (Zhang et al., 2020). Among these, the BAHD acyltransferase family (BAHD) acyltransferase superfamily and the transcription factor MYC7 (LaMYC7) promoter in L. angustifolia exhibit responsiveness to low-temperature conditions (Dong et al., 2024; Zhang et al., 2024). Our recent research on the transcriptome also suggests that regulating photosynthetic genes may increase soluble sugar content in L. angustifolia, enhancing its cold tolerance (Li et al., 2023a). However, significant gaps still exist in our understanding of how genes related to photosynthesis and sugar metabolism function to enhance resistance in L. angustifolia under low temperature stress.

Little is currently understood regarding the molecular mechanisms of sugar metabolism in lavender, particularly under cold stress conditions. Therefore, the objective of this study was to investigate the key genes and their regulatory networks associated with sugar metabolism in L. angustifolia when subjected to cold stress. Initially, WGCNA alongside gene function annotation methods were utilized to screen key differentially expressed genes (DEGs). A co-expression network of DEGs was established using weighted correlation network analysis (WGCNA) to link physiological changes in soluble sugar metabolism to the transcriptome under cold stress. Through the functional annotation of PFAM genes, we also focused on the Glycosyl hydrolase family and the Glycosyl transferases group. Gene modules related to cold resistance were then identified and analyzed for their primary metabolic pathways and potential functions. Next, pivotal genes were identified based on their connectivity within the corresponding networks, followed by 3D structure prediction and protein docking analysis. Finally, a cold resistance network was constructed for hub genes associated with sugar metabolism in L. angustifolia, providing a theoretical foundation for exploring the molecular mechanisms underlying cold resistance in L. angustifolia.




2 Materials and methods


2.1 Material cultivation

Healthy L. angustifolia plants in the lavender garden at Harbin Normal University (126°32’49″-126°33’E, 45°51’50″-45°52’N) were selected for this study. When these plants are cultivated in the introduced field, temperatures range from 30°C in July (vigorous growth stage) to 0°C in late October (late growth stage). During the seasonal transition from summer to autumn, northwest winds frequently induce rapid temperature drops, with dramatic declines of up to10°C occurring within a single day. As shown in Supplementary Table S1, in areas focusing on lavender cultivation, temperatures have notably declined due to an unexpected late spring, while frost occurrences have risen. To clarify the mechanisms by which lavender responds to decreasing temperatures, we focused our investigation on the physiological and molecular changes that take place as the temperature decreases from 30°C to 0°C. For the above reasons, these plants were cultivated under gradient chilling treatments at 30°C (control), 20°C, 10°C, and 0°C. The plants were cultured in an artificial climate chamber (RGX250E, Tianjin, China) at 30°C for 24 hours (light/dark:12h/12h), then gradually exposed to 20°C, followed by 10°C, and finally to 0°C at a rate of 2°C/hour. They were cultured for 24 hours at each temperature, with three replicates and six plants per replicate for each treatment.

Plants were grouped to ensure that transcriptome sequencing samples were collected from the same plants. Mature leaves were weighed using an electronic analytical balance, quickly placed in liquid nitrogen, and then stored in a freezer (-80°C) for the physiological index measurement and transcriptome sequencing.




2.2 Measurement of soluble sugar metabolism index of L. angustifolia

The soluble sugar metabolism index was assessed using test kits for starch (Sta), glucose (Glu), sucrose (Suc), α-amylase activity (α-AMY), and β-amylase activity (β-AMY) from Solarbio, China, as well as maltose (Mal) from OKA, China. This assessment was conducted following the provided instructions.




2.3 Transcriptome analysis of L. angustifolia

Sample sequencing was performed using the IlluminaHiSeq2500 system by Beijing Ruibo Xingke Biotechnology. The original sequencing data can be accessed in the NCBI database under the accession number PRJNA765132. The dataset was comprised of 12 samples that were exposed to 4 treatment temperatures, with each treatment being biologically replicated three times.

To ensure the quality of data analysis, contaminated and low-quality sequences in the original RawReads were eliminated. The Agilent 2100 RNA Nano 6000 Assay Kit (Agilent Technologies, CA, USA) was used to evaluate RNA sample integrity and concentration. During quality control, reads with longer than 5 bp bases contaminated by linkers, those with over 5% N, and low-quality reads were removed. The GC content of Unigene is 41.02%, while the sequencing error rate for each base was calculated using the Phred score formula (Qphred). Notably, Q30 bases made up more than 90% of the samples. The CleanData obtained after quality control underwent bioinformatic analysis. Trinity was employed for assembling and splicing the remaining sequences to quantitatively analyze the abundance of Unigenes. Based on the genomic data of L. angustifolia (Li et al., 2023b), gene functional annotation analyses were conducted on the transcriptome. The genome and transcriptome originated from the same variety of lavender, ensuring that the comparative results were reliable. The Unigene sequence and predicted ORF sequence, assembled based on Trinity, were compared using Blast. Additional comparisons were made with UniProt, PFAM, and other databases, while Trinotate was used to integrate the comprehensive function annotation results. Through the functional annotation of PFAM genes, we specifically focused on the Glycosyl hydrolase family and the Glycosyl transferases group. Then, five key genes closely associated with sugar metabolism were identified in L. angustifolia.




2.4 Co-expression network analysis of L. angustifolia

The co-expression network of differentially expressed genes (DEGs) in L. angustifolia was analyzed using the WGCNA package on the Annoyun online website (https://c.solargenomics.com). The transcription data was categorized to construct a gene expression network for L. angustifolia under cold stress. Gene modules were identified based on clustering relationships, and co-expression modules specifically responsive to low temperatures were found by analyzing their correlation with sugar metabolism indices. Utilizing the OmicStudio tool (https://www.omicstudio.cn) and the Pearson correlation calculation method, a cluster correlation heat map with markers was generated to identify the core hub genes of L. angustifolia in response to low temperatures. The functional annotation analysis of DEGs with a Q-value ≤ 0.05 was conducted using the Gene Ontology (GO) database (http://geneontology.org/) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.genome.jp/kegg/).




2.5 Protein interaction network analysis and protein structure prediction of L. angustifolia

The protein sequences were compared with those of Arabidopsis thaliana using the STRING Protein Interaction Database (http://string-db.org/). After prediction by STRING, key protein functions were validated against transcriptome Blast results, confirming consistency with STRING predictions. Key proteins were identified using Cytoscape (version 3.7.2) and the CytoHubba plug-in MCC (Maximal Clique Centrality).

ProtParam was utilized for predicting basic information about the proteins. Prabi was employed for the prediction of protein secondary structure. SMART was used to annotate the protein domains. SWISS-MODEL (https://swissmodel.expasy.org/) was applied for predicting the tertiary structure of the proteins.

We used the Ramachandran Plot from the SAVESv2.0 server to validate the three-dimensional protein model. We also employed ZDOCK3.0.2 software for protein-protein molecular docking and PDBePISA for analyzing protein-protein interaction sites. Visualization of protein-protein docking was carried out using Pymol, and Lig-plot+ software was used to analyze protein interaction forces (Laskowski and Swindells, 2011).




2.6 Validation of RNA-seq data by qRT-PCR

A total of fifteen DEGs, including those closely associated with photosynthesis and carbohydrate metabolism, were selected for qRT-PCR using β-ACTIN as a reference gene. The Primer Premier 6.0 software was utilized for primer design, and the primers used for qRT-PCR can be found in Supplementary Table S2.

Following the manufacturer’s instructions, total RNA was extracted from the L. angustifolia leaves using the MagZol™Reagent (Trizol Reagent) (Magen Biotechnology, China) and reverse transcribed using the Reverse Transciptase KIT(M-MLV) (Beijing Zomen Biotechnology, China). Subsequently, the qRT-PCR was carried out on the Mx3000P system (Agilent Stratagene) using 2×T5 Fast qPCR Mix (SYBRGreenI). The relative expression of each gene was calculated using the 2-ΔΔCT method, and the experiment was conducted in triplicate.




2.7 Statistical analysis

The physiological data of soluble sugar metabolism were statistically processed using Excel (2016) and one-way analysis of variance (one-way ANOVA), and Student’s t-test were performed using SPSS software (IBM SPSS Statistics 25.0) to determine the differences in soluble sugar contents and their statistical significance. The statistical results of the data conform to the normal distribution. The indices of sugar metabolism were determined using a standard curve, ensuring the data obtained is accurate and reliable. The mean ± standard deviation (S.D.) was calculated from three separate experiments for statistical analysis (P<0.05).

The OmicStudio tool and Pearson correlation analysis (https://www.omicstudio.cn) were used to generate a cluster heat map with markers. Then, cluster heat map analyses of key genes involved in sugar metabolism and physiological indexes for soluble sugar metabolism were conducted. Correlation analyses between physiological indexes were performed using CorrPlot within the OmicStudio tools.





3 Results and analysis


3.1 Soluble sugar metabolism in responses to cold stress in L. angustifolia

As the temperature dropped from 30°C to 0°C, starch began to decompose and its contents decreased in L. angustifolia. There was an increase in the contents of the intermediate products glucose and maltose and a decrease in the contents of end product sucrose. These were related to an observed increase in amylase activity, leading to starch decomposition (Figure 1A). The regression analyses between physiological indices and temperatures revealed that the sugar metabolism of L. angustifolia appears to be closely linked to low-temperature stress. The changes in glucose levels under stressful temperatures follow a binomial equation trend, while the changes in other sugar metabolic indexes exhibit a linear decrease with decreased temperatures (Figure 1A).
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Figure 1 | Analysis of soluble sugar metabolism and DEGs based on WGCNA in L. angustifolia. (A) The changes of soluble sugar contents and amylase activities in responses to cold stress in L. angustifolia. (B) Sample Cluster Tree; (C) Determination of soft threshold of gene co-expression network; (D) Gene clustering and module cutting in co-expression network. (E) Heatmap of association between co-expression network modules of genes and sugar metabolism indices. Sta, starch; Glu, glucose; Mal, maltose; Suc, sucrose; α-AMY, α-amylase activity; β-AMY, β-amylase activity; AMY, amylase. Bars represented means ± S.D. (n = 3).




3.2 Transcriptome analysis of L. angustifolia


3.2.1 Co-expression network analysis of unigenes in cold stress

After performing data analysis and normalization processing, a total of 30,746 high-expression genes were identified. Sample clustering was applied to analyze 12 groups of gene samples, and the results indicated strong gene clustering under low temperatures, validating the reliability of the data (Figure 1B).

Further screening of weight values led us to select β=15 in the construction of the network (Figure 1C). The dynamic cut tree method was then applied to merge the modules with similar expressions. This resulted in a total of 21 co-expression modules (Figure 1D), each represented by a different color. The gene expression level was analyzed to obtain sample clustering and trait correlation through calculation. As shown in Supplementary Figure S1, the results demonstrated a strong correlation between the gene clustering tree and each tissue sample.

The number of genes per module was determined based on expression levels, and the genes with higher clustering degrees were assigned to specific modules. The MEbisque4 and MEdarkgreen contained the largest number of genes, with 1965 and 1280 genes, respectively. The MEgrey consisted of genes that were not assigned to any other modules.

Twenty modules and seven differential glycometabolism physiological indices (starch, glucose, maltose, sucrose, α-amylase activity, β-amylase activity, and amylase) were used in conjunction with the Pearson correlation analysis to examine any existing relationships. The findings revealed that two modules (MEbisque4 and MEdarkgreen) were correlated with the glycometabolism content in L. angustifolia (Figure 1E).

Notably, the MEbisque4 exhibited the strongest correlation with Mal (P<0.01) and demonstrated a significant correlation with starch, sucrose, α-amylase activity, β-amylase activity, and amylase (P<0.01) (Figure 1E). The MEdarkgreen exhibited the strongest correlation with starch, maltose, sucrose, α-amylase activity, β-amylase activity, and amylase (P<0.01), as well as a significant correlation with glucose (P<0.05) (Figure 1E).




3.2.2 The function annotation of DEGs in L. angustifolia

The expression patterns of the MEbisque4 presented notable down-regulated expression under cold stress, whereas those within the MEdarkgreen exhibited significant up-regulated expression (Figures 2A, B). To determine the function of the acquired unigenes, we analyzed the enrichment of GO and KEGG in MEbisque4 and MEdarkgreen, providing annotation information about its functions. Following GO enrichment analysis (Q-value ≤ 0.05), we identified the most enriched GO terms. In the biological process category, the DEGs in the MEdarkgreen were significantly enriched in the regulation of transcription, the oxidation-reduction process (GO:0055114), and the metabolic process (GO:0008152) (Figure 2E). In the biological process category, the MEbisque4 DEGs were enriched in the metabolic process (GO:0008152) and in photosynthesis (GO:0015979) (Figure 2D). Notably, protein binding (GO:0005515) was the predominant molecular function category in these two modules.
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Figure 2 | MEbisque4 and MEdarkgreen genes function analysis based on WGCNA analysis in L. angustifolia. (A, B) represented heatmap and histogram of key gene expression within the MEbisque4 and MEdarkgreen, respectively. The horizontal axis represented 3 replicates corresponding to temperatures of 30, 20, 10, and 10°C. (C) represented KEGG pathway within the MEbisque4 and MEdarkgreen. The KEGG enrichment factor is depicted by the size of the words in the image; a larger font size corresponds to a higher level of KEGG enrichment, thereby intuitively reflecting the significance of each KEGG pathway. (D, E) represented GO function enrichment within the MEbisque4 and MEdarkgreen.

In KEGG enrichment analysis, it was found that the two modules were enriched in the plant-pathogen interaction pathway and the plant hormone signal transduction pathway. Specifically, the photosynthetic pathway was enriched in the MEbisque4, while the starch, sucrose metabolism, and glycolysis/gluconeogenesis pathways were enriched in the MEdarkgreen (Figure 2C). The KEGG pathway results were similar to GO analysis.

Based on GO analysis, the KEGG pathway, and weight values in the co-expression network, pairs of network relationships between the two modules were selected to generate a co-expression network. The DEGs in the MEbisque4 and MEdarkgreen groups correspond to specific proteins, respectively. We have selected protein names that align with the model organism Arabidopsis thaliana from the STRING database for further investigation of protein interactions (Figures 3A, C). Hub genes were identified using the CytoHubba plugin, and the top 10 DEGs were selected for analysis based on their MCC score (Figures 3B, D). Meanwhile, we screened 5 key DEGs (LaBAM1/3, LaAMY3, LaSUS3, and LaSS4) that are integral to the metabolic pathways of starch and sucrose based on transcriptomic data using gene function annotation methods. We subsequently analyzed their protein interactions with hub genes in the MEbisque4, MEdarkgreen networks and starch metabolic pathway. In total, proteins were included in this analysis, which existed 92 interactions within the protein network (Figure 3E).
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Figure 3 | Protein network interactions and hub gene screening in L. angustifolia (according to Arabidopsis thaliana database). (A, B) were protein network interactions and hub gene screening in MEbisque4, while (C, D) were in MEdarkgreen. (E) Hub proteins network interactions from the MEbisque4, the MEdarkgreen and starch metabolic pathway in L. angustifolia. AMY3, Alpha-amylase 3; BAM3, Beta-amylase 3; SUS3, Sucrose synthase 3; SS4, Starch synthase 4; BAM1, Beta-amylase 1; LHCB4.2, Light-harvesting complex II chlorophyll a/b binding protein 4.2; MPK3, Mitogen-activated protein kinase 3; TUBB1, Tubulin beta-1 chain; PSBR, Photosystem II reaction center protein R; TIC, Translocon at the inner envelope membrane of chloroplasts; psaD1, Photosystem I reaction center subunit Il D1; UXS4, UDP-glucuronate decarboxylase 4; NSF, N-ethylmaleimide-sensitive factor; HSP70-4, Heat shock protein 70-4; RHM1, Rhamnose biosynthesis 1; PSBW, Photosystem Il reaction center W protein; STR4, Sterol 3-glucosyltransferase 4; UGD4-UDP-glucose dehydrogenase 4; PSB27-1 - Photosystem Il subunit Psb27-1; Uxs2, UDP-glucuronate decarboxylase 2; PSAF, Photosystem I subunit F.




3.2.3 Predictive analysis of key proteins functionality in L. angustifolia

The proteins LaPSAD1, LaPSAN, LaPSBQ2, LaLHCB4.2, LaPSB27-1, LaRHM1, LaMUR4, LaUGD4, LaMPK3, and LaABF2 were determined to be acidic and hydrophilic. Among them, the proteins LaPSB27–1 and LaMPK3 exhibited strong stability, while the stability of LaUGD4 was comparatively lower (Supplementary Table S3).

Protein domains were annotated using SMART (Supplementary Figure S2), revealing that LaPSAD1, LaPSAN, LaPSBQ2, LaLHCB4.2, and LABSB27–1 contain corresponding photosynthetic domains involved in photosynthesis. Furthermore, LaRHM1 and LaMUR4 were found to possess an Epimerase domain, indicating their involvement in important metabolic pathways. LaUGD4 contained three central domains of UDP-glucose (UDPG_MGDP_dh). LaMPK3 possessed a serine/threonine protein kinase (STK) domain, while LaABF2 had a BRLZ (Basic Region and Leucine Zipper, Bzip) domain. We determined that LaABF2 contained two LaPSAD1 and three low-complexity domains (LCDs), which were involved in various cellular processes, ranging from gene expression to signal transduction.





3.3 Analyses of key protein docking

The prediction and construction of the tertiary structures of the above proteins were performed using SWISS-MODEL. The tertiary structure model with the highest confidence (based on GMQE size) was selected. The reliability of the three-level structure model was established using SAVES v6.0 Raman spectrum analysis. This showed that more than 80% of amino acid residues fell within the most acceptable region, indicating that the ten protein models were reliable (Figure 4A).
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Figure 4 | Three-dimensional structural model and protein docking diagram in L. angustifolia. (A) Three-dimensional structural model and Raman spectrum in the MEbisque4 and MEdarkgreen. Every protein corresponded to Raman spectrum below it. (B–G) Schematic diagram of the 3D protein docking diagram and action structure of amino acid residues.

The ten key proteins were categorized into photosynthetic proteins, glycometabolism proteins, and hormone proteins, with protein molecular docking predictions performed for each protein. The free energy calculations for the docking of PSAN: RHM1, PSAN: MUR4, and PSAN: UGD4, as well as LHCB4.2: RHM1, LHCB4.2: MUR4, and LHCN4.2: UGD4 showed that these interactions had the lower free energy values (Supplementary Table S4). This observation implies that they exhibit a higher likelihood of successful binding. The interaction sites of the protein docking complexes were analyzed using the PDBePISA online program. This program has the capability to predict the formation of hydrogen bonds and salt bridges between amino acid residues in protein-protein interactions.

The interaction sites between PSAN and RHM1, MUR4 and UGD4, as well as between LHCB4.2 and RHM1, MUR4, and UGD4 were predicted. Protein-protein docking was performed using the ZDOCK3.0.2 tool, resulting in the respective structures of the protein docking complexes. Our analysis showed that the best binding sites for these proteins were in the hydrophobic cavities of glycometabolic proteins. We also found that these glycometabolic protein molecules could provide enough space for PSAN and LHCB4.2 (Figures 4B–G).

Upon further examination, it was noted that a unique interaction involving distinct amino acid residues exists between PSAN and RHM1, MUR4 and UGD4 as well as LHCB4.2 and RHM1, and MUR4 and UGD4, (Figures 4B–G). Because of this interaction, the water presence was minimized, facilitating the formation of stable complexes. The molecular docking was bound not only by van der Waals forces and hydrogen bonds, but also by hydrophobic forces (Supplementary Figures S3, S4). The docking of PSAN, glycobotany proteins, and the amino acid residues Ile43, Asn18, and Arg96 were all predicted. We speculated that these sites were the main sites when glycobotany proteins docked with PSAN (Figures 4B–D). Similarly, we found that Arg68 was also an important locus in LHCB 4.2: RHM1 and LHCB 4.2: MUR4 (Figures 4E–G). The theoretical analysis of binding sites and interaction types provided structural information for our experiment.




3.4 Physiological and gene expression verification in L. angustifolia

The hub genes were classified into two distinct categories. LaPSAD1, LaPSAN, LaPSBQ2, LaLHCB4.2, and LaPSB27–1 exhibited significant positive correlations with starch and sucrose but had negative correlation with glucose, maltose, amylase, α-amylase activity, and β-amylase activity. However, LaAMY3, LaBAM1, LaRHM1, LaMUR4, LaUGD4, LaMPK3, and LaABF2 exhibited an opposite correlation with sugar metabolites (Figure 5A). Concurrently, the starch metabolism pathway and the MEbisque4 genes displayed a similar relationship with glucose metabolic processes, suggesting that the MEbisque4 genes are closely associated with glucose metabolism. These findings are consistent with the WGCNA module and effectively demonstrate the reliability of the gene clustering analysis.
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Figure 5 | Analysis of key genes and sugar metabolism physiological indexes in L. angustifolia. (A) Heat map analysis of key genes in the MEbisque4, the MEdarkgreen and the starch metabolicbased pathway clustered with physiological indexes. Sta, starch; Glu, glucose; Mal, maltose; Suc, sucrose; α-AMY, α-amylase activity; β-AMY, β-amylase activity; AMY, amylase; (B) Heat map analysis between physiological indexes. *P<0.05, **P<0.01. (C) RNA sequencing data accuracy was verified by qRT-PCR in L. angustifolia. Both FPKM and qRT-PCR repeated three times, and the average value is taken for drawing.

Through the correlations among physiological indexes, we observed that starch content was strongly correlated with sucrose and maltose contents, as well as with amylase, α-amylase activity, and β-amylase activity under low-temperature stress (P<0.01, P<0.05) (Figure 5B). Specifically, there was a positive correlation between starch and sucrose, and a negative correlation between starch and maltose, as well as between starch and amylase activities (P<0.01, P<0.05). Sucrose showed a significant correlation with maltose and amylase activities, and maltose was positively correlated with amylase activities, suggesting that the decomposition of starch and the synthesis of sucrose were closely related to AMY activity under low-temperature stress in L. angustifolia. In contrast, glucose, as an intermediate, had little effect under low-temperature stress.

To validate the accuracy of the RNA-seq results, fifteen DEGs were selected for qRT-PCR verification—five genes from the starch metabolic pathway and five each from MEbisque4 and MEdarkgreen. The expression levels of LaAMY3 and LaBAM1/3 exhibited an increasing trend, which facilitated the decomposition and formation of starch. The overall expression of LaSUS3 and LaSS4 were increased. It is speculated that LaSUS3 plays a role in the reversible conversion process of sucrose to glucose and fructose in L.angustifolia, thus promoting an increase in glucose levels in response to cold stress. The quantitative detection findings for these genes were generally consistent with the sequencing data, indicating a high level of reliability in our sequencing results (Figure 5C).






4 Discussion

Plants possess the capacity to accumulate compatible solutes at low temperatures as a result of adaptive evolutionary processes (Zuther et al., 2012). When plants are exposed to cold stress, the total sugar contents can increase by changes of the enzyme activities and acceleration of the starch-sucrose pathway (Li et al., 2023a). These processes cause starch to decompose into glucose and maltose, resulting in sugar accumulation (Zhang et al., 2017a). Meanwhile, the sugars serve as a protective agent for plant cells at low temperature by reducing cell osmotic potential and scavenging active oxygens to increase the cold resistance (Bai et al., 2023). Our study found that as the temperature dropped from 30 °C to 0 °C, the amylase activities significantly increased, while starch contents reduced (Figure 1A). This drop in temperature corresponded with elevated levels of maltose and glucose levels, which were closely associated with heightened amylase activity. This accelerated starch breakdown, providing plants with the energy to adapt to cold conditions and maintain cellular homeostasis and physiological processes (Zhang et al., 2017a).

Plant adaptation to low-temperature stress is governed by intricate physiological and molecular regulatory mechanisms (Liu et al., 2021). Using WGCNA analysis, we divided the transcriptome data into distinct gene co-expression modules, with genes in the same module exhibiting similar expression patterns and carrying out comparable biological functions. We obtained specific MEbisque4 and MEdarkgreen in L. angustifolia at low temperatures, and these modules showed close associations with sugar metabolism and demonstrated high levels of gene clustering (Figure 1E). Five key genes involved in the starch metabolism pathway were also identified, along ten key genes present in MEbisque4 and MEdarkgreen modules. Our findings demonstrated a significant correlation between these key genes and glycometabolism content in L. angustifolia (Figure 5A). This established an important foundation for investigating the key genes associated with soluble sugar metabolism and constructing the regulatory network of soluble sugar metabolism. Various molecular pathways could aid plants in acclimating to cold environments by regulating the expression of a series of cold-response genes (Bian et al., 2022). We specifically identified LaPSB27, LaPSBQ, LaPSAD1, LaPSAN, LaLHCB4.2, LaRHM1, LaMUR4, and LaUGD4 as potential core genes involved in sugar metabolism for adapting to cold stress in L. angustifolia. These genes are involved in the transcription regulation, metabolic processes, photosystem I and II, protein binding, DNA-dependent processes, oxidation-reduction processes, and membrane functions.

The down-regulation of PSB27 has been observed in Arabidopsis under low-temperature stress, resulting in reduced efficiency of PSII while simultaneously providing protection to this complex (Hou et al., 2015). In this study, the expression of LaPSB27 decreased under cold stress, suggesting its protective role in L. angustifolia. Like PSB27, PSBQ has a four-helix bundle tertiary structure and shares a similar binding site, further signifying their close relationship (Gisriel and Brudvig, 2022). The removal of PSBQ alone in Arabidopsis reduced light-harvesting complexes and altered state transitions (Allahverdiyeva et al., 2013). This suggests that L. angustifolia could modulate the energy flow within the PSII system through regulating LaPSBQ expression, thereby contributing to photoprotection (Ojosnegros et al., 2022). Under cold stress, PSAD could down-regulate and block the electron transfer chain, causing the inhibition of PSI (Chitnis et al., 1997). This led to a reduction in photosynthetic activity and triggered a series of protective mechanisms to maintain biological activities (Dong et al., 2022). Similarly, our study observed a down-regulation of LaPSAD1 associated with PSI, which suggests its potential protective role in L. angustifolia under cold stress. Meanwhile, the expressions of LaPSB27, LaPSBQ, and LaPSAD1 were negatively correlated with the activities of glucose, maltose, amylase, α-amylase activity, and β-amylase activity in our study (Figure 5A). The down-regulation in gene expression due to lower temperatures enhanced starch synthesis and its conversion into soluble sugars, boosting L. angustifolia’s resistance to cold.

LHCB is a crucial component of the photosynthetic antenna system, playing a pivotal role in both photosynthesis and stress response regulation (Liu et al., 2021). Under low-temperature stress (4°C), down-regulation of PbrLhcbs resulted in a reduced chlorophyll content and light energy utilization, allowing plants to partially adapt to cold environments (Li et al., 2023c). We found that the expression of LaLHCB4.2 decreased under cold stress, suggesting its protective role in L. angustifolia’s adaptation to low temperatures. LaPSAN were also found to be down-regulated under cold stress, consistent with the results in pepper. PSAN is responsible for mediating LHCII energy transfer to the PSI core, and it is speculated that the LaPSAN protein in PSI plays a significant role in the response of L. angustifolia to cold stress (Vanselow et al., 2009; Liu et al., 2021).

A recent study has revealed that RHMs can directly regulate the expression of key enzyme genes in the glycolytic pathway, impacting glucose decomposition and energy production (Crowe et al., 2024). Our findings indicate that the up-regulating LaRHM1 may enhance energy production at low temperatures in L. angustifolia. UGD is an essential enzyme involved in the biosynthesis of UDP-GlcA (Siddique et al., 2014), an important precursor for plant cell wall polysaccharides. In this study, we proposed that the upregulation of LaUGD4 contributed to the protection of L. angustifolia’s cell wall under cold stress. MUR4 could be involved in converting UDP-D-xylose to L-Ara, thus regulating the content of Ara in the cell wall (Burget et al., 2003). In this study, the expression of the LaMUR4 was significantly up-regulated as temperatures decreased, promoting the formation of protective cell wall substances at low temperatures (Figure 5C).

As previously demonstrated, MUR4 is involved in ABA signal transduction in Arabidopsis (Yan et al., 2020). ABF2 contributes to stress tolerance of mature plants in the ABA signaling pathway (Yoshida et al., 2010). Our results suggest that LaMUR4 and LaABF2 function synergistically in L. angustifolia response to low temperatures. We also identified the involvement of MAPK pathways, which are indirectly associated with sugar metabolism during adaptation to cold. The MAPK cascade mediates plant signal transduction under environmental stress. Overexpression of SIMPK3 significantly enhances the soluble sugar content and cold tolerance of transgenic tomatoes (Yu et al., 2015). Additionally, we observed an increase of LaMPK3 expression after exposure to low temperatures, providing further protection for L. angustifolia.

Protein-protein interactions are crucial for energy, substance metabolism, and gene expression regulation. Our interaction analysis revealed a strong genetic correlation between the MEbisque4 and MEdarkgreen modules from WGCNA (Figure 3E), supporting finding from previous research (Chen et al., 2021). We then utilized computational techniques to generate atomic structure models of protein-protein complexes and efficiently deduced molecular functions in cells through the docking models (Sanyal et al., 2021).

In the protein docking analysis, we identified specific interaction sites involving multiple amino acid residues between LaPSAN and LaRHM1, LaMUR4 and LaUGD4 (Figures 4B–D), as well as between LaLHCB4.2 and LaRHM1, LaMUR4, and LaUGD4 (Figures 4E–G). These interactions contributed to protein stability and may also impacted biological function and activity. Among the six protein-docking results, the residues Ile43, Asn18, Arg96, Arg68, and Tyr81 were frequently found at the binding site. The ion pairing between these residues may decrease the rate constant of intermolecular charge transfer, thereby reducing energy conversion in plants (Qian et al., 2019). This reduction is beneficial for mitigating light damage at low temperatures (Yuan et al., 2021). The proteins interacting with LaPSAN and LaLHCB4.2 play a pivotal role in regulating glucose metabolism and cellular protection, highlighting the significance of photosynthetic regulation in enabling plants to withstand low temperatures. These docking results also facilitate the prediction of protein complex structures and the development of detailed metabolic pathways.

Photosynthesis is crucial for plants to produce soluble sugar, but cold stress can hinder this process and impact sugar metabolism (Ding et al., 2023). Our findings align with previous research that highlight the role of transcriptional regulation of glycometabolism genes in plants adaptation to cold stress (Liu et al., 2021). As shown in Figure 6, when L. angustifolia is exposed to cold stress, starch decomposes into glucose and maltose through amylase LaAMY and LaBAM1/3. Glucose then circulates through G6P and TCA pathways to yield G1P and sucrose (Yuan et al., 2024). Simultaneously, G1P generates UDP-Rha and UDP-GlcA via the intermediate UDP-Glc, facilitated by RHM and UDG enzymes that influence cell wall composition (Zhao et al., 2020; Mason et al., 2023).Furthermore, Ara synthesis occurs from UDP-Xyl under MUR catalysis (Dugard et al., 2016; Saez-Aguayo et al., 2017).

[image: Illustration of biochemical pathways depicting starch sucrose metabolism and its role in improving cold tolerance of L. angustifolia. The diagram includes components like mitochondria, chloroplast, and various enzymes. It shows the flow from starch metabolism to soluble sugar production and energy provision in response to cold stress, highlighting elements such as Ca2+ influx, MAPK cascading, and enzyme interactions.]
Figure 6 | Soluble sugar metabolic pathway in L. angustifolia’s adaptation to low temperatures. Sta, starch; Glu, glucose; Mal, maltose; Suc, sucrose; α-AMY, α-amylase activity; β-AMY, β-amylase activity; AMY, amylase. The blue fonts represented the starch and sucrose metabolic pathway. The red fonts represented key genes that regulated sugar metabolism. The black solid and dashed lines represented direct and indirect actions, respectively. The dashed gray lines depicted molecular docking interactions between proteins. “T” solid line represented inhibitory action.

Plants optimize sugar metabolism for energy production, cellular homeostasis, and enhanced cold tolerance by modulating gene expression. Our analysis of protein-protein interactions revealed that hub genes form complex regulatory networks with other proteins, indicating a coordinated process involving multiple genes and proteins in sugar metabolism under cold stress. Our experiment also verified the correlation between gene expression and physiological indicators, providing deeper insights into L. angustifolia’s adaptability to cold stress.




5 Conclusions

In summary, this study shows that L. angustifolia adapts to cold stress by regulating its sugar metabolism and suppressing photosynthesis. As temperatures decreased from 30°C to 0°C, the degradation of starch into soluble sugars (maltose and glucose) significantly increased (P<0.05). This is attributed to elevated activities of α-amylase and β-amylase, closely associated with the upregulation of LaAMY and LaBAM1/3 genes, which aid in osmotic regulation and energy supply. Transcriptomic analyses revealed an up-regulation of sugar metabolism genes (LaRHM1, LaMUR4, and LaUGD4) alongside a down-regulation of photosynthesis-related genes (LaPSAD1, LaPSAN, LaPSBQ2, LaLHCB4.2, LaPSB27-1), indicating a metabolic shift toward stress mitigation. Molecular docking predictions suggest interactions between sugar metabolism proteins (RHM1, MUR4, UGD4) and photosynthesis components (PSAN, LHCB4.2), implying a coordinated mechanism for balancing energy allocation while minimizing light-induced damage under cold conditions. These findings highlight the importance of starch-to-sugar conversion and transcriptional regulation in enhancing cold tolerance in L. angustifolia. This mechanistic insight is vital for breeding cold-resistant lavender varieties and optimizing cultivation strategies in low-temperature regions such as Northeast China, thus supporting agricultural productivity and economic development.
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Treatment  Plant height/cm

Stem diameter/mm

Fresh shoot
Weight/g

Fresh root
Weight/g

Dry shoot
Weight/g

Dry root
Weight/g

CK 9.73 + 0.15b

MT 10.77 £ 0.26a

HT 8.43 + 0.46¢
HT+MT 8.8 + 0.3bc

6.37 + 0.08a

6.53 £ 0.17a

5.51 +0.33b

6.13 + 0.22b

7.76 + 0.3b

11.32 + 0.56a

4.13 +0.28d

5.43 £ 0.27¢

1.19 £ 0.91b ‘
2.18 + 1.58a
0.68 + 0.49¢

0.84 + 0.69¢

Different lowercase letters within the same column signify statistically significant differences between treatments (p < 0.05).

CK, control; MT, melatonin; HT, high temperature.

0.75 + 0.53ab

09 £0.71a

047 +0.38¢

0.63 + 0.38b

0.1 +0.05b

0.18 + 0.05a

0.03 £ 0.01c

0.06 + 0.03¢
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Plaps
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DIo/RC
ETo/RC
TRo/RC
ABS/CSm
DIo/CSm
ETo/CSm

TRo/CSm

0.522 + 0.007a
0.386 + 0.004b
0.727 + 0.007bc
0.705 + 0.006b
3441 + 0.252a
3.215 + 0.004a
0.33 + 0.005¢
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0.386 + 0.007b

0.718 + 0.008¢

0.716 + 0.013b

3.466 + 0.245a
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542,67 £ 11.02¢

1,901.67 + 28.85a

3,086.67 + 29.67a

0.296 + 0.039¢
0.475 + 0.07a
0.81 + 0.016a
1.06 + 0.126a
1.559 + 0.597b
2.396 + 0.171c
0.409 + 0.035b
0.738 + 0.141b
2.044 + 0.018a
2,633 + 26.41c
770 + 8.30b
851 + 25.10c

1,863 + 44.71c

Different lowercase letters within the same column signify statistically significant differences between treatments (p < 0.05).
CK, control; MT, melatonin; HT, high temperature.

0.437 + 0.009b
0.435 + 0.009a
0.777 + 0.027ab
0.771 % 0.046b
1.617 + 0.148b
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Processing name Treatment

CK Seedlings were sprayed with deionized water at
room temperature of 28°C/18°C

MT Spray 100 pmol-L™" melatonin on the leaves of
seedlings at room temperature of 28°C/18°C

HT Spray deionized water on seedlings at a high
temperature of 40°C

HT+MT Spray 100 pmol-L™" melatonin on the leaves of
seedlings at a high temperature of 40°C

CK, control; MT, melatonin; HT, high temperature.
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Parameter and formula

Explanation of

the parameters

Vj = (Fj - Fo)/(Fm - Fo)

Relative variable fluorescence at J step

ABS/CSm =~ Fm

Light energy absorbed per unit area

TRO/CSm = @PO-(ABS/CSm)

ETO/CSm = YEo-(ABS/CSm)

Light energy captured per unit area

Light energy per area for
electron transport

DIo/CSm = (ABS/CS) — (TRo/CS)

Thermal dissipation per unit area

ABS/RC = Mo(1/Vj)-(1/¢Po)

Light energy absorbed by unit
reaction center

TRo/RC = Mo-(1 - Vj)

Energy captured by unit reaction center
for QA reduction

ETo/RC = Mo-(1/Vj)-yo

Energy captured by unit reaction center
for electron transfer

DIo/RC = (ABS/RC) - (TRo/RC)

Energy dissipated by unit reaction center
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Treatment

Apical new leaf

Lower old leaf

CK Leaves smooth, dark green Green color, flat leaves
in color
MT Leaves smooth, dark green Green color, flat leaves
in color
HT Leaves curled, drooping Leaves yellowing,
wilting, drooping
HT+MT Leaf edge slightly curled Leaves slightly

wilted, drooping

CK, control; MT, melatonin; HT, high temperature.
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Treatmen DS (%)

CK 296.72 + 18.52d 13.49 + 0.58d 9.11 £ 0.21a 3.11 £ 0.09¢
T1 299.42 + 20.74d 15.61 + 0.41b 8.4 + 0.22b 3.68 +0.11b
T2 323.45 + 5.14c 14.44 + 0.62cd 7.64 + 0.27¢c 3.81 +0.21b
T3 333.73 £ 15.54b 15.2 £ 0.14bc 8.28 + 0.16b 4.53 £0.25a
T4 37035 + 14.78a 17.09 + 0.94a 7.03 +0.55d 3.96 + 0.07b

RS, reducing sugar content; DS, soluble solid; TA, organic acid content; VC, Vitamin C content. Data are the means of six replicates (means + standard errors). Different lowercase letters indicate
significant differences between the treatments at P < 0.05.
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0.25 (%) MWD (mm GMD (mm
CK 59.00 + 1.00c 1.04 + 0.03d 0.44 £ 0.01c 45.67. + 0.58a 296 £ 0.01a
TL 70.33 + 2.52b 1.15 £ 0.04c 0.74 + 0.03b 24.67 + 1.53¢ 2.94 + 0.01b
T2 69.67 + 0.58b 1.63 + 0.05b 0.76 + 0.04b 27.00 + 1.00b 293 +0.01b
T3 73.33 + 1.16a 1.75 £ 0.06a 0.88 + 0.05a 20.67 + 1.53d 2.87 +£0.01d
T4 72.00 + 1.10ab 158 + 0.01b 0.79 £ 0.01b 22,00 + 0.01d 2,90 + 0.01c

WRO.25, water-stable aggregate content; MWD, average weight diameter; GMD, geometric mean diameter; D, soil fractal dimension. Data are the means of six replicates (means + standard
errors). Different lowercase letters indicate significant differences between the treatments at P < 0.05.
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Treatmen

CK 27.58 + 0.10c 273 £9.53e 370 + 5.57¢ 8.81 + 0.32e
T1 36.64 + 3.74b 297 + 2.14d 388 + 1.72d 11.40 + 0.35d
T2 44.11 £ 0.32a 387 + 1.98¢ 557 + 4.20b 14.72 + 0.26b
T3 3874 + 1.81b 490 + 7.87a 476 + 12.27¢ 1291 + 0.46¢
T4 40.86 + 2.05ab 430 + 5.85b 603 + 4.09a 1891 £ 0.7%

OM, organic matter; NN, nitrate nitrogen; AK, available potassium; AP, available phosphorus. Data are the means of six replicates (means + standard errors). Different lowercase letters indicate
significant differences between the treatments at P < 0.05.
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Quinoa phenological stages November 1 November 15 December 1 December 15

(CGDD in °C)
50% germination 208.05 331.33 155.58 96.85
50% visible buds 868.28 698.46 670.31 595.25
50% flowering 1,021.73 925.41 936.19 1,031.38
50% maturity 1,486.01 1,377.26 1,339.44 1,434.38
Harvesting 1,900.40 1,785.30 1,661.75 1,789.25

Crop duration (days) 99 93 87 91
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Gene Amino Mol. Isoelectric Instability Aliphatic Hydropathicity Subcellular

Name acids Wt (Da) Point (pl) Index (I1) Index (GRAVY) Localization
OfTCP1 384 41937.36 899 47.14 59.51 0723 nucleus
OtTCP2 335 38198.39 8.05 ‘ 51.03 55.01 -0.957 nucleus
OtTCP3 384 43636.82 8.49 70.39 65.55 0.857 nucleus
OtTCP4 390 43796.8 539 49.71 69.03 -0.658 nucleus
OfTCPS 426 4572523 636 56.33 53.47 0.784 nucleus
OtTCP6 375 41276.05 595 ‘ 43.93 54.29 0.848 nucleus
OtTCP7 376 40804.91 7 46.02 55.59 0.675 nucleus
OtTCP8 397 44602.9 631 4228 50.1 -0.906 nucleus
OtTCPY 386 43868.06 644 58.74 56.11 -0.998 nucleus
OtTCP10 370 39747.78 67 54.81 59.41 -0.638 nucleus
OfTCP11 335 38378.86 9.08 43.54 62.03 0.855 nucleus
OtTCP12 318 36234.54 923 4156 65.03 -0.803 nucleus
OtTCP13 241 26398.93 67 45.55 56.27 0.776 nucleus
OtTCP14 297 33705.2 974 44.16 58.42 -0.884 nucleus






OPS/images/fpls.2025.1499244/fpls-16-1499244-g009.jpg
ot CPo

OtTCP7

%k %k %k %k

%k %k %k %k

OtTCP13

OtTCP10

%k %k %k %k

* %k

%k 3k %k Xk

SOAQ[ uorssaxdxyg

o —
SOAQ[ uorssaxdxyg

on [\l —

SOAQ[ uorssaxdxyg

T

on (@] —

SOAQ[ uorssaxdxyg

6h  24h  48h

Oh

6h  24h  48h

Oh

6h  24h  48h

Oh

6h  24h  48h

Oh

OtTCP10

* 3k %k

OtTCP13

* %k %k

OtTCP6

OtTCP7

%k %k %k %k

<
I

on (@l —

SOAQ[ uorssaxdxyg

_l

<

o N
SOAQ[ uorssaxdxyg

—

&g < bk
— — =

SOAQ[ uoIssaxdxyg

o N
SOAQ[ uorssaxdxyg

—

<
o






OPS/images/fpls.2025.1499244/fpls-16-1499244-g008.jpg
-- 53.00 -- OpTCP13
--- 9.00 11.00 OpTCP9
- [
-
L [ ]
e o

- 1002.00 -- OpTCP10
o e R
o R
Qa

%\ VQJ Q'e @0 Q\O

L

OpTCP11
OpTCP12
OpTCP10
OpTCP6

100 OpTCP4

OpTCP7

OpTCP3

OpTCP1

233 OpTCP2

- OpTCP14

- OpTCP5

- OpTCP13

| e

14.00 14.00 ‘-- OpTCPS8
&'& S S L

1.00

1.00

0.80

0.60

0.40

0.20

0.00

-

= o] o] o

H

{;

% I.lI E’ | :‘:

OpTCP2

OpTCP4

o
=)
3

OpTCP9
OpTCP6
OpTCP14
OpTCP8
OpTCP3
OpTCPI11

OpTCP12

HENN: NNEE

®

OpTCP13
OpTCP10
OpTCP1
OpTCP5

OpTCP7

£,
v
"%

OpTCP9

OpTCP5
OpTCPI11

OpTCP14

OpTCP7

OpTCP3

OpTCP12

OpTCP6

467  OpTCP2

OpTCP8
OpTCP1

10567  OpTCP13

464.67 OpTCP10

OpTCP4

%
~v

2
06.

&I &I &I

1.00

1.00






OPS/images/fpls.2025.1547723/fpls-16-1547723-g002.jpg
g
i
2
2

Ntorn: Phobsus
TMRS: Photiue

H
g
H
=

:
H

Cacheseasessetes,
(PIOIETBEEREEE0EE0eES
Copossssesssssssassac,,
pooasesRsasasasasays
S et

neauoa@amnuununa%
L 1%
Soomesecsescoenceces,

(FED0EE2EET00U0EEZ6ES

1} 7
Cossoseseacesseneseny

(REREEEEEEEEEREORE
g T %
oE0E0e60600080e80Re,

Peccoccoeoeeceooeeecd
g 11 1
Cocesecssececessencag,

(OBEEE00ER080E0009S

Chosemeossioseneooss,

R cocecaceocceceoocy
@y ?

Reccccococeccceesectl

OO
CONNS DNt |

Ceoseseosesesceceseay,

(PPPTEEESERECEOEER0EE

“ooececscessessaeatagy,
(POEUEOEEEREEEEEE
g 2

nnouéomoanaaouén.oocoon

ecoceeseessotResss”

Coepossosutreecensad,

n«ouéuénéuamﬁ_uon,nonoou
S ——
(OEEEE0EEE0E0EE006S
& i

Cbescevasassesenton,

aon.nnnnmann oaonaannon

mmmomoaooooooowwooomma
Ceootceseocaatesseag,
(P09306905530852055
eososesososesceeeses,
(FOMOGEEEREEPEREHEES”
Ceecoedeecasesaatoeas,

IPEEEPEEEEEOEEERERE”
] i
Codeasescesetenseseny,

Pcoccececocecececees
g e I
doaoonanumguo«auooo&

Jleecct Sceccecece ey

“opeieroscessctoostey,

:ooogaoagmnaooooooaouc
Sooseecscecooncoeaeas,

99e0EREERERgEEEEeES”
onouamauﬁ,nnoaooogmnoa

9000E00EE0E0005e0S

& 1
OiposeseseeteeneResy,

mnam@ﬂauaonbnanmnoaﬂem
o[
22020
Posvore i)
W)
Regsee

oséoosossooats el
o [EREREE z 2
BB emasosecedersuosooetesseonag,

eccececeeececcsceed
Ceosesteoneecesoioses,,

Secceceoacey

CespeetererEEeseis,

B tegyoomait
© sonaipapide
Wi Prais
T oo

(FOSEOEOREEEEEEEERRES”
Roceeceesesescecersss,

(POTEEREIEEIEOPIEE00ES”
q i
Soocoeeceseieseoceesy,

FIOVOBEOOFECEEEEE”

aomeoooueaonaausuouoea

Reccceccececcocetees

s £
Soeseeeseceeosescesey,

e aaamaeemmnaeumeom%

Sotllo
X

o R

0006@ X

4 5 3
oecceceececeocecocoseoccoces

g
Reoceece

eceeecececceceEeeoeecoecl

<)
eecoo: jeJfecoecececceccebeace coceess
& ¥ 5

CocoocecocoocooooeeeoococH s

eecoeeoeeecee

Peceececeeceecory

Ioeececeec:

o!

oeceeEceecoecon)

6C5EC 0

S 0e0000000eEE0eR0EREE0EEERE06S°

Peoosepesadersesnecedenoscesssd,
Soccocecccceceoooca
CeeCececcecceccecony
Secececocecy

© signal pepide
Ndorm; Phobius
THRs: Photius.

W Ngycomott

H
&
3
Ceeocesoag,
aooaeooewoeo@oom@ewmoo

: t
Cooneencasetoneeseoes,
(PIOBECTEOCIRETEOES”
£ s s
@oonoweeonaoeaaouuemoo

fecceeoccceecccceeceey

ooummemsooeeomcoeeoaae
Jecccceecereeeeceoceey

'$] 5F

Recceeceececceceeceo ol

_eaonomoeowaoeomoa

o
0100050
O 50O S50

Blocescetoosoaeeeni,

Q

o)

8
&

5 Cceooececocecoeeces,

00!
o
53

09
°o
90

0,

0

@
0

™~ R

3

o)
Roecececceeeoy
2t

3

=
X

oo
[009:

] 3
CEEEEREEEEREEEERRR,
Q
o)

ISececeoon)

E S
g B2ec
288
g 2
[© 0RS

CECEeR)

%600
50
000
olo

<2h

eeceeecoceccoees

XX

0)
000
000)

5
g
00

3
o202
- [ i .

L 00000000@6006000800000066000000

OO00EEEES) moonaoma

Coesedeconeecescicosay,
eccceceeooy
& ?

3
¥

W el matt
‘signal peptide
Nterm: Phobivs

THRS: Phobius.

m,
Sozeeceesecenceseoeey,

ooooanonummocammmmaom«

“oeceeecscesceetoeedy,,

Jroccecees Seeceoceeac

g 31
eomaooowommoso@aoaaaao

ooooooeeomm«oonoocoeea
& g £
oamoneauoooomeuuooeouo

Jeccececeeeeeeteececy
Ty ¥ 5
foeosssseccesseseroag,

O 0E0000eREEER00000EEER00EEEEE"

Sog,

oee”

oo
Seete .
BE8 Bhocosnetenens,

Q

X & I}

el
000»

Lecoccecoreececal

Ieeeeew,

Q
]
&

ceceecoe;

10e2020)
Soeedece
foi[CcRe;

aamaoonnoneeeeooeoeoem
Coosesecseey,
>





OPS/images/fpls.2025.1547723/fpls-16-1547723-g001.jpg





OPS/images/fpls.2025.1547723/crossmark.jpg
©

2

i

|





OPS/images/fpls.2025.1561100/table2.jpg
Biostimulant/Exog-

Effects of crops under drought stress

Reference

enous Application

Abscisic Acid

Ascorbic Acid
Benzoic Acid
Brassinosteroid
Y-glutamic acid

L-glutamic acid

Humic Acid
Hydrogen Peroxide
Jasmonic Acid

Kinetin
Melatonin

PGPB (Plant Growth
Promoting Bacteria)

Protein Hydrolysate-
Based Biostimulant

Salicylic Acid

Seaweed Extracts

Serotonin

Zinc Oxide Nanoparticles

Lettuce, Sweet potato

Pepper, Sweet pepper
Soybean
Chinese cabbage
Rapeseed

Tomato

Lettuce, Melon

Cucumber

Chinese
cabbage, Strawberry

Lettuce

Pea

Broccoli

Common bean
Pea
Paper, Tomato

Chinese cabbage,
Cucumber,
Sweet potato

Broccoli, Tomato

Tomato

Eggplant, Melon

Increased sugar content, antioxidant enzyme activity, improved
drought tolerance

Improved antioxidant defense, drought tolerance, enhanced
physiological responses

Improved gas-exchange and chlorophyll contents

Improved osmotic regulation,
antioxidant defense

Enhanced antioxidant enzyme activity, activated ABA biosynthesis

Increased proline content, reduced ROS accumulation, enhanced
antioxidant enzyme activity

Improved nutrient absorption, increased K and Ca ion accumulation,
improved nutrient absorption capacity, enhanced drought resistance

Improved drought tolerance
Improved osmotic regulation, antioxidant defense

Enhanced productivity, improved drought tolerance

Improved antioxidant defense, growth and photosynthetic efficiency
Improved growth, yield, antioxidant enzyme activity

Improved root growth, water absorption, osmolyte synthesis, and
drought tolerance

Improved growth, yield, antioxidant enzyme activity

Enhanced root growth, improved shoot biomass, increased water-use
efficiency, and elevated antioxidant enzyme activity

Improved drought tolerance, enhanced growth and yield

Improved drought tolerance, production and quality

Increased antioxidant activity

Improved photosynthetic efficiency, growth, yield, and
antioxidant defense

Urbutis et al., 2024; Zhang
etal, 2020

Khazaei and Estaji, 2020; Khazaei
et al, 2020

Anjum et al., 2013

Ahmad Lone et al., 2022

Xu et al, 2020

Kim and Kwak, 2023

Savarese et al., 2022; Kiran
etal, 2019

Sun et al,, 2016

Ahmad Lone et al., 2022; Yosefi
etal, 2020

Urbutis et al,, 2024

Ahmad et al,, 2023

Kim et al,, 2020

Figueiredo et al., 2008

Arafa et al, 2021

Agliassa et al,, 2021; Francesca
etal, 2021

Cha et al., 2020; Baninasab, 2010;
Huang et al., 2022

Gajc-Wolska et al., 2012;
Kaluzewicz et al., 2017; Goni
etal, 2018

Akcay and Okudan, 2023

Semida et al., 2021; Rehman
etal, 2023
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op Editing Gene hanges under drought stress eference
Broccoli
(Brassica oleracea L. Overexpression BolTLP1 Drought and salt tolerance He et al, 2021
var. Italica)
Cabbage Overexpression BrSR45a Drought tolerance Muthusamy et al., 2020
(Brassica rapa) in Arabidopsis BrRH37 Drought tolerance Nawaz et al., 2021
Increased ABA levels through carotenoid
5 DcBCH1 Li et al,, 2021
Carrot Overexpression 2 biosynthesis, drought tolerance s
(Daucus carota L.) in Arabidopsis
DcPIF3 ABA related and drought tolerance Wang et al,, 2022b
Chickpea Overexpression <
CaGi ROS il t tol Kumar et al., 2023
(Cicer arietinum L.) in Arabidopsis aore scaveaging; drought talerance tmarets
ABA-d dent pathway, ROS ing,
Overexpression CsATAF1 ERERCERL pativeY) ReRvEnging] Wang et al,, 2018
drought tolerance
Cucumber
(Cucumis sativus L.) Lo .
O.verfxpressnon in CsPLDa Increased stomatal closing, Jietal, 2018
Nicotiana tabacum drought tolerance
Eggplant Overexpression SmAPX Enhanced APX activity, Drought tolerance Chiang et al,, 2017
(Solanum melongena L.) in Arabidopsis
Konj Ov i
e ey gy AKCSLA Drought sensitivity Luo et al., 2024
(Amorphophallus konjac) in Arabidopsis
Melon Overexpression o
(Cuciris elo L) in Arabidopsis CmXTHI11 Cell wall flexibility, drought tolerance Zhao et al., 2024
Oriental melon Ove i
(Cucumis melo var. eEXpiesson CmLOX10 JA signaling mediated, Drought tolerance Xing et al., 2020
. in Arabidopsis
makuwa Makino)
Pepper Overexpression CaNAC46 Drought and salt tolerance Ma et al,, 2021
(Capsicum annuurm.L.) in Arabidopsis CaDHN3 ROS scavenging, drought and salt tolerance Meng et al., 2021
Overexpression
) X . StNACO053 Drought and salt tolerance Wang et al,, 2021
P in Arabidopsis
otato
(Solanum tuberosum L.) Overexpression in
G :;P borboddonse L StDREB2 ROS scavenging, drought tolerance El-Esawi and Alayafi, 2019
Pumpkin Overexpression "
CmNACI D ht, salt and cold tol C: t al,, 2017
(Cucurbita moschata) in Arabidopsis m rought, salt and cold tolerance gy y
Overexpression GmWRKY54 ABA signalling pathway, drought tolerance Wei et al., 2019
Overexpression GmERF144 Drought tolerance ‘Wang et al,, 2022a
Overexpression AtNCED3 Drought tolerance, reduced yield loss Molinari et al., 2020
Soybean
(Glycine max (L) Merr) Overexpression P Activated stress-responsive genes, drought B Al
in Arabidopsis and salt tolerance
Overexpression
& CRISPR/Cas9 GmNACI2 Drought tolerance Yang et al., 2022a
(knock-out)
Strawberry Overexpression
(Fragaria x s P. p FaTEDTIL Drought tolerance Chu et al,, 2024
in Arabidopsis
ananassa Duch.)
Overexpression IbCBF3 Drought and cold tolerance Jin et al., 2017
Overexpression & RNAi IbMYC2 Drought and salt tolerance Hu et al,, 2024
Sweet potato
(Ipomoea batatas [L] Lam) o ‘ Pr— JA signaling pathway, ROS scavenging, Zhou et al, 2019b
erexpression drought tolerance
in Arabidopsis
IbNAC3 Drought and salt tolerance Meng et al.,, 2023
Overexpression SIGATA17 Pheaylpropanoid. bicsynthesis'pahviay, Zhao et al., 2021
drought tolerance
Overexpression
. 3 B SIERF5 Drought and salt tolerance Pan et al, 2012
in Arabidopsis
Tomato
RISP! I d st 1 ing,
(Solanum lycopersicum L.) CRISPR/Cas SINPRI hlakased Stomate opening, Lietal, 2019
(knock-out) drought sensitivity
CRISPR/Cas9 o Phenylpropanoid biosynthesis pathway, SR v
(knock-out) drought tolerance

RNAi SINACI1 Drought sensitivity Wang et al, 2017
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Plant

specie

PGPMs

Temperature stress

Soybean

Soybean

Tomato

Wheat

Rice

Rice

Drought

Peanut

Maize,

Peanut

Pea

Broccoli

Wheat

Salinity

Rice

Rice

Maize

Pea

‘Wheat

Bacillus cereus

Paecilomyces formosus LHL10,

Penicillium funiculosum LHLO6
Paraburkholderia phytofirmans
Enterobacter sp. SA187

Brevibacterium linens RS16

Rhizobium sp. IIRR N1,
Gluconacetobacter diazotrophicus

Bradyrhizobium sp. SEMIA6144

Enterobacter sp. J49

Bacillus thuringiensis MH161336

Variovorax sp. YNA59

Burkholderia phytofirmans PSIN

Bacillus pumilus JPVS11

Halobacillus dabanensis strains SB-26,
GSP 34

Bacillus sp. PM31

Bacillus subtilis RhSt-71, Bacillus
safensis RhStr-223, and Bacillus cereus
RhStr-JH5

Bacillus megaterium strain PN89

Plant-microbe
interaction mechanism

Enhanced production of phytohormones (GA, TAA)
and organic acids

Improved nutrient uptake, upregulation of
antioxidant enzymes to reduce lipid peroxidation

Enhanced accumulation of sugars, total amino
acids, proline, and malate

Modifying the trimethylation of lysine 4 on histone
H3 (H3Kdme3)

Regulation of antioxidant enzymes, heat shock
proteins, and ethylene emission

Enhanced antioxidant enzymes (viz. SOD,
CAT, APX)

Increased soluble sugar and ABA contents

Improved nitrogen fixation and TAA production

Regulation of antioxidant enzymes to decrease lipid
peroxidation and ROS

Increased SA level and antioxidant
enzymes activities

Improved ionic balance and antioxidant levels

Increased IAA, ACC deaminase activity and
EPS production

Nitrogen fixation and IAA production

Improved radical scavenging capacity, antioxidants
and upregulation of stress-related genes (APX
and SOD)

Increased antioxidant enzymes, IAA synthesis,
Phosphate solubilization, siderophore, and
ammonia production

Higher Phosphate solubilization, and IAA,
siderophore, and protease production

Improved plant traits

Biomass, and chlorophyll content

Plant growth attributes and
photosynthetic activity

Chlorophyll content, and
gaseous exchange

Agronomic traits, biomass, and
grain yield

Plant growth, and thermotolerance

Chlorophyll content, root and
shoot biomass

Plant growth and
chlorophyll content

Pod and grain yield

Plant height, seed weight, number
of leaves, and pods

Plant growth attributes, chlorophyll
content, and moisture content

Grain yield, photosynthetic rate,
water use efficiency and
chlorophyll content

Plant growth, and
chlorophyll content,

Root length, shoot height, total
weight, and chlorophyll content

Agro-morphological traits

Chlorophyll content and
plant growth

Germination percentage, root and
shoot length, and other
growth attributes

References

(Khan et al,, 2020a)

(Bilal et al., 2020)

(Issa et al,, 2018)

(Shekhawat

etal, 2021)

(Choi et al,, 2022)

(Chaganti
etal, 2023)

(Furlan et al,, 2012)

(Anzuay et al,, 2023)

(Arafa et al., 2021)

(Kim et al., 2020)

(Naveed et al., 2014)

(Kumar et al., 2021)

(Rima et al, 2018)

(Ali et al, 2023)

(Gupta et al., 2021)

(Lee et al., 2021)

GA, gibberellin; IAA, indole-3-acetic acid; SOD, superoxide dismutase; CAT, catalase; APX, ascorbate peroxidase; ABA, abscisic acid; ROS, reactive oxygen species; SA, salicylic acid; ACC, 1-
aminocyclopropane-1-carboxylate; EPS, extracellular polymeric substance.
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Treatments Total C output

(kg CE ha™)

Total C input
(kg CE ha™?)

Carbon footprint Carbon
(kg CE kg™ seed) efficiency

Carbon sustainability
index (CSI)

Date of sowing (D)

D;: November 1 10182° 276.0° 02°¢ 370 27*
D,: November 15 541.3° 274.0° 0.4° 19° 0.9"
Ds: December 1 501.7° 276.2 04° 1.9° 0.9°
Dj: December 15 2433° 279.5 08 09¢ -0.1¢
LSD (p < 0.05) 48.70 NS 005 003 0.06
Irrigation levels (1)

1;: 40% ET, 526.6" 254.7° 0.3° 22% 1%
1,: 80% ET. 625.2° 286.7 04" 1.9° 0.9°
LSD (p < 0.05) NS 15.70 001 001 0.01
Nitrogen levels (l\i) 7

N;: 100 kg N ha™" 452.1° 210.9° 03° 210 L1°
Ny 150 kg N ha™" 573.8° 2755 03° 21 L
N3: 200 kg N ha™! 632.1° 340.6* 04° 19° 0.9°
LSD (p < 0.05) 67.32 21.50 0.02 003 0.01

Means followed by different lowercase letters within a column are significantly different at p < 0.05 according to LSD test.

LSD, least significant difference.
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Treatments Plant Shoot dry Root dry 1000-

height  matter matter seed
(cm) (g plant™) (g plant™) weight (g)

Date of sowing (D)

D,: November 1 1136 a 724 a 87a 49.8 a 309a 73.1a 128 a 27a
Dy: 1048 b 64.5a 79a 333b 23.7b 464 b 126 a 26a
November 15

D;: December 1 98.0 ¢ 503 b 72a 266 ¢ 229b 328b 9.4 ab 23b
Dy 913d 113 ¢ 35b 19.1d 182 ¢ 102 ¢ 4.7b 22b
December 15

LSD (p < 0.05) 538 1117 159 6.05 3.49 1371 5.01 0.19

Irrigation levels (1)

1,: 40% ET. 102.1a 46.8 a 6.3a 213 a 229b 39.7a 93a 24b
I,: 80% ET. 106.8 a 526a 7.3a 123a 249a 41.5a 104 a 26a
LSD (p < 0.05) NS NS NS NS 1.89 NS NS 0.10

Nitrogen levels (N)

N;: 100 kg ha™! 995 b 362c 6.0b 266b 233b 334c¢ 8.1b 24b
N,: 150 kg ha™! 103.7 ab 474b 6.0b 306 b 23.7 ab 393b 95b 24b
Ni: 200 kg ha™! 1042 a 654 a 86a 393a 24.8a 522a 120 a 26a
LSD (p < 0.05) 4.52 4.41 1.46 542 1.37 7.39 227 0.12

Means followed by different lowercase letters within a column are significantly different at p < 0.05 according to LSD test.
LSD, least significant difference.
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CK 82.74 + 3.63a 40.33 £ 3.87c

HRW 83.16 + 1.77a 33.02 £ 1.83d
Na 66.09 £ 2.12b 61.75 £ 2.02a
Na_HRW 78.44 + 2.51a 54.19 + 5.50b

Different lowercase letters significant differences between different treatments (p < 0.05).
CK: 0 NaCl+0 HRW, HRW: 0 NaCl+100% HRW, Na: 100 mM NaCl+0 HRW, Na_HRW: 100
mM NaCl+100% HRW.
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IAA

CK ‘ 8.18 £ 0.46a | 1.36 + 0.14b ‘ 134.61 +2.53¢ | 0.19 + 0.0013d
HRW 7.31£031b | 1.65+0.10a | 94.97 +5.97d 0.25 + 0.0131c
Na 3.63 £0.18d | 0.99 £ 0.02c | 14497 £ 1.13b | 0.29 + 0.0073b
Na_HRW ‘ 4.80 £ 0.17¢ | 0.73 + 0.02d ‘ 153.30 £ 3.00a | 0.31 = 0.0039a

Different lowercase letters significant differences between different concentrations of salt
treatments under the same HRW treatment (p < 0.05).
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RWC (% ) = [(FW-DW)/(TW-DW)] x 100 (1)
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Treatments

Shoot 2638 + 1.75ab 0.78 £ 0.10 ¢ 1251 £093 b 3.79 £ 0.23a 33.76 + 1.93b
CK

Root 16.84 = 0.25b 333+03lc 1225+ 022 a 3.15 + 0.05bc 5.09 £ 0.50b

Shoot 27.76 + 0.55a 0.78 £0.01 ¢ 13.62 £ 029 a 3.73 £ 0.08a 35.80 + 0.85a
HRW

Root 17.17 + 0.40ab 298 +0.09d 1164 £0.10 b 3.18 + 0.03ab 5.76 + 0.05a

Shoot 24.24 + 0.94b 4.04 £0.19a 14.37 £ 0.46 a 3.85 £ 0.10a 6.66 + 0.04d
Na

Root 15.83 + 0.56c 5.70 £0.06 a 12.10 £ 0.16 a 3.09 £ 0.05¢ 278 £0.11d

Shoot 26.89 + 1.09a 222+0.06b 1247 £0.17 b 3.87 £0.01a 10.92 + 0.39¢
Na_HRW

Root 17.77 £ 0.30a 4.66 +0.14 b 11.92 £ 0.27 ab 3.24 +0.03a 3.81 £0.11c

1.57 £ 0.10a

1.62 + 0.06a

1.53 + 0.05a

1.51 + 0.04a

0.24 +0.02¢

0.26 £ 0.01c

0.71 + 0.03a

0.48 + 0.03b

Different lowercase letters indicate significant differences between different treatments (p < 0.05). CK: 0 NaCl+0 HRW, HRW: 0 NaCl+100% HRW, Na: 100 mM NaCl+0 HRW, Na_HRW: 100

mM NaCl+100% HRW.
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Tolerance type

Plant species

Met

d of delivery

Target gene

Source

Rapeseed Agrobacterium- Mediated BnaA6.RGA Wu et al. (2020)
Chickpea PEG-mediated At4CL, AtRVE7 Badhan et al. (2021)
Agrobacterium- Mediated OsERA1 Ogata et al. (2020)
Drought tolerance Rice = OsDST Santosh Kumar et al. (2020)
- OsPUB67 Qin et al. (2020)
Tomato - SILBD40 Liu et al. (2020)
Tomato - SIARF4 Chen S. et al. (2021)
A.thaliana - AtWRKY, AtWRKY4 Li et al. (2021b)
A.thaliana - AtACQOS Kim et al. (2021)
= OsDST Santosh Kumar et al. (2020)
- OsNAC45 Zhang et al. (2020)
- 0sAGO2 Yin et al. (2020)
Salt tolerance Rice
- OsPQT3 Alfatih et al. (2020)
- OsPIL14 Mo et al. (2020)
= OsFLN2 Chen et al. (2020)
Tomato PEG-mediated SIHyPRP1 Tran et al. (2021)
‘Wheat Agrobacterium- Mediated TaHAG1 Zheng et al. (2021)
Cotton Agrobacterium- Mediated GhPGF, GhCLA1 Liet al. (2021a)
Heat tolerance Rice PEG-mediated OsNAC006 Wang et al. (2020)
Tomato Agrobacterium- Mediated SICPK28 Hu et al. (2021)
Cold tolerance Rice - OsPIN5b, GS3, OsMYB30 Zeng et al. (2020)
A. thaliana = Atoxpl Baeg et al. (2021)
Metal tolerance
Rice - OsATX1 Zhang et al. (2021b)
Rice == OsPUTI1/2/3 Lyu et al. (2022)
Herbicide resistance Tomato - SIEPSPS Yang et al. (2022)
Tomato - Slpds1 Yang et al. (2022)
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ID NAA MW (kDa) PI 1l Al GAH P

SICLCo1 1753 191,139.97 8.79 42,08 94.14 -0.08 Chloroplast 9
SICLC02 740 79,244.76 6.42 40.24 104.09 0.29 Cell membrane, mitochondrion | 9
| SICLC03 784 86,467.38 8.82 37.85 113.37 0.32 Cell membrane 9
SICLC04 763 84,897.49 7.55 3323 113.42 0.35 Cell membrane 10
SICLCO5 788 86,502.39 8.68 35.13 105.81 0.37 Cell membrane 11
SICLCo6 756 80,599.42 6.77 48.41 95.24 0.07 Cell membrane, mitochondrion | 9
SICLC07 793 87,404.59 7.84 43.61 104.1 0.26 Cell membrane 12
SICLC08 822 88,644.01 6.72 36.8 100.16 0.11 Mitochondrion 11
SICLC09 845 92,385.04 8.79 3583 108.58 0.36 Cell membrane 12

NAA, number of amino acids; MW, molecular weight; P, theoretical pI; I1, instability index; AL aliphatic index; GAH, grand average of hydropathicity; PSL, prediction of subcellular localization;
TMDs, number of putative transmembrane domains.
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