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Editorial on the Research Topic 


Identification and functional analysis of differentially expressed genes in plant response to abiotic stresses





Overview

As the impact of climate change intensifies, plants face increasing challenges in adapting to a rapidly changing environment. Abiotic stresses, such as drought, salinity, extreme temperatures, and nutrient deficiency, pose significant threats to crop productivity and global food security. It has been reported that more than 8% of the world’s agricultural land was salinized, and the area of salt-affected land is predicted to double by 2050 (Rengasamy, 2006; Guan et al., 2014). In response to these stresses, plants have evolved intricate molecular mechanisms to sense and respond to environmental cues, thereby enhancing their survival and productivity. The identification and functional analysis of differentially expressed genes (DEGs) in plant responses to abiotic stresses has become an essential area of research, aiming to unravel the underlying genetic basis of stress tolerance and facilitate the development of resilient crop varieties (Zhang et al., 2022).

Our Research Topic titled “Identification and Functional Analysis of Differentially Expressed Genes in Plant Response to Abiotic Stresses” (40012) was published on 22 July 22, 2022, and completed on 12 February, 2023. A total of 62 authors confirmed the e-mails, and finally 35 manuscripts were successfully submitted, among which 23 manuscripts were accepted for publication. In this topic, numerous differentially expressed genes (DEGS) were identified and functionally analyzed in many types of plants, such as maize, sunflower, cotton, soybean, rice, Solanum lycopersicum L., Salix matsudana, Passiflora edulis Sims, wheat, sweet potatoes, Panax ginseng, Santalum album, sorghum, and Populus, providing more valuable information for molecular mechanism research of plants in responding to abiotic stresses.





Unveiling the transcriptomic landscape

In recent years, advances in high-throughput sequencing technologies, such as RNA sequencing (RNA-seq), have revolutionized our ability to comprehensively characterize the plant transcriptome. RNA-seq enables the simultaneous quantification of gene expression levels across the entire genome, providing an unbiased and precise snapshot of gene activity under specific stress conditions. Through comparative transcriptomic analyses between stressed and control plants, researchers have successfully identified numerous DEGs involved in stress response pathways. These findings have offered crucial insights into the molecular networks governing plant adaptation to abiotic stresses.




Functional analysis: connecting genes to stress response pathways

Identifying DEGs is just the first step towards understanding their functional roles in the plant stress response. Functional analysis, including gene ontology (GO) enrichment, pathway analysis, and gene regulatory network reconstruction, plays a pivotal role in deciphering the intricate mechanisms underlying stress tolerance. GO enrichment analysis reveals the biological processes, molecular functions, and cellular components associated with the identified DEGs, highlighting the key biological pathways involved in stress adaptation. Pathway analysis provides a holistic view of the interconnected metabolic and signaling pathways orchestrating stress responses, aiding in the identification of critical genes and regulatory hubs. Additionally, gene regulatory network reconstruction elucidates the intricate interactions and hierarchical relationships among stress-responsive genes, offering a systems-level understanding of stress adaptation.





Integrating omics approaches: towards a systems biology perspective

The complexity of abiotic stress responses necessitates the integration of multiple omics approaches to achieve a comprehensive understanding. Transcriptomics, proteomics, metabolomics, and epi-genomics collectively provide a multi-dimensional view of the stress response, unraveling the interplay between genes, proteins, metabolites, and epigenetic modifications. Integration of these omics datasets allows researchers to identify key regulatory nodes, discover novel stress-responsive molecules, and gain insights into the cross-talk between different layers of regulation. By adopting a systems biology perspective, we can uncover emergent properties and regulatory modules that would remain elusive when studying individual components in isolation.






Research progress

Corn is the oil and feed crop with the largest sown area in China, and it plays an important role in agricultural production (Mousavi et al., 2022). High seed vigor and germination rates are crucial for corn production for its potential in high quality and yield of crops. Jin et al. performed whole-genome-wide identification of miRNAs and their targets associated with maize seed vigor, finally a total of 791 mature miRNAs were gained, among of which 286 miRNAs were newly identified to be closely related with seed vigor. Ding et al. identified 129 maize NAC protein-coding genes, of which 15 and 20 NAC genes were differentially expressed between the two genotypes H082183 and Lv28 based on transcriptome analysis. Jasmonic acid (JA), one of the Phytohormones, is always involved in modulating physiological and molecular responses to abiotic stresses (Wolters and Jurgens, 2009; Garrido-Bigotes et al., 2019). Song et al. conducted the phylogenetic analysis and expression profiles of 139 putative JAZ genes, and the results indicated that JAZ genes in sunflower were conserved in sequence but varied in their expression among duplicated HaJAZ genes, suggesting that these JAZ genes may confer neo-functionalization in the responses to abiotic stresses. Environment factors, such as temperature, drought, salt, sunshine duration, significantly influenced oil and FA compositions in soybean, thus Zuo et al. identified QTN-by-environment (QEIs) interactions and their candidate genes for soybean seed oil-related traits using 3VmrMLM method, providing important information for genetic basis, molecular mechanisms, and soybean breeding. In rice, two density of direct seeding with high and normal density were selected by Cui et al. to identify the differentially expressed genes (DEGS) involved in shade-avoidance syndrome. The results indicated that simulation of shade environment could cause rapid decrease in the expression of phytochrome genes, expression changes of multiple miR156 or miR172 genes and photoperiod-related genes. Normal growth and development of tomatoes (Solanum lycopersicum L.) as well as fruit quality and yield are limited by salt stress, so Wang et al. revealed the transcriptional regulatory network of hormones and genes under salt stress in tomato plants.

Phenotypes of Salix matsudana females and males are obviously different under salinity stress, and the molecular mechanisms were decoded by Liu et al. based on the root transcriptome of males and females. Yang et al. conducted genome-wide characterization and identification of Trihelix transcription factors and expression profiling in response to abiotic stresses in Chinese Willow (Salix matsudana Koidz) to reveal the molecular mechanism when responding to various abiotic stresses. Wheat (Triticum aestivum L.) is one of the world’s most widely cultivated crops (Alghabari et al., 2015). At present, no documents about chromosome condensation 1 (RCC1) domain proteins have been found. An et al. performed genome-wide identification and expression analysis of the regulator of RCC1 gene family in wheat. MYB TFs, common regulators of gene transcription, form a large gene family involved in a variety of biological processes in plants (Dai et al., 2023). Identification of the passion fruit (Passiflora edulis Sims) MYB family in fruit development and abiotic stress was performed by Zhang et al., laying the foundation for further analysis of the biological functions of PeMYBs involved in stress resistance in passion fruit. Tang et al. identified 144 R2R3-MYB genes and investigated their characteristics and expression patterns in Santalum album. Sweet potato, regarded as the seventh most important food crop, is a popular food source in many countries, i.e., China, India, and Kenya. Liu et al. revealed the molecular mechanism of two sweet potatoes with different drought tolerances using transcriptome analysis. Tong et al. also used transcriptome analysis to obtain 672 upregulated genes and 526 downregulated genes in the roots of rusty ginseng when compared with the healthy ginseng roots. Jiao et al. revealed the regulation mechanism of the flavonoid biosynthesis pathway in responding to cadmium stress by integration analysis of transcriptome and metabolome in sorghum. Guo et al. identified a total of 30 heat shock transcription factor (HSF) members in poplar, and overexpression of PsnHSF21 conferred salt tolerance in Populus simonii × P. nigra by functional analysis.

Cotton is the main raw material of textile industry in China and as well as the world in general, and it plays a pivotal role in our national economy (Lu et al., 2019). In this topic, a total of eight articles related to cotton tolerance were published. Yan et al. reported that GhCDPK60 positively regulated drought stress tolerance in both transgenic Arabidopsis and cotton by regulating proline content and ROS level. The GhSRS21 gene was proved to negatively control cotton salt tolerance by regulating the balance between ROS production and scavenging by Sun et al. Documents demonstrated that subtilisin-like proteases (SBTs) are a large family of serine peptidases that are unique to plants and are closely associated with environmental responses (Page and Di Cera, 2008; Jin et al., 2021). Dai et al. identified 120 and 112 SBTs in the tetraploid cotton species G. hirsutum and G. barbadense, while 67 and 69 SBTs were identified in the diploid species G. arboreum and G. raimondii, respectively. In several plant species, NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER (NPF) genes are reported to play crucial roles in plant growth, development and resistance to various stresses, involving in the transport of nitrate (NO3-) and peptides (O’brien et al., 2016; Fan et al., 2017). Liu et al. identified 201 genes encoding NPF proteins with a peptide transporter (PTR) domain in three different Gossypium species, and investigated expression profiles of the NPF genes. Cui et al. identified a total of 260 Terpene synthases (TPS) in four cotton species and conducted their expression profiles for their crucial characteristics in response to flooding stress. Trihelix transcription factors (TTFs) play important roles in abiotic stress responses in many plant species. Li et al. reported that the overexpression of the cotton trihelix transcription factor GhGT23 in Arabidopsis could mediate salt and drought stress tolerance by binding to GT and MYB promoter elements in stress-related genes. In addition, GhSS9 and GhLDAP2 were reported to enhance drought tolerance of cotton by Dai et al. and Zhao et al., respectively.





Future perspectives

In summary, the work published in this Research Topic showed many differentially expressed genes (DEGs) and transcription factors were identified and functionally analyzed in responding salinity, drought, temperatures, and waterlogging stress. As we all know, plant tolerance is a complex quantitative trait, involving a series of DEGs and networks. Although several important research progresses were published in topic, it is far from enough to elucidate how plant tolerances are formed. Based on this Research Topic, it is very necessary to carry out further research into the following issues: 1) manuscripts related to proteomics, miRNAs, DNA methylation, and gene editing should be encouraged; 2) regulation networks of multiple genes should be constructed; 3) interaction mechanism of stress-related genes; 4) the influence of environmental factors on subcellular structures in plants.
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High seed vigor is crucial for agricultural production owing to its potential in high quality and yield of crops and a better understanding of the molecular mechanism associated with maize seed vigor is highly necessary. To better understand the involvement and regulatory mechanism of miRNAs correlated with maize seed vigor, small RNAs and degradome sequencing of two inbred lines Yu537A and Yu82 were performed. A total of 791 mature miRNAs were obtained with different expressions, among of which 505 miRNAs were newly identified and the rest miRNAs have been reported before by comparing the miRNAs with the sequences in miRbase database. Analysis of miRNA families showed maize seeds contain fewer miRNA families and larger miRNA families compared with animals, indicating that functions of miRNAs in maize seeds were more synergistic than animals. Degradome sequencing was used to identify the targets of miRNAs and the results showed a total of 6,196 targets were obtained. Function analysis of differentially expressed miRNAs and targets showed Glycan degradation and galactose metabolism were closely correlated with improved maize seed vigor. These findings provide valuable information to understand the involvement of miRNAs with maize seed vigor and these putative genes will be valuable resources for improving the seed vigor in future maize breeding.
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Introduction

Maize, one of the most popular crops all over the world, plays an important role in overall agricultural production. Maize seed vigor is a kind of comprehensive seed characteristic, including germination rate, germination potential, seedling growth potential, plant resistance and productivity potential, etc., which determines the ability of rapid and healthy germination in the complex field environment and effects crop quality and yield (Zhang et al., 2009; Dang et al., 2014). Therefore, it is an important task to study the molecular mechanism of maize seed vigor and to create high-vigor maize germplasm.

It was suggested that gibberellins (GA) may play an important role in maturity germination. In some species, bioactive GAs are thought to be present and apparently important during early embryogenesis and germination of mature seeds (White et al., 2000). Previous research reported that plant hormones within seeds, including gibberellins (GA), abscisic acid (ABA), auxin and ethylene, all contribute to the balance of plant hormones and germination performance (Kucera et al., 2005; Linkies and Leubner-Metzger, 2012; Miransari and Smith, 2014). However, although much effort has been done, it is urgent to study the key genes and signaling pathways associated with gibberellin-induced improvement of maize seed vigor.

Many documents reported that microRNAs (miRNAs) infers to those endogenous, small, singe-stranded non-coding RNAs with the length of usually from 18 to 25 nt, which play an important role at the transcriptional and posttranscriptional regulation level in regulation of seed vigor in maize, rice and many other plants (Bartel, 2004; Zamore and Haley, 2005; Zuo et al., 2018; Huang et al., 2020). Some miRNAs derive from characterized genes with specific regulation functions, and some are from the introns of protein-coding genes or some other noncoding genomic regions, such as retrotransposons (Axtell and Bowman, 2008; Cuperus et al., 2011). MiRNAs are usually transcribed from larger precursors that contain a stem-loop structure, known as pri-miRNAs, and then pre-miRNAs are eventually processed into mature miRNAs by dicer-like (DCL) proteins with the assistance of some other binding proteins (Park et al., 2002; Xie et al., 2005; Jia et al., 2014). Finally mature miRNAs combined with the RNA induced silencing complex (RISC), which would lead the mature single miRNAs to guide the RNA slicing activity of AGO1 to recognize their targets through perfect or near-perfect complementarity to regulate the expression of target genes, which was a bit different from miRNAs in animals (Bonnet et al., 2006; Mallory and Vaucheret, 2006; Voinnet, 2009; Khan et al., 2014).

Recently, increasing number of miRNAs related with plant seeds have been identified and functionally studied in plants, such as Arabidopsis (Mehdi et al., 2021), rice (Parmar et al., 2020), maize (Zhao et al., 2022) and Brassica napus (Jiang et al., 2021). MiR159, targeting two abscisic acid (ABA)-positive regulators MYB33 and MYB101, was proved to play a vital role in the seed germination process (Reyes and Chua, 2007). A deep-sequencing technique was used to decipher the molecular mechanism of miRNA-dependent gene regulation for heterosis of maize, finally 34 miRNAs belonged to 20 miRNA families were obtained (Ding et al., 2012). In rice, miR168 and miR817 were functionally identified in artificially aged seeds, indicating that they were closely associated with the rice seed vigor. MiR169 was high conserved in plants and it regulates the expression of those genes encoding the universal transcription factor subunit NUCLEAR FACTOR-Y subunit A (NF-YA), which regulates gene expression by binding the CCAAT box sequence in target promoters in responses to abiotic stress (Luan et al., 2015). Published document reported that one ARF gene and three DNA-binding transcription factor genes were targeted by non-conserved ta-siRNAs in maize ear development (Liu et al., 2014). Two targets Gh_A12G1620 and Gh_D01G0190 were proved to enhance the drought tolerance of transgenic Arabidopsis thaliana plants significantly (Lu et al., 2019). However, the molecular mechanism of differentially expressed miRNAs during the seed germination process in maize was still unclear. In this study, two maize inbred lines Yu82 and Yu537A, were selected for small RNAs and degradome sequencing to identify key miRNAs and target genes associated with seed vigor, which could provide valuable information for maize seed germination.



Materials and methods


Plant materials, seed germination and GA3 treatments

Two maize inbred lines, Yu82 and Yu537A were selected and used in this study. These two inbred lines were derived from Yuzong5, which is an improved population cultivar and is cultivated widely in China. Two inbred lines were planted in Sanya (China, E109°35′, N18°29′) with the same filed management conditions in 2016. The seeds were harvested at the same developmental stage (mature stage, black layer formed). Then these seeds with consistent physiological state were selected and surface-sterilized with 75% ethanol. The seeds of Yu537A were pretreated with 400 mg/L gibberellin (GA3) for its lower seed vigor. Two inbred lines were germinated on the two layers of filter paper with the moisture in sterile petri dishes (the diameter was about 12 cm). The seeds were incubated at a constant temperature of 25°C under a 14/10 h (light/dark) photoperiod with photosynthetically active radiation of 25 μmol photons m−2 s−1. Three replicates were used for each inbred line. All sample names were recorded and showed in Supplementary Table 1.



RNA isolation

The embryos of five individual seeds were dissected with a sterile knife in each sample and then the samples were immediately frozen in liquid nitrogen and stored at −80°C. Total RNA was extracted using RNAprep Pure Plant Kit (Tiangen) following the procedure of the manufacturer. The concentration was measured by Nanodrop 2000 and integrity of total RNA was tested on 1.0% agarose gel.



Small RNA library construction, sequencing and raw data analysis

Small RNA library construction was conducted with TruSeq Small RNA Sample Prep Kits (Illumina, San Diego, CA, United States). Small RNA libraries were sequenced with Illumina Hiseq2000/2500 and the sequencing read length is single-ended 1 × 50 bp. The program ACGT101-miR (LC Sciences, Houston, TX, United States) used for raw data analysis of miRNAs sequencing was independently developed. The main steps are below: (1) removal of 3′ adaptor and junk sequences to obtain clean sequences; (2) screening of miRNA length of 18–25 nt; (3) compared the sequencing data to other database, including Rfam and Repbase; Rfam is a family database of non-coding RNAs (NcRNAs), including rRNA, tRNA, snoRNA, snRNA, miRNA and other non-coding Rnas. We selected Rfam database to annotate the small RNA sequences obtained by sequencing. rRNA, snoRNA, snRNA, tRNA and other non-mirNA sequences were found and removed as far as possible; (4) identification of miRNAs by comparing the precursors to the genome; (5) differential expression analysis of miRNAs; and (6) target prediction of miRNAs.



Degradome library construction and data analysis

The degradome cDNA library was constructed on the basis of the method (Axtell, 2013) described previously combined with Beads screening. Main steps are below: (a) mRNA 3′ and 5′ adaptor were captured by magnetic beads; (b) Mixed reverse transcription of biotinylated random primers and mRNA; and (c) PCR amplification. Completed degradome library was sequenced with Illumina Hiseq2000/2500.

Independently developed program ACGT101-DEG was used for degradome sequencing analysis and target genes prediction analysis was performed with CleaveLand (Addo-Quaye et al., 2009) program. Main steps are below: (a) The raw data obtained by sequencing is processed through a series of data analysis to obtain comparable sequencing sequences that can be used for subsequent analysis; (b) The degradation density files were generated by comparing the sequences of comparable pairs with cDNA databases of sequenced species; (c) Target gene prediction software Targetfinder was used to predict the target gene mRNA sequences paired with the small RNA sequences of the sequenced species; (d) Conjoint analysis was performed with target genes predicted and the degradation density files.



Determination of α-hydrolase enzyme activity, β-hydrolase enzyme activity and soluble sugar content in maize seeds

Under the catalysis of α-hydrolase, starch could be converted to maltose, which could react with 3,5-dinitrosalicylic acid to produce brown 3-amino-5-nitrosalicylic acid. Then enzyme activity ofα-hydrolase were determinated according to its absorbance at the wave length of 410 nm. With the PNP β-G3 method, 1.0 g malt flour was used to extract β-hydrolase for 1 h. Then 0.2 ml PNP β-G3 and glucanase mixture were used as substrate, and the absorbance was determinated after the reaction for 10 min at the wave length of 410 nm. Anthrone colorimetric method was applied to determinate the soluble sugar content in maize seeds and the optimum conditions were as follows: the concentration of anthrone was 15 mg/mL−1, the optimum temperature for color reaction was 80°C, and heating time was 15 min. Under these conditions, an excellent linear relationship between the concentration of glucose and absorbance was obtained and the correlation coefficient was R2 = 0.9991. Based on this optimized method, a standard curve was performed (R2 = 0.9984), suggesting the standard curve has a significant linear relationship. All samples were determinated according to this method and the results showed good repeatability and an accuracy. Each sample contained three replicates.




Results


Effects of GA3 on the germination rate, germination potential and germination index of Yu537A seeds

In this study, two maize inbred lines Yu82 with high germination rate and Yu537A with low germination rate were selected (Figure 1A; Table 1; Supplementary Table 2) to investigate the regulation mechanism in germination process. In order to explore the effects of GA3 on the germination of Yu537A seeds, standard germination tests were conducted according to the criterions of GB/T5520-2011 under the treatments of different GA concentrations (0, 100, 200, 300, and 400 mg/L) and durations (0, 4, 6, and 8 h). The results (Table 2) indicated the germination potential attained the highest value under the treatment of 400 ml/L GA3 for 8 h, which was extremely significantly higher than the other treatments. The highest germination rate was observed under the treatment of 200 ml/L GA3 for 8 h, which was significantly higher than CK. However, the highest germination index was observed under the treatment of 200 ml/L GA3 for 4 h, which was also significantly higher than CK. α-amylase and β-amylase were two key hydrolases in the germination process, and enzyme activity of two hydrolases were measured (Figures 1B,C). The results showed enzyme activity of α-amylase changed obviously, exhibiting the trend of first decrease and then increase. Compared with CK, the enzyme activity of α-amylase is higher than that in CK under different treatments of GA3. Moreover, enzyme activity of β-amylase attained the peak at the treatment of 100 mg/l for 4 h, significantly higher than CK. So it is speculated that higher enzyme activity of α-amylase and β-amylase induced by GA3 may be closely correlated with the germination of maize seeds. Besides, soluble sugar contents of two inbred lines were also determinated (Figure 1D) and the results indicated the soluble sugar content continuously increased in Yu82 seeds and accumulated to higher levels than those in Yu537A seeds except for the first several hours. In this study, it is suggested that enzyme activity α-amylase and β-amylase, and soluble sugar contents in two inbred lines significantly increased after GA3 treatment, indicating increased sugar content was very beneficial for the germination of maize seeds.

[image: Figure 1]

FIGURE 1
 Analysis of enzyme activity of α-hydrolase and β-hydrolase, and soluble sugar content under different treatments of GA3 (A), Phenotypes of two maize inbred lines Yu537A and Yu82. (B), Enzyme activity analysis of α-hydrolase under different treatments of GA3. X-axis represents the concentrations of GA3 while Y-axis represents enzyme activity of α-hydrolase. Different columns present treatment time. (C), Enzyme activity analysis of β-hydrolase under different treatments of GA3. X-axis represents the concentrations of GA3 while Y-axis represents enzyme activity of β-hydrolase. Different columns present treatment time. (D), Soluble sugar content analysis of two maize inbred lines under different treatments of GA3. X-axis represents the treatment time with GA3 while Y-axis represents soluble sugar content in two maize inbred lines. Letters a and b represent the significant differences between different groups.




TABLE 1 Comparisons of germination between Yu82 and Yu537A.
[image: Table1]



TABLE 2 Effects of GA3 treatment with different concentrations and durations on the germination of Yu537A.
[image: Table2]



Overview of the deep sequencing results

To investigate the possible miRNAs related with maize seed vigor, we profiled miRNA accumulation and differential expressions during seed germination. Deep sequencing generated a total number 1166415, 1063732, 634,029, 1,885,446, 1,560,914, and 870,636 unique reads from different libraries E_6h, S_6h, E_53h, S_53h, SGA_53h and S_78h, respectively (Table 3). Length distribution of valid reads is mainly 21, 22, and 24 bp, accounting for more than 87.60% of total valid reads. Repeat sequence category analysis of each sample showed most valid reads were derived from Gypsy, Copia, Sola, Ambal, Penelope and some other non-coding regions. Finally 791 mature miRNAs were obtained with different expressions, among of which 59 miRNAs were found with high expression, 324 miRNAs were found with low expression, while the rest of miRNAs were found with middle expression. In this study, 505 miRNAs were newly identified, 114 miRNAs were reported before and the rest were found to be slightly different with those already reported miRNAs by comparing the miRNAs sequences in miRbase database.



TABLE 3 Overview of sequenced reads.
[image: Table3]



Identification of miRNA families

In plants, the members in each MiRNA family could reflect their conservation over a long period of evolution and regulation ability of their targets (Lu et al., 2019). All miRNAs obtained in this study could be divided into 45 miRNA families with the copy numbers varying from 1 to 20 (Figure 2; Supplementary Table 3). Previous research have reported that gain or loss of miRNAs is closely correlated with tandem gene duplication, whole-genome duplication and segmental duplication events in the plant genome (Li and Mao, 2007). In our research, approximately 17 miRNA families contained only 1 member, suggesting that these miRNAs were highly conserved. These evolutionarily conserved miRNAs were also found in other species, such as Brassica oleracea (Li et al., 2017), Solanum tuberosum (Qiao et al., 2017), Glycine max (Katara et al., 2010), and Physcomitrella patens (Wan et al., 2011). Among of all miRNA families, miR444 and MiR159 were two largest miRNA families, each containing 20 family members. This was consistent with previous researches. The average number of each family was approximately 4.53, which was a bit higher than that in previous reports in rice (Li and Mao, 2007), Gossypium arboreum (Farooq et al., 2017), and Gossypium hirsutum L. (Lu et al., 2019). Previous researches reported that miRNA families in animals usually contains less than 2.0 members, such as human contains 1.37, mouse contains 1.35, fruit fly contains 1.20 and chicken contains 1.76 members. As it is known to all, miRNA members of a miRNA family always perform similar functions (Lu et al., 2019). Compared with animals, maize seeds contain fewer miRNA families and larger miRNA families, so it is inferred that functions of miRNAs in maize seeds were more synergistic than animals.

[image: Figure 2]

FIGURE 2
 Distribution of miRNA members in each miRNA family X-axis represents the miRNA family name, while Y-axis represents the number of miRNA members in each miRNA family.




Identification of miRNAs putatively associated with improved maize seed vigor

To identify the miRNAs associated with maize seed vigor, we analyzed significant miRNAs among different samples (Figure 3). In Yu82, a maize inbred line with high germination rate, totally a number of 28 miRNAs with significant expression differences (p value ≦0.05) were discovered in the sample E_53h compared with that in the sample E_6h. More than half of the miRNAs were upregulated, suggesting that their complicated functions in the regulation of maize seed vigor. In Yu537A, a maize inbred line with low germination rate, a number of 6 miRNAs with significant expression differences (p value ≦ 0.05) were identified in sample S_53h compared with that in the sample S_6h. After GA3 treatment, the number of significantly differentially expressed miRNAs increased to 22, including 6 extremely significantly differentially expressed miRNAs, suggesting that more miRNAs were induced to be upregulated to involve in the regulation of maize seed vigor by GA3. From 53 h to 78 h after imbibition, hardly any noticeable changes were observed in Yu537A, which was significantly lower than that in the sample SGA_53h after GA3 treatment. Increased number of significantly differentially expressed miRNAs demonstrated that more complicated regulation mechanism in the sample of SGA_53h, which also indicated that GA3 played an important role in improving the vigor of maize seeds.

[image: Figure 3]

FIGURE 3
 Differentially expressed miRNAs in different groups (A), Volcano of differentially expressed miRNAs in the group of E_53h vs. E_6h. (B), Volcano of differentially expressed miRNAs in the group of SGA_53h vs. S_53h. (C), Differentially expressed miRNAs in different comparison groups.




Targets of miRNAs in seeds of two maize inbred lines

To understand the functions of identified miRNAs from seeds of two maize inbred lines, targets of identified miRNAs were predicted using recently developed degradome sequencing technology. In total, 24,186,228 (99.60%) mappable reads were obtained, including 6,559,673 unique mappable reads, while 20,126,668 (82.88%) of total reads were transcript mapped reads, including 4,692,740 unique transcript mappable reads, were obtained. By combing the targets result of miRNA prediction with the degradome sequencing, finally 6,196 targets (transcripts) were obtained (Figure 4; Supplementary Table 4). Among of which, the target number for one miRNA was varying from 1 to 998. Among of all targets identified, a total of 270 targets were identified in both degradome analysis and bioinformatics analysis (p value ≦ 0.05). Annotation and expression analysis of these targets (Supplementary Figure 1, 2) showed that the targets of miR160, miR167, miR319 and miR156 played an vital role at the regulation level of DNA transcription. Documents also indicated the targets of miR160, miR167, miR319 and miR156 were identified as transcription factors, such as SBP, ARE, MYB and TCB, respectively, which have been experimentally verified (Carrington and Ambros, 2003; Mallory and Vaucheret, 2006; Voinnet, 2009). This suggested the high reliability of target identification analysis in our research.

[image: Figure 4]

FIGURE 4
 Typical categories of the target transcript according to the relative abundance of the tags at the target mRNA sites (A–D) represent T-plot results of different miRNAs. X-axis represent site information of mRNA sequence, while Y-axis represents the number of reads at a particular cutting site.




Enrichment analysis of gene ontology and KEGG pathway of targets

To gain a better understanding of functional roles of miRNAs, GO and KEGG analysis of putative targets were conducted. All targets were annotated using GO annotations to describe the functions of genes and gene products, while KEGG analysis is used to understand the pathways of annotated targets. Figure 5 showed the GO and functional classification of miRNA targets in two maize inbred lines seeds. Obviously, target genes of translational elongation, GTPase activity, translation elongation factor activity and response to hormone were specially enriched by GO analysis (Figure 5A), which suggested that these genes may play an important role in the regulation of maize seed germination. KEGG analysis (Figure 5B) showed Glyoxylate and dicarboxylate metabolism [PATH: ko00630], Sphingolipid metabolism [PATH: ko00600], other glycan degradation [PATH: ko00511], and Arginine biosynthesis [PATH: ko00220] were several main pathways which were involved in the germination regulation of maize seeds.

[image: Figure 5]

FIGURE 5
 Gene ontology and functional classification of miRNA targets in two inbred lines. (A) Gene ontology analysis of miRNA targets. (B) KEGG analysis of miRNA targets.




Function analysis of differentially expressed miRNAs and targets showed glycan degradation and galactose metabolism were closely correlated with improved maize seed vigor

To decipher the complexity of regulatory networks closely related with the improved maize seed vigor, we further studied the significantly enriched pathways with the software ggplot2. Interestingly, two pathways named Glycan degradation [PATH: ko00511, p value = 0.0002] and Galactose metabolism [PATH: ko00052, p value = 0.01] were discovered and shown in Figure 6. A total of 16 miRNAs with different expressions were discovered in Glycan degradation while 19 differentially expressed miRNAs were obtained in Galactose metabolism. Various kinds of glycan are interconvertible in plants, and glycan can be hydrolyzed into small oligosaccharides and monosaccharides with reducing properties. At the same time, this could provide structural materials for the synthesis of new cells and organelles. So a regulation model was forecasted for the improved maize seed vigor induced by GA3 (Figure 7), which revealed main changes of glycans during maize seed germination, indicating that two metabolism pathways were closely correlated with improved maize seed vigor.

[image: Figure 6]

FIGURE 6
 Kyoto Encyclopedia of Genes and Genomes enrichment analysis of targets.


[image: Figure 7]

FIGURE 7
 A regulation model for the improved maize seed vigor induced by GA3.





Discussion

Seed germination is a so complex biological process regulated by a larger number of genes. Based on the whole germination process, GA3 treatment was proved to promote the germination rate of maize seeds significantly by breaking seed dormancy and inducing a series of related genes. In this study, two typical maize inbred lines were selected and used for the miRNAs and degradome sequencing analysis, containing Yu537A with low seed vigor and Yu82 with high seed vigor, which suggested that the materials were novel compared with previous published researches. Two maize inbred lines were derived from Yuzong5, which is an very popular variety and widely planted in China. So the background of two lines were similar, and comparative analysis of miRNA and degradome data could truly reflect the molecular mechanism difference between two inbred lines in the process of seed germination induced by gibberellin (GA3).

Seed vigor is a complex trait, including seed germination, seedling emergence and growth, as well as seed storability and stress tolerance, which is directly related with healthy plant seedlings (Zhao et al., 2021). In our research, six treatments were performed on two maize inbred lines to investigate the regulation mechanism of miRNAs in the germination process. After GA3 treatment, the number of differentially expressed miRNAs was significantly increased in the sample of SGA_53h, demonstrating that GA3 induced more complicated regulation mechanism to improve the vigor of maize seeds, which was not reported before (Zhang et al., 2009; Gong et al., 2015; Han et al., 2020). Seed dormancy, a common biological phenomenon, is an important biological process which was formed in the final stage of seed development, and this dormancy state would be conducive to seed vigor (Finch-Savage and Leubner-Metzger, 2006; Nelson et al., 2017). It is well known that plant hormones ABA and GA are a pair of hormone molecules that play hostile roles in the regulation of seed development (Lee et al., 2015), that is to say, ABA induces seed dormancy and inhibit seed germination while the function of GA was just the opposite (Li et al., 2021a). In our study, after GA3 treatment, the germination rate of two maize inbred lines was significantly improved, which is consistent with previous studies (Gong et al., 2015; Li et al., 2021a).

Analysis method of Multi-omics is often used to decode the molecular mechanism of various physiological activities in plants (Khan et al., 2015; Singer et al., 2021; Li et al., 2021b; Feng et al., 2022). Seed germination was a complicated process involving multiple genes and regulatory networks. After imbibition of two inbred seeds, seed germination needs the regulation of a large number of genes and the energy supply (Wolny et al., 2018). In this study, we performed miRNAs and degradome analysis, function analysis of differentially expressed miRNAs and targets showed Glycan degradation and galactose metabolism were closely correlated with improved maize seed vigor. Glycan degradation and galactose metabolism was also a kind of energy supply in the process of seed germination. Significantly increased α-amylase and β-amylase activity in our research suggested that polysaccharides in maize seeds were accelerated to be hydrolyzed, such as starch. Documents reported that sucrose and starch are used for Krebs cycle to produce ATP/NADPH and as structural substrates for the synthesis of DNA and cell walls (Li et al., 2021a). So it is speculated that increased enzyme activity of α-amylase and β-amylase induced by GA3 promoted the germination of maize seeds. Our results provided more evidence for energy supply during seed germination.
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Jasmonate ZIM-domain (JAZ) proteins act as inhibitory factors of the jasmonic acid (JA) pathway, which is involved in regulating plant development and defense responses. However, there are no extensive studies available on JAZ genes in sunflower (Helianthus annuus L.). In this study, the phylogenetic analysis of 139 putative JAZ genes from eight plants demonstrated that these JAZs could be divided into five groups (Groups I–V), and the 27 sunflower JAZs (HaJAZs) were classified into these five groups. All groups contained genes from both monocotyledons and dicotyledons, indicating that the emergence of JAZ genes predates the differentiation of monocotyledons and dicotyledons. Both segmental and tandem duplications contributed greatly to this gene family’s expansion in sunflower, especially in Group II. Moreover, the expression profiles of HaJAZ genes under normal conditions, hormone treatments or abiotic stresses were analyzed based on RNA-seq data. HaJAZ2 may be undergoing pseudogenization as a nonfunctional gene because it was not expressed in any tissue. Many HaJAZ genes in roots upregulated their expression when involved in responding to exogenous hormones, especially methyl-jasmonate. The abiotic stress treatments of sunflower showed that HaJAZ5, HaJAZ15, HaJAZ17, HaJAZ20, and HaJAZ21 tend to be sensitive to certain abiotic stresses. HaJAZs from different groups may share similar functions but also exercise their unique functions when responding to abiotic stresses. We speculated that this gene family was conserved in sequence but varied in its expression among duplicated HaJAZ genes, which implies that they may confer neofunctionalization in the adaptation to abiotic stresses; this work provides insight into the resistance of sunflowers and their adaptation to diverse environmental conditions.

KEYWORDS
 sunflower, JAZ, phylogenetic analysis, hormone, abiotic stress, WGCNA


Introduction

Phytohormones are the most important endogenous substances for modulating physiological and molecular responses and are thus essential for plant survival (Chini et al., 2007; Wolters and Jurgens, 2009). Among them, jasmonic acid (JA) is involved in plant responses to biotic or abiotic stresses, as well as growth and development (Garrido-Bigotes et al., 2019). The main components of the JA signaling pathway are the coronatine-insensitive 1 (COI1)-JAZ complex receptor and MYC transcription factors (TFs; Chini et al., 2007; Melotto et al., 2008; Chung et al., 2009). Among these components, the inhibitory factor JAZ (JA zinc-finger inflorescence meristem (ZIM)-domain), a key family protein of the JA pathway, comes from the TIFY family (Chung et al., 2009). The TIFY family is also known as ZIM (Vanholme et al., 2007) and can be further divided into four subfamilies (TIFY, ZML, JAZ, and PPD) based on the specific domain compositions (Bai et al., 2011; Zhang et al., 2012). Different subfamilies have varied domain distributions (Bai et al., 2011). For instance, the TIFY subfamily contains only the TIFY domain; the ZML subfamily contains the TIFY, CCT, and C2C2-GATA domains; the PPD subfamily contains TIFY domains but lacks CCT and GATA domains, while comprising N-terminal PPD domains; and the JAZ subfamily contains TIFY and Jas (also named CCT 2) domains.

JAZ proteins are repressor proteins and are the most extensively studied TIFY subfamily among plants. The JA signaling pathway can respond to JA stimulation, causing the binding MYC transcription factor to be released and initiating the transcription of downstream JA-response genes (Santner and Estelle, 2007). JAZ proteins can also bind to other proteins, thus linking the JA signaling pathway with other pathways and thereby affecting gene expression (Thines et al., 2007). Both the TIFY and Jas domains are required for JAZ proteins to function in the JA signaling pathway (Chini et al., 2007). When JA accumulates after exposure to environmental stimuli, this accumulation can accelerate the binding of the SCFCOI1 complex to perceive JA-Ile and hence degrade JAZ proteins via 26S proteasomes. This process can induce the activity of TFs (such as MYC2) to regulate the expression of JA-responsive genes (Chini et al., 2009, Guo et al., 2018a). Therefore, the COI1–JAZ–MYC2 model has been regarded as the most pivotal signal module in the JA pathway. Additionally, JAZ proteins can also recruit TPL (TOPLESS) or TPR (TPL-related protein) repressors through the Novel INteractor of JAZ (NINJA) to repress the expression of TFs without stimulation or JA accumulation (Pauwels et al., 2010).

JAZ plays a key role in the response of plants to biotic and abiotic stresses. In Arabidopsis, JAZ can promote plant growth and development by preventing unrestricted metabolic processes (Guo et al., 2018b). In wheat, JAZ can regulate gene expression and inhibit seed germination (Ju et al., 2019). In rice, OsJAZ1 can act as a transcriptional regulator to improve drought tolerance (Seo et al., 2011). OsJAZ8 is involved in the induction of monoterpene linalool, which makes rice resistant to bacterial blight (Taniguchi et al., 2014). OsJAZ9 is responsive to salt stress or potassium deficiency tolerance in rice (Wu et al., 2015; Singh et al., 2020). Overexpression of OsJAZ8 can increase the salinity tolerance of transgenic seedlings (Peethambaran et al., 2018). OsJAZ13 can suppress the expression of MYC2 and ERF1 to regulate cell death in a JA/ethylene-dependent manner and hence modulate the balance between defense and growth under environmental stresses (Feng et al., 2020). In addition, overexpression of TaJAZ1 enhances the resistance of wheat to powdery mildew (Jing et al., 2019), and overexpression of GhJAZ2 can also enhance the salinity tolerance of transgenic cotton (Sun et al., 2017). In Triticum durum, overexpression of TdTIFY11a can enhance salt tolerance (Ebel et al., 2018).

Sunflower (Helianthus annuus L.) is an annual plant from the family Asteraceae. It is one of the four major oil crops around the world and an important ornamental plant. Due to its strong resistance to abiotic stresses, sunflower can serve as an important genetic resource for determining plant resistance mechanisms and hence improving its resistance (Garrido-Bigotes et al., 2019). In this study, extensive analysis of the sunflower JAZ (HaJAZ) family was performed to understand their diversity, expansion, and evolutionary fate after duplications, as well as defense responses, which may lay a theoretical foundation for the further exploration of sunflower JAZ gene functions and provide a new perspective for sunflower resistance breeding.



Results


Twenty-seven JAZ genes identified in sunflower

In total, 27 HaJAZ genes were identified from the sunflower genome and named according to their physical positions on the chromosomes (Supplementary Figure S1). They were irregularly distributed on 17 sunflower chromosomes. For instance, chromosome 12 (Chr 12) had the highest density of HaJAZ genes (7 members), while only one HaJAZ gene was found on each of five chromosomes (Chr1, Chr2, Chr9, Chr16 and Chr17). Detailed gene information for each HaJAZ is listed in Supplementary Table S1, such as gene length, predicted molecular weight (MW) and isoelectric point (pI). Despite their close evolutionary relationship, HaJAZ proteins and their coding regions varied greatly in length. The protein lengths ranged from 124 to 345 amino acids, and the gene lengths ranged from 824 bp to 6,906 bp (Supplementary Table S1).

For the peptides, two important functional domains were identified among the JAZ-family proteins, namely, TIFY and Jas domains. Figure 1A shows that the TIFY domain was less conserved but had a core TIFYXG motif with two adjacent sites, Val (V) 14 and V16. Moreover, the Gln (Q) 5, Asp (D) 18, Ala (A) 25, and Met (M) 29 sites in the TIFY domain of sunflower were also highly conserved, which was consistent with other species, such as Arabidopsis, rice, and maize (Kynast et al., 2001; Vanholme et al., 2007). In contrast, the Jas motif seems more conserved in sunflower, particularly at the Pro (P) 3, Arg (R) 6, Ser (S) 9, Phe (F) 13, Leu (L) 14, Lys (K) 16, and Arg (R) 20 sites (Figure 1A). Additionally, the sites Pro (P) and Tyr (Y) located at the C-terminus of the Jas motif were also conserved, which can serve as symbols to distinguish the Jas motif of the JAZ subfamily from the divergent motif of the PPD subfamily.
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FIGURE 1
 Conserved domains and phylogenetic analyses of the JAZ family in sunflower. (A) The consensus sequences for TIFY and Jas were generated with WebLogo. The numbers at the bottom indicate the positions of amino acid residues in each domain. The height of each letter is proportional to the frequency of the corresponding residue at that position, and the letters are ordered such that the most frequent residue is on top. (B) Phylogenetic tree of JAZ proteins derived from sunflower and seven other plants. Members belonging to the same species are presented with the same label. (C) Numeric comparisons of five group members. The species tree was obtained from TimeTree (http://www.timetree.org/).Theimages of Arabidopsis thaliana, Solanum lycopersicum, and Helianthus annuus were obtained from a previous study (Sucher et al., 2020).




Five groups defined among the JAZ genes of eight species

To reveal the phylogenetic relationships within the JAZ family among different plants, a phylogenetic tree containing JAZ proteins was reconstructed based on the alignment of conserved TIFY and Jas domain sequences derived from eight plants (Figure 1B), including sunflower (27), Arabidopsis (Arabidopsis thaliana, 12), rice (Oryza sativa, 12), maize (Zea mays, 16), wheat (Tricicum aestivum, 36), grape (Vitis vinifera, 11), tomato (Solanum lycopersicum, 12), and Sitka spruce (Picea sitchensis, 13) (Figure 1C). The evolutionary history of these proteins was inferred using the neighbor-joining (NJ) method implemented in Molecular Evolutionary Genetics Analysis (MEGA) 7.0. The tree with the optimal branch length sum (31.45) is shown in Figure 1B. The tree was drawn to scale, and the branch lengths are in the same units as the evolutionary distances used to infer the phylogenetic tree. All ambiguous positions were removed for each sequence pair, and 101 positions were considered in the final dataset.

According to the phylogenetic tree, all 139 JAZ members could be clustered into five groups (Figure 1B; Supplementary Figure S2, Groups I–V). Group II had the maximum member number (35) and the highest percentage of sunflower JAZ proteins (12/27). In this group, 10 HaJAZs clustered together to form one clade, possibly resulting from species-specific expansion. Moreover, the JAZs from dicotyledon plants formed a cluster sister to the genes derived from monocotyledonous plants in Group II. Group I had the lowest number of members and contained only one HaJAZ. Group I contained JAZ members from sunflower, maize, rice, and wheat; sunflower was the only dicotyledonous plant in this group. Among the five groups, only Group IV contained JAZ genes from all eight investigated species. The JAZ genes from Sitka spruce, the outgroup species in this study, were classified into Groups III–V; this may indicate that genes from these groups are more ancient than other genes. Overall, most groups contained both monocotyledons and dicotyledons, indicating that JAZ proteins are distributed among defined groups and that the emergence of JAZ genes predates the differentiation of monocotyledons and dicotyledons.

Moreover, we also examined the gene structures, motif and domain distributions of the HaJAZ family members (Supplementary Figure S3). It showed that the HaJAZ genes of the same group contained more similar exon-intron structures and motif compositions than those from different groups. Among the 10 identified conserved motifs, motifs 1 and 2 were contained in the Jas and TIFY domains, respectively, and were found in all HaJAZ proteins, which may regard as core motifs. All the HaJAZ members contained TIFY and Jas domains, and the HaJAZ12, HaJAZ25 and HaJAZ26 also contained a GATA-type zinc finger located at the C-terminal of the proteins. Totally, all these results can provide further evidence for our classification scheme based only on the results of the phylogenetic analysis.



Tandem and segmental duplications contribute to the expansion of HaJAZ genes

To study the driving forces behind gene family expansion, two duplicated gene patterns were identified among JAZ family members in the sunflower genome, namely, tandem and segmental duplication. Apart from one tandem-duplicated pair (Supplementary Figure S1, HaJAZ19 and HaJAZ18), the remaining 18 pairs were classified as segmental duplications (Figure 2). Among them, many duplicated genes may result from two rounds of duplication events occurring in a chromosome segment, such as HaJAZ4, HaJAZ23, and HaJAZ27. To further determine the extent of selection pressures among duplicated genes, we calculated the synonymous substitution rate (dS) and nonsynonymous substitution rate (dN) values for the 19 duplicated gene pairs. As shown in Supplementary Table S2, the dN/dS (ω) values ranged from 0.015 to 0.549, indicating that all the analyzed gene pairs experienced purifying selection. The tandem duplicated pair possessed the greatest ω ratio values, possibly indicating that these genes experienced more relaxed purifying selection. Additionally, three duplicated gene pairs (HaJAZ9 vs. HaJAZ16, HaJAZ20 vs. HaJAZ16 and HaJAZ4 vs. HaJAZ27) had much higher dS values than the other pairs (Supplementary Table S2). These findings may provide insight into the important contributions of segmental and tandem duplications to JAZ expansion in sunflower.
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FIGURE 2
 Schematic representation of the collinear relationships of HaJAZ genes. The blue and gray lines indicate the HaJAZs and all genes resulting from segmental duplications. The gene density on each chromosome is depicted by the heatmap next to each rectangle. Each chromosome is indicated with a turquoise rectangle, and the corresponding chromosome number is shown at the top of each chromosome.




Expression patterns of sunflower JAZs in various tissues

We analyzed the expression profiles of all HaJAZs in 11 different tissues, including leaf, root, bract, stem, stamen, pistil, pollen, RF (ray floret) ligule, RF ovary, DF (disc floret) corolla, and DF ovary tissues, using RNA-seq data obtained from a previous study (Badouin et al., 2017). As shown in Figure 3, both the hierarchical clustering analysis results and tau (τ) values showed that the expression patterns of HaJAZ genes could be divided into three clusters. First, more than half of the HaJAZ genes were highly expressed in the majority of the tested sunflower tissues. For example, HaJAZ22 was highly expressed in sunflower stems, DF ovaries, stamens, bracts, and DF corollas. Second, the expression levels of some genes (such as HaJAZ8, HaJAZ2, HaJAZ19, and HaJAZ18) were low or not expressed. In particular, the expression of HaJAZ8 and HaJAZ2 was extremely low in almost all tissues. The expression levels of HaJAZ19 and HaJAZ18 in flower tissues, such as stamens, RF ligules, DF ovaries, bracts, and DF corollas, were higher than the corresponding expression levels in other tissues, indicating that these genes may play a role in flower development in sunflowers. Third, the transcript abundance of JAZ genes was low in the pollen [Figure 3C; only HaJAZ6 and HaJAZ25 had FPKM (fragments per kilobase of exon model per million mapped fragments) values >1].

[image: Figure 3]

FIGURE 3
 Expression profiles of HaJAZ genes in different tissues. (A) The normalized expression levels of the hierarchical clustering of 27 HaJAZ genes in 11 tissues. The relative expression levels corresponding to the log2-transformed FPKM values after adding a pseudocount of 0.01 are shown. The expression levels are indicated by a graded color scale from blue to red. (B) The τ values were calculated for HaJAZs to identify their tissue-specific expression. Low τ values correspond to widely expressed genes, while high values correspond to tissue-specific genes. (C) The expression values of all the HaJAZ genes in each tissue.




Expression patterns of HaJAZ genes in response to hormones

Accordingly, JAZs participate in the hormone signal transduction and crosstalk of plants, so it is necessary to study the expression patterns of JAZs under various exogenous hormonal treatments, including abscisic acid (ABA), β-indoleacetic acid (IAA), brassinosteroids (BRAS), 1-aminocyclopropane carboxylic acid (ACC), gibberellic acid 3 (GA3), kinetin, methyl-jasmonate (MeJA), and salicylic acid (SA). Figure 4A shows that HaJAZ2 and HaJAZ19 were not expressed in any of the treatment or control samples in either roots or leaves. The majority of HaJAZs expressed moderately upregulated expression under MeJA treatment in roots (such as HaJAZ13, 15, 17, and 4), especially HaJAZ8 and HaJAZ18, and several HaJAZs also had strong responses to ACC in roots. Furthermore, some genes in roots were involved in responding to other exogenous hormones, such as HaJAZ8 and HaJAZ7 to ABA, HaJAZ4 to SA and HaJAZ18 to IAA. These results indicated that the expression levels of HaJAZs were altered in response to various hormone inductions and were involved in the hormone signaling pathway in sunflower.
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FIGURE 4
 Expression changes in sunflower JAZ genes in response to different hormone treatments in the leaves and roots. (A) Log10-fold changes between treatments were used to present expression changes. The expression levels are illustrated by the graded color scale. (B) Two patterns of cis-elements, hormones, and salt-responsive elements, were predicted for the upstream 2 kb sequence of each HaJAZ gene. (C) The regulation network between HaJAZs and the potential TFs that bind to the HaJAZ promoters.


To explore the regulatory regions, we analyzed the cis-elements in upstream sequences of HaJAZ genes. Five hundred and seventy-six cis-elements of promoters related to environmental stress and hormone-responsive were detected (Figure 4B; Supplementary Table S3). It has been found that 21 HaJAZs (HaJAZ1-3, HaJAZ5-6, HaJAZ8-12, and HaJAZ15-25) had at least one JA-responsive element. Moreover, the promoter regions of 26 HaJAZs (except HaJAZ3) contain abscisic acid-responsive elements (ABREs). Sixteen HaJAZs contained auxin-responsive elements, 13 HaJAZs had gibberellin-responsive elements, and 10 HaJAZs contained salicylic acid-responsive elements (Supplementary Table S3). HaJAZ7, HaJAZ13, HaJAZ23, and HaJAZ27 had JA- and abscisic acid-responsive elements, and their expression was downregulated greatly when treated with ABA, ACC, GA3, kinetin or SA in leaves. For HaJAZ4, HaJAZ8, HaJAZ15, HaJAZ17, and HaJAZ23 in roots, their expression was downregulated greatly when treated with ABA, IAA, and BRAS, but the expression was upregulated greatly when treated with MeJA, especially HaJAZ8 and HaJAZ17 (Figure 4A). The hormone response elements of HaJAZs may play certain functions for their involvement in the hormone response.

We also predicted the potential TFs that bind to the HaJAZ promoters, and found that 102 TFs tend to bind to the regulatory regions of 22 HaJAZ genes (Figure 4C; Supplementary Table S4) and five HaJAZs have no predicted potential TFs (HaJAZ6, HaJAZ7, HaJAZ11, HaJAZ14, and HaJAZ17). The TFs involved in the regulation of HaJAZ22 were the most abundant, and HaJAZ5, HaJAZ12, HaJAZ15, and HaJAZ27 were the least abundant. Interestingly, different TF families have relatively strong binding tendencies to the different HaJAZs. For instance, 55 ERF TFs were mainly involved in the regulation of HaJAZ22, HaJAZ13, HaJAZ8, HaJAZ18, and HaJAZ19 (Figure 4C). Among them, majority of the ERF TFs only bind to HaJAZ22. Moreover, C2H2 members centrally regulate HaJAZ13 and coordinate the regulation of HaJAZ13, HaJAZ18, and HaJAZ19 (Figure 4C). Additionally, the families such as TCP, bHLH, MYB, and LBD can also regulate some certain HaJAZ members.



Expression patterns of HaJAZ genes in response to abiotic stresses

Plants are often subjected to multiple extreme environmental conditions during their growth periods, such as heat, drought, or other abiotic stresses. When under heat, cold, or drought stresses, the growth status of sunflower was not significantly affected. For example, the height of sunflower seedlings was not significantly different compared to those of the control group, and only the leaves showed mild wilting under severe drought, which also indicated that sunflower had strong abiotic stress resistance. Under salinity stress, the seedlings were shorter in height and the leaves wilted to some extent compared with those of the control group. To gain more insight into the role of HaJAZ genes in responding to abiotic stresses, we also analyzed the expression of HaJAZ genes under these four abiotic stress patterns. The results indicated that more than half of the genes exhibited significant expression level changes under these treatments. As shown in Figures 4B, 5, 11 HaJAZ genes were extremely temperature-sensitive (HaJAZ3, HaJAZ4, HaJAZ7, HaJAZ14, HaJAZ15, HaJAZ17, HaJAZ19, HaJAZ20, HaJAZ21, and HaJAZ27), and their expression levels were significantly downregulated following heat or cold treatment. The expression levels of three HaJAZ genes were consistently downregulated in the continuous high-temperature environment (HaJAZ19, HaJAZ21 and HaJAZ27). When under cold treatment, the expression levels of HaJAZ4, HaJAZ14, HaJAZ20, and HaJAZ21 were significantly reduced. HaJAZ15 and HaJAZ17 exhibited expression patterns that first decreased (at 8 h) and then rebounded (16 h − 32 h). In our prediction, eleven HaJAZs (HaJAZ1-3, HaJAZ6, HaJAZ11, HaJAZ15, HaJAZ17, and HaJAZ22-25) contained low-temperature responsive elements (Supplementary Table S3, LRT). Notably, only four genes were identified as differentially expressed genes (DEGs), and their expression levels were consistently downregulated following exposure to drought stress (HaJAZ5) or downregulated their expression in mild drought and then recovered somewhat in severe drought (HaJAZ7, HaJAZ15, and HaJAZ17), and all these genes were downregulated after drought stress and recovered following rehydration (Figure 5). However, twelve HaJAZs (HaJAZ4, HaJAZ7-8, HaJAZ11-13, HaJAZ16, HaJAZ20, HaJAZ22-23 and HaJAZ25-26) contained drought response elements (Figure 4B, MBS). When exposed to salt stress, HaJAZ16, HaJAZ21, and HaJAZ24 were significantly downregulated.

[image: Figure 5]

FIGURE 5
 Expression profiles of HaJAZ genes in response to abiotic stress treatments. After sunflower seedlings grew to exhibit six true leaves, we selected uniformly growing seedlings and treated them at 39°C for 4, 8, 16, and 32 h. Seedlings not subjected to these temperature treatments were used as controls (HT0). For cold stress, seedlings with similar growth were selected and treated at 4°C for 8, 16, and 32 h (denoted C8, C16 and C32, respectively). Seedlings not subjected to this low-temperature treatment were selected as controls (C0). The different drought treatments included normal water supply (ND, no drought), mild drought stress (MD), severe drought stress (SD), and rehydration to normal water supply after 3 days of severe drought (WD). These water-control experiments commenced after the sunflower seedlings grew to exhibit new trifoliate leaves, and samples were taken after 5 days of drought stress. For the salinity stress experiments, 250 mmol L−1 NaCl was applied for 2 weeks. Seedlings not subjected to the NaCl treatment were selected as the controls (CK).




Analysis of HaJAZ coexpressed genes in response to abiotic stresses based on WGCNA

To understand the roles of HaJAZs involved in abiotic stresses, we also conducted weighted correlation network analysis (WGCNA) based on these 45 samples under four abiotic stresses using our transcriptome data and found 34 modules. In total, 2,958 genes were coexpressed with 20 HaJAZ genes (Figures 6A–C). HaJAZ3, HaJAZ6, HaJAZ7, and HaJAZ21 were associated with the greatest number of interacting genes. Among the coexpressed genes, 193 TFs were identified, and none of the TF members was found to be coexpressed with HaJAZ12, HaJAZ20, or HaJAZ26 (Figure 6B). As shown in Figure 6A, two separate coexpression networks were constructed among these 17 HaJAZ genes and 193 TFs. Most TF families were ethylene-response elements (ERE), basic helix–loop–helix (bHLH) families (including 9 MYC2 members), MYB-related or NAM, ATAF, and CUC (NAC) families, with more than 10 members in each family. It is worth mentioning that five JA receptor COI1 genes and nine MYC2 genes were significantly correlated with 11 and 18 HaJAZs among these abiotic stresses (Supplementary Table S5, |r| > 0.7, p-value <0.01). The 11 HaJAZs were included in the 18 HaJAZs.
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FIGURE 6
 Functional enrichment of genes coexpressed with HaJAZ based on WGCNA. (A) The coexpression network for HaJAZs and their coexpressed genes. ERE: ethylene response elements; bHLH: basic/helix–loop–helix; MYB related; NAC: NAM, ATAF, and CUC; and bZIP: basic leucine zipper. (B) The numbers of those genes and TFs coexpressed with each HaJAZ. (C) Comparison of the coexpressed gene numbers of each JAZ group. (D) The p-values of significantly enriched KEGG pathways are shown. (E) The p-values of significantly enriched GO terms related to hormones, abiotic stress and the cell wall are presented here. *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001.


We further subdivided the coexpressed genes according to the classification of HaJAZs and found that there were 441, 1,556, 1,663, and 1,114 genes coexpressed with Groups I, II, IV, and V, respectively (Figure 6B) and only 54 genes were shared among them (Figure 6C). To study the potential functions of different JAZ groups, we conducted KEGG and GO functional enrichment analyses for these four gene lists. As shown in Figure 6D, all four lists were significantly enriched in biosynthesis of secondary metabolites, alpha-linolenic acid metabolism, and plant hormone signal transduction. These genes coexpressed with II, IV and V were also enriched in oxidative phosphorylation. The genes coexpressed with Group I were also enriched in porphyrin and chlorophyll metabolism and ABC transporters; those with Group II were enriched in proteasome, and those with Group V were enriched in plant–pathogen interaction. From the GO annotation (Figure 6E), all four lists were significantly enriched in response to JA and SA, wounding, and hydrogen peroxide. Groups I, II, and V were also enriched in response to salt stress and defense response by callose deposition. Groups II, IV, and V may be involved in the response to brassinosteroids, water deprivation, hormone biosynthetic processes, regulation of the immune response, oxidative phosphorylation, stress-activated protein kinase signaling cascades, and cell wall biogenesis. However, these genes coexpressed with different groups can be involved in different biological processes. For instance, Group I was enriched in response to gibberellin, reactive oxygen species, and cell wall thickening, and Group IV was enriched in heat acclimation. These results demonstrated that HaJAZs from different groups may share similar functions but also exercise their unique functions when responding to abiotic stresses.




Discussion

Plant adaptations to environmental alterations generally rely on signaling networks. As important negative regulators impeding the JA response, JAZs have been demonstrated to play multiple roles in the growth, defense, and response to abiotic stress of plants (Garrido-Bigotes et al., 2019; Gupta et al., 2021). It has been reported that sunflower exhibits outstanding resistance to abiotic stresses (Škorić, 2016). However, limited information about the JAZ gene family in sunflower is currently known, thus hampering studies focused on resistance mechanisms. The well-annotated sunflower genome information (Badouin et al., 2017) and transcriptome technology provide fundamental materials for exploring the evolutionary relationships and expression diversity associated with the JAZ family in sunflower.

Previous studies have shown that JAZ genes can be divided into three to five groups (Xie et al., 2019; Shen et al., 2020). Combined with the JAZ proteins from seven other plants (Zhang et al., 2012; Chini et al., 2017; Xie et al., 2019; Han and Luthe, 2021), we classified these genes into five groups (Figure 1). The 27 HaJAZ genes were classified into five groups (Supplementary Table S1). Accordingly, plant genomes are less restricted in terms of genome size and chromosome number evolution, which leads to plants generally evolving more rapidly than other eukaryotes (Kejnovsky et al., 2009). Hence, the JAZ numbers varied among the tested species (Figure 1C). For instance, sunflower has twice as many JAZs as A. thaliana, which may result from the two additional genome-wide duplication event rounds that occurred during the sunflower evolution process (Badouin et al., 2017). Moreover, many JAZ genes undergo species-specific expansion, such as wheat, grape, and sunflower expansion (Figure 1). The phylogenetic and gene duplication analyses further indicated that genetic diversity and redundancy were present in this rapidly evolving gene family.

The sequestration of plants means that they are subject to greater survival risks than other eukaryotes and that they must rely on their genomic plasticity and biochemical changes to cope with different risks (Kejnovsky et al., 2009). The duplicated genes allow plants to enhance their adaptation to environmental stresses and promote plant differentiation (Leitch and Leitch, 2008). Tandem and segmental duplications are the main driving forces behind gene family expansion and gene functional differentiation in plants (Cannon et al., 2004). Among HaJAZ genes, segmental duplicates accounted for the main duplication pattern associated with HaJAZ gene amplification (Figure 2, 20/27), while the tandem duplicated gene pairs tended to experience relaxed purifying selection (Supplementary Table S2). After duplications, genes generally tend to pseudogenize or undergo neofunctionalization to breakdown functional redundancy to escape obsolescence and become fixed in the genome (Birchler and Yang, 2022). In this study, HaJAZ2 tended to be not expressed under any condition, which may imply that it is undergoing pseudogenization, while other genes (HaJAZ1 and HAJAZ14) tended to be divergently expressed among tissues or stress treatments (Figures 3–5).

Accordingly, JAZ genes play important roles in plant growth and stress responses (Li et al., 2014). We found that more than half of HaJAZs were highly expressed in most tissues, especially in the floral organs of sunflower plants (Figure 3), suggesting that JAZ family genes are involved in flower induction and stamen development (Kim et al., 2011). However, many HaJAZ genes were expressed at extremely low levels in the pollen (Figure 3C). In fact, many gene families, such as the WRKY and bHLH families, have been shown to be expressed at lower levels in sunflower pollen than in other tissues (Liu et al., 2020; Li et al., 2021). This information suggests that pollen may play a less important role than other tissues in responding to environmental stresses. Under MeJA treatment, we found that most HaJAZ genes showed significantly upregulated expression, especially HaJAZ8 and HaJAZ19 (Figure 4). Moreover, most JAZ genes in sunflower leaves were sensitive to IAA in the hormone treatment, and the HaJAZ genes in sunflower roots were highly regulated by MeJA and ACC (Figure 4). These results indicate that JAZ genes may play important roles not only in the JA signaling pathway but also in other hormone activities, such as the activities of IAA and ACC, which was shown in a previous study (Ullah et al., 2018).Previously, salinity stress can trigger the activation of the JA signaling pathway followed by the inhibition of cell elongation in the elongation zone, and salt-inhibited root growth partially involves the JA signaling pathway in Arabidopsis (Valenzuela et al., 2016). In our study, cold and salinity stress also downregulated the expression of HaJAZs (Figure 5). Moreover, many HaJAZ genes tended to downregulate their expression under the abiotic stresses. From the above results, we speculate that the sunflower JAZ gene plays a “repressor” role in response to different abiotic stresses.

COI1 can recruit JAZ family repressors to destroy the downstream MYC2 to regulate plant growth, development, and defense (Pieterse et al., 2014). In our study, the expression of JA receptor COI1 genes was significantly negatively correlated with 11 HaJAZs, and nine MYC2 genes were significantly positively correlated with 18 HaJAZs among these abiotic stresses (Supplementary Table S5). This result may indicate that these genes were involved in the response to abiotic stress through the JA pathway. Moreover, the functional analysis showed that all the coexpressed genes were enriched in response to SA and JA (Figure 6E). Accordingly, the SA and JA pathways act antagonistically on each other and provide the plant with a mechanism to fine-tune its defense response depending on the lifestyle of the enemy (Pieterse et al., 2014). Our data showed that the coexpressed genes of HaJAZs are involved in the biosynthesis of secondary metabolites, alpha-linolenic acid metabolism, and plant hormone signal transduction (Figure 6D). This can be linked with the fact that JA is biosynthesized from linolenic acid in chloroplast membranes (Sharma and Laxmi, 2015), and many secondary metabolites contribute greatly to plant environmental adaptation (Xu et al., 2022). Additionally, the enrichment analysis for each group demonstrated that different groups of HaJAZs may share similar functions but also exercise their unique functions when responding to abiotic stresses (Figures 6D,E).

In summary, 27 HaJAZ genes were identified, and some potential functions of the HaJAZ gene family and their phylogenetic information were revealed through bioinformatics analyses. This study found that HaJAZ5, HaJAZ15, HaJAZ17, HaJAZ20, and HaJAZ21 tend to be sensitive to certain abiotic stresses, and the JAZ gene plays an irreplaceable role in plant abiotic stress responses (Figure 7). When sunflower is exposed to an exogenous stress stimulus, HaJAZ downregulates their expression or degrades their abundance by ubiquitin-mediated proteolysis. Then, the MYC2 TFs were released to activate the expression of downstream stress-responsive genes. We speculated that this gene family was conserved in sequence but varied in their expression among duplicated HaJAZ genes, indicating that they may gain environmental resistance through neofunctionalization. Our results may provide insight into the resistance of sunflower plants to diverse environmental conditions.
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FIGURE 7
 Model of HaJAZ genes regulating abiotic stresses. JA, jasmonic acid; COI1, coronatine-insensitive protein 1; SFC, SKP1 + Cdc53/cullin+Rbx1 + F-box protein complex; MYC2, Myeloid tissue proliferative protein in plants. The abbreviation name for each sample is shown in Figure 6.




Materials and methods


Retrieval of JAZ genes

All sunflower protein sequences were obtained from the National Center for Biotechnology Information (NCBI) database. Hidden Markov model (HMM) profiles (El-Gebali et al., 2019) containing the TIFY (PF06200) and Jas (PF09425) domains were obtained from the Pfam database1 and used to identify potential JAZ genes in the sunflower genome with HMMER 3.2.1 software,2 with an E-value threshold of 10−2 (Prakash et al., 2017). Only the nonredundant proteins predicted by the online Simple Modular Architecture Research Tool (SMART)3 (Letunic and Bork, 2018) were identified as HaJAZ protein members. The JAZ protein sequences of Arabidopsis, rice, maize, wheat, grape, tomato, and Sitka spruce were derived from previous studies (Zhang et al., 2012; Chini et al., 2017; Xie et al., 2019; Zheng et al., 2020; Han and Luthe, 2021). The Expert Protein Analysis System (ExPASy) proteomics server4 was used to predict the different physicochemical parameters of the proteins (e.g., their molecular weight, theoretical isoelectric point, and number of amino acid residues).



Sequence alignments and phylogenetic analyses

The JAZ protein sequences of sunflower, Arabidopsis, rice, maize, wheat, grape, and tomato were aligned using T-Coffee5 (Di Tommaso et al., 2011). An NJ phylogenetic tree was reconstructed using MEGA 7.0 (Kumar et al., 2016). The evolutionary distances were computed using the Poisson correction method in units of the number of amino acid substitutions per site. The other parameters were set as follows: 1,000 bootstrap replicates, pairwise deletions, and other default parameters (Kumar et al., 2016). The Weblogo3 application6 was used to visualize and analyze the conserved domains.



Cis-element prediction of HaJAZ genes

The intron/exon structure of the sunflower JAZ genes was described using TBtools (v1.0692; Chen et al., 2020) based on comparisons of the predicted coding sequences (CDSs) derived based on genome annotation (Badouin et al., 2017). The online multiple Em for Motif Elicitation (MEME, http://meme-suite.org/) program was used to analyze the conserved motif structures of the proteins encoded by the sunflower JAZ genes. The two kbp-upstream sequences of the 27 HaJAZ genes beginning from the start codon ATG were extracted from the sunflower genome and regarded as the regulatory promoter regions. The cis-elements were analyzed using the online software PlantCARE database7 (Lescot et al., 2002). The potential TFs binding to the HaJAZ promoters were predicted through Plant Transcriptional Regulatory Map (PlantRegMap; Tian et al., 2020) and visualized with Cytoscape v.3.8.2 (Otasek et al., 2019).



Chromosomal location and duplication of HaJAZ genes

The physical positions of the HaJAZ genes were obtained from the sunflower annotation file deposited in the NCBI database. We used TBtools (v1.0692) software (Chen et al., 2020) to derive the chromosomal locations of the HaJAZ genes. These genes were renamed according to their physical locations on individual chromosomes. To identify the duplication patterns of HaJAZ genes, MCScanX (Wang et al., 2012) was used under default settings to identify both segmental and tandem duplicated gene pairs encoded in the sunflower genome. The synonymous (dS) and nonsynonymous (dN) mutation rates were estimated using the online tool PAL2NAL (v14)8 (Suyama et al., 2006). The selection pressure of each duplicated gene pair was determined using the ω ratio.



Expression patterns of HaJAZ genes in various tissues and under hormone treatment

To investigate the potential functions of HaJAZ genes in different tissues of sunflower under normal conditions, we acquired transcriptomic raw data of 11 tissues from a previous study (Badouin et al., 2017; Sequence Read Archive (SRA): SRP092742). These data represented pollen, stamen, pistil, DF ovary, DF corolla, bract, RF ovary, RF ligule, leaf, stem, and root tissues. We conducted reanalyses of the collected data following Liu et al. (2020). These data were log2-transformed and used to represent the expression profiles of JAZ genes through the pheatmap package implemented in R 3.6.3. To determine the tissue expression specificity, we introduced the parameter τ (Yanai et al., 2005) to assess whether a given gene was expressed in a tissue-specific manner. To avoid computing tissue specificity too sensitively, we added a penalty constant in the formula according to a previous study. The τ values were calculated as follows for each gene among different tissues: (Liu et al., 2020).
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where xi is the expression of the gene in tissue i and n is the number of tissues. The FPKM values were normalized by performing log2 transformations after adding 1 to prevent the occurrence of negative values. The τ values ranged from 0 to 1, indicating that the gene expression specificity types ranged from widely expressed to specifically expressed.

To investigate whether HaJAZ genes play a role in hormonal responses in sunflower, data representing two tissues (roots and leaves) treated with 8 different hormones, ABA, IAA, BRAS, ACC, GA3, kinetin, MeJA, and SA, were obtained from a previous study (Badouin et al., 2017). All the transcriptome data obtained herein were analyzed following our previous study (Liu et al., 2020), and the expression fold change (FC) was derived for each of the treatments compared to the control.



Plant materials and abiotic stress treatments

Heat, drought, cold and salinity stress experiments were carried out with the sunflower cultivar MH8361. The plants were grown under normal culture conditions following the above method until the sunflower seedlings grew to express six true leaves. For the heat and drought stress experiments, the treatments were conducted following the methods outlined in our previous study (Niu et al., 2022). For the cold stress experiment, seedlings with similar growth characteristics were selected and treated at 4°C for 8, 16, and 32 h (denoted C8, C16, and C32, respectively). Seedlings that were not subjected to the low-temperature treatment were selected as the control (C0). For the salinity stress experiment, 250 mmol L−1 sodium chloride (NaCl) was applied for 2 weeks. Seedlings not exposed to the NaCl treatment were selected as the control (CK). Each treatment was performed in triplicate. After the treatments were complete, the sunflower leaves were immediately collected and frozen in liquid nitrogen and then stored at −80°C until further use.



RNA-seq and coexpression analyses of sunflower under various abiotic stresses

Total RNA was obtained from the above-mentioned samples using a Total Miniprep Kit following the manufacturer’s instructions (Axygen Bioscience, US). Then, 1 μg of RNA was reverse transcribed in total using PrimeScript RT Master Mix (TaKaRa) to synthesize cDNA. After constructing the cDNA library, polymerase chain reaction (PCR) amplification was conducted to enlarge the library fragments. Library selection was performed according to the fragment size (~450 bp). We then detected the total and effective concentrations using an Agilent 2,100 BioAnalyzer. For the qualified samples, high-throughput sequencing technology was adopted using the Illumina HiSeq™ 2000 sequencing platform, and paired-end (PE) sequencing was performed on these libraries.

After processing the RNA-Seq raw data using the FastQC and Cutadapt programs,9 the resulting high-quality reads were further mapped to the sunflower reference genome using HISAT210 (Kim et al., 2019). The expression levels were normalized to fragments per kilobase of exon model per million mapped fragments (FPKM) to quantify the expression of each gene. Genes with |log2 FC| criteria >1.0 and p-values < 0.05 were regarded as differentially expressed genes (DEGs) between any two groups derived using DESeq11 (Wang et al., 2010).

Weighted gene coexpression networks were constructed using the WGCNA (v1.69) package in R (Langfelder and Horvath, 2008). All 14,610 genes derived from 45 samples were used to construct a signed coexpression network. The soft thresholding power (β) of 26 was selected to cause the networks to exhibit approximately scale-free topological conditions. Afterward, the adjacency matrix was transformed into a topological overlap matrix (TOM) to calculate the corresponding dissimilarity. All genes were hierarchically clustered using the topological overlap-based dissimilarity measure, and a gene dendrogram was generated based on TOM. The gene expression profile of each module identified from the gene dendrogram was calculated to test its association with each plant effective component. In the coexpression network, the edge weight (ranging from 0 to 1, corresponding to the interaction strength) of any two connected genes was determined based on their topology overlap measure. The networks were visualized using Cytoscape v.3.8.2 (Otasek et al., 2019). All statistical analyses and significance tests were performed using R project version 3.6.3.
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SUPPLEMENTARY FIGURE S1 
Chromosomal locations of sunflower JAZ genes. The HaJAZ members are named according to their physical position on the chromosomes.



SUPPLEMENTARY FIGURE S2 
The tree was constructed using amino acid sequences under neighbor-joining (NJ) methods in MEGA 7.0. The numbers on the nodes indicate the bootstrap values derived from 1,000 replicates performed to test the reliability; values <70% are not shown.



SUPPLEMENTARY FIGURE S3 
Conserved gene structures, motif and domain distribution of the sunflower JAZ gene family. The gene structure graph was drawn based on the genome annotation results. The MEME online tool was used to predict the motifs and identify the ten motifs present in the JAZ protein sequence. The domain distributions were predicted with the SMART online tool.



SUPPLEMENTARY FIGURE S4 
The expression profiles of COI1 and MYC2 genes in response to abiotic stress treatments. The abbreviation name for each sample is shown in Figure 6E.



SUPPLEMENTARY TABLE S1 
Detailed information on the sunflower JAZ gene family.



SUPPLEMENTARY TABLE S2 
Synonymous and nonsynonymous substitution rates and Pearson correlation coefficient of expression for the duplicated gene pairs among sunflower JAZ genes. N, number of nonsynonymous sites; S, number of synonymous sites; dN, nonsynonymous substitution rate; and dS, synonymous substitution rate. The dS and dN values were calculated using codeml in the PAML package.



SUPPLEMENTARY TABLE S3 
The cis-element patterns of each HaJAZ gene predicted for two kbp-upstream sequences from the start codon.



SUPPLEMENTARY TABLE S4 
The potential TFs binding to the promoters of HaJAZs predicted through PlantRegMap.



SUPPLEMENTARY TABLE S5 
Correlation test between the expression levels of COI1 genes, MYC2 genes and HaJAZ genes.




Footnotes

1http://pfam.xfam.org/

2http://hmmer.janelia.org/

3http://smart.embl-heidelberg.de/

4https://web.expasy.org/compute_pi

5https://tcoffee.crg.eu/apps/tcoffee/index.html

6http://weblogo.berkeley.edu/logo.cgi

7http://bioinformatics.psb.ugent.be/webtools/plantcare/html/

8http://www.bork.embl.de/pal2nal/

9http://cutadapt.readthedocs.io/en/stable/

10http://ccb.jhu.edu/software/hisat2/index.shtml

11https://www.bioconductor.org/packages//2.10/bioc/html/DESeq.html
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Calcium-Dependent Protein Kinases (CDPKs) involved in regulating downstream components of calcium signaling pathways play a role in tolerance to abiotic stresses and seed development in plants. However, functions of only a few cotton CDPKs have been clarified at present. In this study, 80 conserved CDPKs in Gossypium hirsutum L. were identified and characterized, which was divided into four subgroups. Among them, the transcript level of GhCDPK60 was significantly upregulated under drought and several hormone treatments. And we found that the expression levels of several stress-inducible genes down-regulated in GhCDPK60-silence cotton and up-regulated in GhCDPK60-overexpressing Arabidopsis. In addition, physiological analyses demonstrated that GhCDPK60 improved drought stress tolerance by improving the osmotic adjustment ability and reducing the accumulation of reactive oxygen species (ROS) in plants. These findings broaden our understanding of the biological roles of GhCDPK60 and mechanisms underlying drought stress tolerance in cotton.
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Introduction

Ever deteriorating climatic condition, which has led to significant climate change and exacerbated global warming are detrimental to agricultural production. Moreover, drought is one of the major forms of abiotic stresses, which has led to low water availability for plant utilization thereby negatively affects crop production (Saranga et al., 2009). However, plants have evolved elaborate morpho-physiological and molecular mechanisms to overcome or minimize the growth deficits induced by drought stress, for example, osmotic adjustment, stomatal regulation, photosynthetic response, low leaf water loss, high relative water contents (RWC) or the expression of stress-induced genes (Mahmood et al., 2019). Genetic diversity for drought tolerance in major crops is critical to food security, and a number of genes have been reported to confer tolerance to drought and dehydration stresses in plants, such as the LEA (Sun et al., 2021), CDPK (Asano et al., 2012a) among others. Drought tolerance is a complex biological process involving multiple genes associated with cellular signaling pathways and molecular responses, such as Mitogen-activated-protein-kinase (MAPK) participating in stress signaling and activate several stress-responsive proteins (Group et al., 2002), calcium (Ca2+) responding to drought stress and various hormones (Liu et al., 2014), as well as reactive oxygen species (ROS) triggering defense mechanism (Fang and Xiong, 2015). Among these pathways, calcium is an important regulator and second messenger in signal transduction pathways and cellular biochemical processes, concentration of which alters in response to various stimuli, including hormones and drought stresses (Liu et al., 2014). In higher plants, several Ca2+ sensors or Ca2+-binding proteins could detect transient Ca2+ changes and induce downstream responses, including altered protein phosphorylation and gene expression patterns (Asano et al., 2012a). Three major types of Ca2+-binding proteins have been identified in plants: calcium-dependent protein kinases (CDPKs), calmodulins (CaMs) and CaM-like proteins (McCormack et al., 2005), as well as calcineurin B-like proteins (Kolukisaoglu et al., 2004). Notably, the CDPKs were widely reported to be involved in detecting and transmitting cellular calcium signals that respond to drought stress (Zou et al., 2010; Asano et al., 2012a; Wei et al., 2014).

CDPKs, a unique family of Ca2+ sensor/kinase-effector proteins, are involved in both phosphorylation cascades and Ca2+ signaling (Valmonte et al., 2014). CDPKs have a typical domain architecture, with an autoinhibitory junction connecting a Ser/Thr protein kinase domain with an Ca2+-binding domain-containing EF-hand, flanked by variable regions on the N-terminal and C-terminal (Klimecka and Muszyńska, 2007). Upon binding Ca2+, the CDPKs undergo a conformational change that reveal their active sites, and then tend to autophosphorylation and/or phosphorylate downstream targets, such as ion, transcription factors, and metabolic enzymes (Wernimont et al., 2010; Liese and Romeis, 2013). CDPKs are identified in all land plants (Harmon et al., 2001; Li et al., 2008); there are 34 CDPKs genes identified in the Arabidopsis thaliana (Cheng et al., 2002; Hrabak et al., 2003), 31 genes in the Oryza sativa (Asano et al., 2005), and 30 genes in the Populus trichocarpa (Zuo et al., 2013). Increasing reports have evidenced the involvement of different CDPKs in plant abiotic/biotic stress and development responses. Overexpression of AtCDPK1 significantly enhanced the resistance to salt or drought stress in Arabidopsis (Huang et al., 2018). AtCDPK4 and AtCDPK11 are two important positive regulators in ABA signaling pathways and salt stress (Zhu et al., 2007). AtCDPK8 and AtCDPK10 function in ABA- and Ca2+-mediated plant responses to drought stress through phosphorylating downstream genes (Zou et al., 2010; Zou et al., 2015). AtCDPK23 plays a negative part in plant response to drought and salt stress (Ma and Wu, 2007), but AtCDPK27 is required for plant adaptation to salt stress (Zhao et al., 2015). In addition to abiotic stress, several Arabidopsis CDPKs have been verified to participate in the plant innate immune response, such as AtCDPK1, AtCDPK5 (Coca and San Segundo, 2010; Liu et al., 2017). In rice, OsCPK9, OsCDPK12 and OsCDPK21 modulate the ABA signaling pathway and salt stress responses (Asano et al., 2012b; Wei et al., 2014; Chen et al., 2017). The maize ZmCDPK1 plays a negative role in cold stress signaling (Weckwerth et al., 2015), while ZmCDPK4 positively regulates ABA signaling and enhanced drought stress tolerance (Jiang et al., 2013). Together, these studies indicate that CDPK-mediated abiotic stress and ABA responses are complex and conserved in plants.

By contrast, only a few CDPKs have been characterized in cotton. Cotton (Gossypium hirsutum L.) is the staple source of fiber worldwide and the best crop of polyploidization study (Li et al., 2015a). Nevertheless, cotton yields and fiber quality have been adversely affected by climate change features, such as drought (Li et al., 2019). Therefore, improvement of cotton drought tolerance could reduce drought-induced yield loss and enable the expansion of cotton cultivation. Previous researchers have demonstrated that plants can sense and respond to abiotic stresses through various functional proteins. In previous study, 41 CDPKs genes were identified after sequencing of the Gossypium raimondii genome, but functional analysis were not performed (Li et al., 2015b). In upland cotton, which accounts for more than 90% of commercial cotton production worldwide, only a few GhCDPKs have been characterized. GhCDPK1 is involved in cotton fiber growth regulation by phosphorylating GhACS2 (Wang et al., 2011). Prior to now, however, functional studies of the CDPK family in upland cotton, particularly in response to drought stress, have not been properly focused. In this study, we identified 80 GhCDPK genes from upland cotton genomes and performed bioinformatics analysis to understand the structure of GhCDPKs, along with sequence similarity, and finally chose GhCDPK60 that linked to drought stress tolerance for further studies. The GhCDPK60 showed significantly upregulated expression under drought and several hormone treatments. To get insight into the function of GhCDPK60 in regulating drought tolerance in cotton, we carried out the functional characterization through overexpression and knockdown of GhCDPK60 in Arabidopsis and cotton, respectively. Our study revealed that GhCDPK60 as a candidate for cotton genetic improvement and provided insights into cotton’s drought stress tolerance mechanisms.



Materials and methods


Plant materials, growth conditions, and treatments

Seeds of ‘TM-1’ and ‘CRI50’ were used in current investigation. TM-1 is widely used as a genetic standard (Zhang et al., 2015), and CRI50 is a commercial Chinese cotton cultivar with high yield and stress tolerance (Li et al., 2021). Cotton seeds were delinted with H2SO4 (98%) and rinsed in water, then soaked in distilled water for 1 day and followed by germination on wet gauzes for another day at 25°C. Nicotiana benthamiana RA-4 accession was used for subcellular location experiment. Germinant cotton seeds and Nicotiana benthamiana were transferred to pots containing vermiculite in the greenhouse at 28/20°C under 16-h light/8-h dark photoperiod (60% relative humidity). Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used for transgenic analysis. The Arabidopsis thaliana and all transgenic plants were planted in the growth chamber at a temperature regime of 23/20°C with 16-h light/8-h dark cycle (50% relative humidity).

For drought treatment, ‘TM-1’ were used to water withholding at the trefoil stage of seedlings for two weeks, and rewatering for three days. A no treatment control was always included. Transcript levels were detected in cotton seedling. Hormone treatment were performed at the trefoil stage of the cotton seedlings with solutions of various substances. Cotton seedlings were sprayed evenly on the leaves with ABA solution (100 µM), MeJA solution (100 µM), IAA solution (100 µM), SA solution (100 µM), or GA solution (100 µM) for up to 24 h. The leaf samples were collected at 0, 6, 12, 24 h after treatment to assess candidate gene expression response to various hormone. These samples were frozen in liquid nitrogen immediately and stored at -80°C for RNA isolation. Three biological repeats in each treatment were performed.



Identification and motif analysis of GhCDPKs

34 AtCDPKs sequences were downloaded from the Arabidopsis Information resource (http://www.arabidopsis.org/), and 30 OsCDPKs sequences have been downloaded from either China Rice Data Center (https://www.ricedata.cn/gene/) or GenBank (http://ncbi.nlm.nih.gov/genbank). The G.hirsutum genome sequence was downloaded from the sequenced genome in Cottongen (https://www.cottongen.org). These CDPK proteins in model plants were set as the query in a BLASTp (https://blast.ncbi.nlm.nih.gov/Blast.cgi) search to identify the CDPK proteins in G.hirsutum. Meanwhile, to identify the GhCDPK family members more accurately, the profile hidden Markov model of the HMMER3.0 program was further applied to search all of the hits with the default parameters by utilizing EF hand domains (PF13499) and kinases (PF00069) (Finn et al., 2011). Candidate genes were obtained by combining two results and removing the duplicates (Supplementary Table S1). SMART (http://smart.embl-heidelberg.de/) and PFAM (http://pfam.janelia.org/) were used to verify the presence of protein kinase domains and EF hand domains in all candidates. Motif prediction and visualization of GhCDPKs was done by MEME website (http://meme-suit/org/) and MEME Suit Wrapper of TB tools, respectively. The molecular mass of each GhCDPKs were predicted by the online tools ProtParam (http://web.expasy.org/protparam/).



Chromosomal localization and phylogenetic analysis of GhCDPKs

Based on physical location data provided in Cottongen, the chromosomal locations of GhCDPKs were predicted and subsequently visualized using Gene Location Visualize from GTF/GFF tool of TBtools software. Multiple amino acid sequence alignment was performed using ClustalW. The phylogenetic tree was constructed by MEGA7.0 using the neighbor-joining method with 1000 bootstrap replications (Kumar et al., 2016) and then displayed with the online iTOL tool (https://itol.embl.de/tree).



Expression profile analysis of GhCDPKs

The expression profile in G. hirsutum TM-1 at different tissues, including root, stem, leaf, bract, torus, pental, pistil, filament, anther, ovules and fibers, were obtained from published RNA-seq dataset reported previously (Zhang et al., 2015). The expression data were gene-wise normalized, and the expression patterns were illustrated using the MultiExperiment Viewer (MeV) software.



RNA isolation and quantitative real-time PCR

Total RNA was extracted from the frozen samples with three replicates using the RNA Prep Pure kit (TIANGEN Biotech) following the manufacture’s recommendations. The first-strand cDNA was synthesized from 2 μg total RNA based on a PrimeScript Reverse Transcriptase Kit (Takara). qRT-PCR was performed in a LightCycler 480 II PCR System (Mannheim, Germany) using the SYBR Premix Ex Taq (Takara) with GhACT4 (Artico et al., 2010) and AtUBQ7 (Zhang et al., 2021b) as reference genes in cotton and Arabidopsis, respectively. Relative quantification in gene expression levels were calculated based on three biological replicates referring the 2-ΔΔCt method (Livak and Schmittgen, 2001). Specific primers used for qRT-PCR are listed in Supplementary Table S2.



Physicochemical properties analysis and subcellular location of GhCDPK60

The physicochemical property analysis of GhCDPK60 were predicted by the online tools CBS (http://www.cbs.dtu.dk/services/). Cis-regulatory elements in the promoter of GhCDPK60 were predicted through online website plantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/). Subcellular location prediction of GhCDPK60 was carried out by using the WoLF PSORT website (https://wolfpsort.hgc.jp/). In order to detect the subcellular localization of GhCDPK60 in vivo, we used tobacco for transient expression. The full-length coding region of GhCDPK60 was amplified from the G. hirsutum variety TM-1 and cloned into the pCAMBIA1305-GFP vector driven by CaMY35S promoter to generate GFP-fusion protein. Primer pairs were listed in Supplementary Table S2. Subsequently, the plasmids were introduced into Agrobacterium tumefaciens strain GV3101 and then infiltrated 3-4-week-old Nicotiana benthamiana leaves epidermis. The signal of GFP was observed after 48 h using a laser confocal scanning microscope (LSM 880, Zeiss, Germany). The 35S-OsAlaAT1-mCherry (Yang et al., 2015; Fang et al., 2022) and 35S-mCherry-SYP132 (Xia et al., 2019) were used as plant cytoplasm and plasma membrane marker for the colocalization experiments, respectively. Excitation wavelength used in 488 nm for GFP, and the wavelength range of captured light at 515-555 nm. The excitation wavelength and gain wavelength of mCherry were 555 nm and 580-630 nm, respectively.



Generation and analysis of transgenic Arabidopsis

The coding sequence of GhCDPK60 was amplified and cloned into a pBI121 vector driven by CaMY35S promoter. Primer pairs were listed in Supplementary Table S2. The recombinant plasmid was transformed into Arabidopsis thaliana (Columbia-0, Col-0) through the floral dipping method (Clough and Bent, 1998), and positive transgenic plants were selected on the 1/2 Murashige and Skoog (MS) medium containing 50 mg/mL kanamycin. Gene-specific primers were used to isolate homozygous plants and confirm transcription status. T3 transgenic pure lines were subjected to gene expression analysis and stress tolerance evaluation.

To observe the effects of ABA and mannitol on seed germination and phenotypic differences between wild type and OE-GhCDPK60 plants, three independent GhCDPK60-overexpressing lines (T3) and Col-0 plants were tested according to method mentioned previously (Wang et al., 2016). Col-0 and GhCDPK60-overexpressing seeds were sown on 1/2 MS medium solid plates with 0.25 μM ABA, 200 mM or 400 mM mannitol, stratified at 4°C for 3 days and then transferred to long-day growth conditions (16-h light/8-h dark cycle at 25°C) in the growth chamber.

To identify the stress tolerance of GhCDPK60 overexpressed Arabidopsis (OE4, OE5 and OE12) and Col-0, seeds cultured on MS medium for 7 days were transplanted into soil for about 3 weeks with sufficient watering followed by a 15-days drought stress (withholding irrigation). Normally watered plants were used as the control. And then the relative water content, malondialdehyde (MDA), proline, catalase (CAT) activities, superoxide dismutase (SOD) activities, and peroxidase (POD) activities were examined by leaf samplings. Each sample represented three replicates (each replicate had 4-6 seedlings). These experiments were performed at least three times independently with similar results.



VIGS assay in cotton and phenotypic profiling under drought stress

An about 360 bp fragment of GhCDPK60 was amplified and then ligated into Virus Induced Gene Silencing (VIGS) vector pTRV2 (Reyes et al., 2017). Constructed vectors were transformed into Agrobacterium GV3101 competent cells by a heat-shock method. The GV3101 lines contained pTRV-GhCDPK60, pTRV-GhPDS, and pTRV (pYL156, empty vector as control) were mixed with an equal volume of Agrobacterium containing pYL192 (helper vector), respectively. The mixed solutions were used to infiltrate unfolded cotton cotyledons of TM-1 and CRI50, respectively (Hayward et al., 2011; Gu et al., 2014). The VIGS experiments were repeated at least three times with more than three individual plants were included. The quantitative real-time PCR (qRT-PCR) was performed to further confirm that candidate genes had been silenced in VIGS experiments. The primers used in the VIGS experiments and qRT-PCR analysis are listed in Supplementary Table S2.

For drought tolerance assay, when pTRV-GhPDS plants showed phenotype, pTRV-GhCDPK60 and pTRV plants were subjected to water withholding at the trefoil stage of seedlings. The phenotypes were observed after drought treatment for two weeks, and the leaf samples were collected to evaluate relative water content, contents of MDA, proline, activities of CAT, SOD, and POD. The treatments were repeated at least twice.



ROS dyeing

In order to observe the accumulation of H2O2, fresh leaves from control and VIGS-cotton after two-weeks drought stress treatment were taken and incubated completely in 1mg/mL, pH 3.8 3-3’-diaminobenzidine (DAB) solution for 6 h under 70% humidity conditions till brown precipitates are observed, and then decolorized in 96% ethanol at 40°C in order to remove chlorophyll (Jambunathan, 2010). For the   detection, detached leaves were immersed in 100 mL staining solution containing 0.1% (w/v) nitroblue tetrazolium (NBT), 10 mM sodium azide, 50 mM potassium phosphate, pH 6.4 for 15 min. After stopping the reaction with 95% ethanol, the samples were decolorized in 96% ethanol under heating at 40°C (Jambunathan, 2010). Superoxide ions react with NBT and appear as blue. These stained leaves can be photographed by light microscope.



Physiological indices measurements

To check the physiological indices changes, the gene-silenced cottons leaves or overexpressing Arabidopsis seedlings were used to identify relative water content (RWC), contents of MDA, proline, activities of CAT, SOD, or POD after drought treatments, whereas some plants were kept untreated as controls. Relative water content was measured according to (Hu et al., 2013). The dehydrated leaves were soaked in distilled water for 4 h and turgid weight (TW) was recorded. Leaves were finally dried for 48 h at 80°C to obtain total dry weight (DW). Relative water content was calculated as follows: RWC (%) = [(desiccated weight – DW)/(TW– DW)] × 100. The MDA concentration was determined through thiobarbituric acid method described by (Schmedes and Hølmer, 1989), and proline content measured via a ninhydrine method (Irigoyen et al., 1992). The CAT activity, SOD activity, and POD activities were determined according to the previous studies (Alici and Arabaci, 2016; Ullah et al., 2018). The absorbance was measured using a UV-2550 UV-vis spectrophotometer (SHIMADZU). Three biological replications were performed.




Results


Identification and phylogenetic tree analysis of the GhCDPKs gene family

To determine the GhCDPK genes in G. hirsutum, we performed a genome-wide prediction of GhCDPK genes by BLAST analysis of Arabidopsis and rice CDPKs against the publicly available G. hirsutum genome (https://www.cottongen.org). Meanwhile, we conducted a hidden Markov model profile-based search for putative CDPK amino acid sequences and then identified probable GhCDPKs using SMART and PFAM. A total of 80 GhCDPKs were identified and numbered according to their genome location (Supplementary Table S1, Supplementary Figure 1). All putative GhCDPKs exhibited the typical protein structures of the CDPK family, which consist of a variable N-terminal domain, a protein kinase domain, a junction domain, a calmodulin-like Ca2+ binding domain, and a C-terminal domain (Supplementary Figure 2). The number of amino acid residues, molecular mass, and isoelectric point of the GhCDPKs are listed in Supplementary Table S1. The numbers of GhCDPKs amino acids ranged from 368 (GhCDPK51) to 648 residues (GhCDPK11), the predicted molecular mass varied from 41.626 (GhCDPK51) to 63.564 kDa (GhCDPK11) and the predicted isoelectric point ranged between 4.452 (GhCDPK49) and 9.481 (GhCDPK72), which were comparable with CDPK genes from other plant species (Hrabak et al., 2003; Ray et al., 2007; Ma et al., 2013). To investigate the evolutionary relationships of the GhCDPKs proteins, sequences of the 80 GhCDPKs, Arabidopsis AtCDPKs proteins (Hrabak et al., 2003), and rice OsCDPKs proteins (Ray et al., 2007) were used to construct a neighbor-joining (NJ) phylogenetic tree (Figure 1). According to evolutionary relationships, all the CDPKs can be classified into four groups (Group I-IV). CDPKs from monocots and dicots populated evenly in all four groups, which indicated that the CDPKs have already diverged from the common ancestor of these clades. CDPKs were reported to play essential roles in tolerance to abiotic stresses or seed development in plants (Coca and San Segundo, 2010; Asano et al., 2012b; Wei et al., 2014; Liu et al., 2017; Chen et al., 2017). We used public available high-throughput sequencing data from G. hirsutum acc. TM-1 to investigate the expression profiles of CDPK family genes in various tissues, including roots, stems, leaves, -3 days post anthesis (dpa), 0 dpa and 3 dpa ovules and 5 dpa, 10 dpa, 20 dpa and 25 dpa fibers among others (Zhang et al., 2015). The CDPK genes exhibited various expression patterns and functional divergence in vegetative and reproductive organs (Supplementary Figure 3). In our previous genome-wide analysis of the CDPK family in Gossypium raimondii, we identified some CDPK genes as positive regulators in the response of cotton to drought stress, including GhCDPK60 (Zhu et al., 2013; Li et al., 2015b). GhCDPK60 shares a high sequence similarity with Arabidopsis AtCDPK8 (79.1% identity) (Zou et al., 2015) and both belongs to group II of the CDPK family (Figure 1), suggesting their functional similarity; thus, GhCDPK60 was further used for functional study.




Figure 1 | Phylogenetic analysis of predicted CDPK proteins from three different plants species. The phylogenetic tree was generated from the alignment result of the full-length amino acid sequences by the neighbor-joining (NJ) method. All CDPKs members, together with homologs of Arabidopsis and rice, were classified into four distinct clades shown in different colors. The prefixes At, Os and Gh are used to identify CDPK proteins from A. thaliana, O. sativa and G. hirsutum, respectively.





GhCDPK60 expression is upregulated in response to drought stress and hormonal signal in cotton

According to previous study, AtCDPK8 functions in ABA-mediated stomata regulation in response to drought stress through phosphorylate AtCAT3 (Zou et al., 2015). In view of high similarity of protein sequence between GhCDPK60 and AtCDPK8, we deduced that GhCDPK60 maybe participate in drought stress tolerance. To verify the hypothesis, we carried out drought treatment and found that transcription level of GhCDPK60 was significantly induced after water withdrawing but recovered to comparably lower after rewatering treatment (Figure 2A). Phytohormones play crucial roles in mitigating and minimizing drought stress-related detrimental effects and improving plant growth and survival under different environmental stresses (Jogawat et al., 2021). In order to investigate whether GhCDPK60 respond to hormonal signals, we evaluated the transcript profiles of GhCDPK60 according to different hormonal treatments for trefoil stage of the cotton seedlings. Results showed that GhCDPK60 was upregulated after four types of hormone treatments (Figure 2). During the ABA treatment, the expression level of GhCDPK60 was at least two-fold higher than that of the control within 12 h (Figure 2B). The expression level of GhCDPK60 was approximately three-fold higher than that of the control after 24 h of MeJA treatment (Figure 2C). In addition, the expression level of GhCDPK60 was approximately two-fold higher than that of the control after 12 h of treatment with SA (Figure 2E). The distinct expression patterns of GhCDPK60 suggested that it could respond to drought stress and might function differently during different drought processes.




Figure 2 | Expression analysis of GhCDPK60 via qRT-PCR after drought and hormone treatments. (A) Transcription level of GhCDPK60 after drought stress and rewatering treatments. (B-F) Expression patterns of GhCDPK60 in leaves of TM-1 seedlings sprayed with ABA, MeJA, IAA, SA and GA. Values represent the mean ± SE from three biological replicates. Statistically significant differences compared to 0 h (not-treated control). *P< 0.05, **P< 0.01 and ***P< 0.001 by Student’s t test.





GhCDPK60 is a plasma membrane protein

The GhCDPK60 (Ghir_D07G013310.1) has an open reading frame of 1590 bp encoding a 59.438 kDa protein, and possesses a structure typical of the CDPK family. In addition, there were several cis-regulatory elements in the promoter of GhCDPK60 through online website analysis (plantCARE), such as ABRE, Box 4, CAAT-box, CGTCA-motif, G-box, TATA-box, and MBS among others (Supplementary Table S3), which are the binding sites for abiotic stress factors, indicating that this gene is essential to stress responses. CDPKs were predicted to localize on the plasma membrane, cytoplasm, endoplasmic reticulum, as well as in the nucleus (Asano et al., 2012a). To confirm subcellular localization of GhCDPK60, the fusion protein of GhCDPK60 with GFP under the constitutive CaMV35S promoter was successfully expressed in the epidermal cells of tobacco, and the free GFP vector was used as a positive control (Supplementary Figure 4). Transient expression in tobacco leaves was performed by agroinfiltration method. The empty GFP protein was localized in the membrane, cytoplasm, and nucleus, while the signal of GhCDPK60-GFP was perceived in the plasma membrane (Supplementary Figure 4). To further confirm the plasma membrane localization of GhCDPK60, GhCDPK60-GFP fusion protein was transiently co-expressed with cytoplasm (Figure 3A) and plasma membrane (Figure 3B) markers in leaf epidermal cells of N. benthamiana, respectively. The results showed that the colocalization signal of GhCDPK60-GFP with plasma membrane marker, SYP132 (Xia et al., 2019), instead of cytoplasm marker were captured (Figure 3), indicating that GhCDPK60 is a plasma membrane associated protein kinase.




Figure 3 | Subcellular localization of GhCDPK60. GhCDPK60 were transiently co-expressed with different marker, OsAlaAT1 (A) or SYP132 (B), in N. benthamiana leaf cells to determine its subcellular localization. White allows indicate the signals of cytoplasm component. Bars = 20 µm.





The overexpression of GhCDPK60 improves drought tolerance of Arabidopsis

To confirm the function of GhCDPK60 in response to drought stress, we firstly overexpressed it in wild-type Arabidopsis and selected three independent homozygous lines of the T3 generation (OE4, OE5 and OE12) via qRT-PCR (Figure 4A), which were used for the subsequent physiological experiment. In order to examine whether GhCDPK60 affects drought tolerance in transgenic Arabidopsis, we assessed the germination of Col-0 and GhCDPK60-overexpressing lines after 200 mM or 400 mM mannitol treatments. The results showed that GhCDPK60-overexpressing lines germination was obviously higher than that of Col after mannitol treatment (Figure 4B). The phytohormone ABA plays important roles in the adaptation of plants to abiotic stresses, such as high salinity and drought (Cutler et al., 2010). Drought stress induces ABA accumulation and triggers ABA-dependent signaling pathways (Zhu, 2002). Thus, we investigated the GhCDPK60 response to ABA and found that transgenic Arabidopsis exhibited more sensitivity in medium with 0.25 μM ABA (Figure 4B), suggesting that GhCDPK60 may be involved in ABA-regulated physiological processes and drought stress tolerance.




Figure 4 | Overexpression of GhCDPK60 increases drought tolerance in Arabidopsis. (A) The expression level of overexpressed-GhCDPK60 in Arabidopsis. Col-0, wild-type Arabidopsis; OE4, OE5 and OE12, three independent lines. (B) Seed germination of Col-0 and GhCDPK60-overexpressing Arabidopsis under drought stress and ABA treatments. Seeds were germinated on 1/2 MS agar plates with or without ABA and mannitol. Photographs were taken 10 days after 0.25 μM ABA, 200 mM or 400 mM mannitol treatments. (C) Phenotypes of Col-0 and transgenic lines after drought treatment. Three-week-old seedlings were deprived of water for 5, 10 or 15 days. Bars = 1 cm. (D) Relative water content of Col-0 and transgenic lines with or without drought treatment for 15 days. (E, F) The analysis of proline (E) and MDA (F) concentrations of leaves in Col-0 and GhCDPK60-overexpressing lines after drought stress treatment. Statistically significant differences compared to Col-0. Values represent the mean ± SE from three biological replicates. *P< 0.05, **P< 0.01 and ***P< 0.001 by Student’s t test.



To further investigate the drought stress tolerance of GhCDPK60-OE, 3-week-old Arabidopsis seedlings were subjected to a drought treatment. After 5, 10 or 15 days of drought treatment, the growth of Col was inhibited compared with that of GhCDPK60-OE lines (Figure 4C). Plants with high capacity for water retention can better survive drought or dehydration stress. After a dehydration treatment, GhCDPK60-OE lines retained a significant high RWC compared with the Col (Figure 4D). In plants, osmotic adjustment and stomatal closure are the main physiological mechanisms for reducing water loss under dehydration or drought. To elucidate the physiological mechanism by which GhCDPK60 confers tolerance to drought and dehydration stresses and improves the ability of plant to retain water, we quantified the osmolyte proline (Per et al., 2017) in GhCDPK60-OE lines. Under normal growth conditions, there were no significant differences between controls and transgenic lines in terms of their proline content, but GhCDPK60-OE lines accumulated larger amounts of proline under drought conditions (Figure 4E). MDA is the product of the peroxidation reaction, which used as a drought indicator to evaluate the degree of plasma membrane damage and the strength of the stress reaction (Zhang et al., 2021a). To assess whether GhCDPK60 is involved in oxidative damage, we tested the MDA concentration. Although there were no significant differences in malondialdehyde (MDA) contents between controls and GhCDPK60-OE lines under normal growth conditions, clear differences were observed between control and GhCDPK60-OE lines after drought treatment (Figure 4F). These results indicated that GhCDPK60 played a positive role in drought stress tolerance.

Under drought stress, the transcript levels of stress-responsive genes AtCAT3, AtNXH1, AtRD29A/B, and AtDREB2A were obviously higher in GhCDPK60-OE lines than in Col (Supplementary Figure 5). In previous studies, higher transcript levels of AtCAT3, AtNXH1, AtRD29A/B, and AtDREB2A enhanced tolerance to abiotic stresses (Sakuma et al., 2006; Asif et al., 2011; Jia et al., 2012; Zou et al., 2015). These results demonstrated that GhCDPK60 was involved in increasing transcription of stress-associated genes in Arabidopsis, thereby improving tolerance to drought stress.



Silencing of GhCDPK60 decreased drought tolerance of cotton

VIGS is a fast and simple method for transient silencing of genes that is widely used in cotton research (Hayward et al., 2011). To functionally characterize GhCDPK60 in cotton drought tolerance, GhCDPK60 was successfully silenced in two different backgrounds using a VIGS strategy (Figure 5A). The pTRV : GhPDS-inoculated plant leaves showed a bleached phenotype (Figure 5A), which was an affirmative indication that the knockdown vector was effective. According to qRT-PCR validation, the expression level of GhCDPK60 was significantly reduced in the VIGS plants than that in control (plants transformed in empty vector) (Figure 5B). To further evaluate the phenotype of the gene-silenced plants under drought stress, the plants were subjected to a two-week drought treatment. We found that the leaves of GhCDPK60-silenced plants showed more wilted and shrunken than in control plants, especially in the TM-1 genetic background (Figure 5C). The RWC from detached leaves was much lower for the GhCDPK60-silenced plants than that in control. In addition, the RWC of GhCDPK60-silenced plants in the cv. CRI50 background was slightly higher than that in the TM-1 background (Figure 5D), consistent with the dehydration phenotypes. After two-week drought treatment, GhCDPK60-silenced plants showed a lower proline content and higher MDA contents, compared with those of vector control (Figure 5E, F). To obtain a deeper understanding of the function of GhCDPK60 under drought stress, we analyzed the transcript levels of some stress-inducible genes and found that they were significant lower in GhCDPK60-silenced plants than in control under drought stress (Supplementary Figure 6). These results indicated that the silencing of GhCDPK60 decreased the drought tolerance in cotton.




Figure 5 | Silencing of GhCDPK60 decreased tolerance to drought stress in cotton plants. (A) Phenotypes of control (lines infected with empty vector) and GhCDPK60-silenced plants in two different species of cotton. The GhPDS gene was used as an indicator with an albino phenotype on leave after VIGS in cotton. 1-3 indicated three individual plants. (B) Relative expression levels of GhCDPK60 in vector and pTRV : GhCDPK60 plants. (C) Phenotypes of drought-stressed control and GhCDPK60-silenced plants in two different species of cotton. Photographs were taken before treatment and two weeks after drought treatment, respectively. (D) Relative water content of control and GhCDPK60-silenced plants under drought treatment. (E, F) The analysis of proline (E) and MDA (F) content in control and GhCDPK60-silenced plants leaves after drought treatment. Values represent the mean ± SE from three biological replicates. ***P< 0.001 by Student’s t test. Columns with different letters indicate significant differences (P< 0.05, Student’s t test).





GhCDPK60 contributed to the elimination of ROS

Increasing evidence suggests that drought induces the production of active oxygen species (Fu and Huang, 2001). ROS production triggers defense mechanisms associated with Ca2+ fluxes and ABA signaling under drought stress, but over-accumulation of ROS leads to cell death via progressive oxidative damage (Mahmood et al., 2019). Considering the lower MDA content in GhCDPK60-OE lines and higher MDA content in GhCDPK60-silenced plants under drought stress (Figure 4F, 5F), we hypothesized that GhCDPK60 might be involved in ROS production. In order to determine whether GhCDPK60 functions on the production of ROS, GhCDPK60-silenced plants after drought treatment were stained with 3-3’-diaminobenzidine (DAB) and nitroblue tetrazolium (NBT), respectively, and the results demonstrated that the ROS levels were comparatively higher in GhCDPK60-silenced plants in the TM-1 background than that of control (Figure 6A), consistent with the phenotypes after drought stress. Plants have developed the scavenging mechanisms to maintain homeostasis of ROS redox reactions and have been protected against the detrimental effects of active oxygen and biotic/abiotic stress by non-enzymatic antioxidants and enzymatic components (Van Breusegem et al., 1998), such as catalase (CAT), superoxide dismutase (SOD), and peroxidase (POD) (Bowler et al., 1992). Subsequently, we determined the CAT, SOD, and POD activities both in transgenic Arabidopsis and silenced cotton under drought stress. We found that CAT, SOD, and POD activities in the GhCDPK60-overexpressing Arabidopsis lines were significantly higher than in the Col, while the GhCDPK60-silenced cotton displayed decreased trends compared to the control (Figure 6B-G). These results indicated that the GhCDPK60 was involved in the elimination of ROS in the defense response to drought stress.




Figure 6 | Visualization of ROS and determination of antioxidant enzyme activities. (A) H2O2 and   visualization in cotton leaves by staining with DAB and NBT, respectively. (B-G) Measurements of CAT (B, C), SOD (D, E), and POD (F, G) activities in cotton and Arabidopsis leaves after drought treatment, respectively. Statistically significant differences compared to Col-0. Values represent the mean ± SE from three biological replicates. *P< 0.05 and **P< 0.01 by Student’s t test. Columns with different letters indicate significant differences (P< 0.05, Student’s t test).






Discussion


The identification and analysis of calcium-dependent protein kinases in Gossypium hirsutum

Plant CDPKs stand for a multigene family of numerous calcium-dependent protein kinases which are vital for several physiological processes, including biotic and abiotic stress tolerance, by participating in signal transduction pathways and inducing downstream effects, such as altered protein phosphorylation and gene expression patterns (Harmon et al., 2001). However, to the best of our knowledge, studies focused on the roles of CDPKs in response to abiotic stress in upland cotton were limited. The release of plant genome sequencing data has enabled the identification of CDPKs in Arabidopsis (Cheng et al., 2002; Hrabak et al., 2003), Oryza sativa (Asano et al., 2005), Triticum aestivum L. (Li et al., 2008), Populus trichocarpa (Zuo et al., 2013), Fragaria x ananassa (Crizel et al., 2020), banana (Li et al., 2020), and Solanum habrochaites (Li et al., 2022), which provides models for the characterization of the CDPKs gene family in upland cotton. Benefiting from the advent and availability of the published genome sequence in G. hirsutum TM-1 (Zhang et al., 2015; Wang et al., 2019; Chen et al., 2020), we identified and analyzed CDPKs gene and proteins by extracting and aligning their sequences in TM-1 (HAU_v1) (Wang et al., 2019). Totally, 80 putative GhCDPKs were manually reannotated and confirmed in upland cotton, most of which existed as gene pairs in At and Dt subgenome, while only a few members existed in one of the subgenomes, such as GhCDPK5, GhCDPK6, and GhCDPK22, suggesting that the GhCDPKs maybe experience genome replication event. Similar to CDPKs in rice and Arabidopsis, all the members of GhCDPKs have typical conserved EF-hand motifs, which contribute to binding Ca2+. The phylogenetic analysis on GhCDPKs proteins showed that most of them were greatly conserved during evolution.



GhCDPK60 plays a positive role in conferring drought stress tolerance in upland cotton

Drought stress are the major abiotic threats to plants that result in alters in transpiration rate, development and composition of photosynthetic apparatus, excess ROS production, and biochemical composition changes, and further affect plant growth and decrease crop yield. Plants have developed a network of signal transduction pathways to regulate metabolism to adapt to environments, including CDPKs mediated Ca2+ pathway (Asano et al., 2012a). Cotton is an essential economic fiber crop with high quality oil and protein seeds, frequently undergoes drought stress, which severely damages the cotton yield. In this research, we found that the GhCDPK60 was significantly induced by drought and hormones treatments, suggesting its potential function on regulating drought stress tolerance. GhCDPK60 was confirmed to be a plasma membrane associated protein. The plasma membrane localization of GhCDPK60 could facilitate activation of several enzyme by localized calcium signals generated in response to abiotic or biotic stimuli (Kudla et al., 2010). To assess the role of GhCDPK60 under drought conditions, we employed overexpression assay in Arabidopsis and VIGS assay in cotton. Our results demonstrated that GhCDPK60-overexpressing plants were stronger than the Col and retained more water content, while GhCDPK60-silence plants were more vulnerable to drought stress compared with the control, reflected in the withered leaves and lower leaf relative water content, suggesting that GhCDPK60 is a positive regulator of the response to drought stress. These results are consistent with those of previous studies on some other CDPKs that positively regulate drought stress tolerance (Wei et al., 2014; Zou et al., 2015; Huang et al., 2018). It was noted that phenotypes of GhCDPK60-silence plants in the TM-1 background were more severe than that in the CRI50 background under drought stress, suggesting that there existed other genes to help resist to drought stress in CRI50.

To gain a deeper understanding of the molecular mechanism of GhCDPK60 under drought stress, we analyzed the transcription level of several stress-inducible genes. In previous studies, the atcat3 mutant displayed a drought stress-sensitive phenotype (Zou et al., 2015). Overexpression of AtNHX1 gene improved drought tolerance in transgenic groundnut (Asif et al., 2011). The RD29 (Responsive to Desiccation) genes RD29A and RD29B were induced by desiccation stress (Jia et al., 2012). AtDREB2A interacts with a cis-acting DRE sequence to activate the expression of downstream genes that are involved in drought stress response in Arabidopsis (Sakuma et al., 2006). Under drought stress, the transcription levels of drought-responsive genes, AtCAT3, AtNXH1, AtRD29A/B, and AtDREB2A were higher in GhCDPK60-overexpressing Arabidopsis than in Col. By contrast, our results showed that the transcription levels of drought-related genes GhCDPK1, GhZEP, GhAAO3, and GhABA2 were lower in GhCDPK60-silence cotton than control. GhCDPK1, as a positive regulator, was induced by drought stress (Tian et al., 2016). AtZEP, a homologous gene of GhZEP, played important roles in response to osmotic stress (Park et al., 2008). Two ABA biosynthetic-related genes GhAAO3 and GhABA2 were homologous with AtAAO3 and AtABA2, respectively, which were required for drought tolerance (Khan et al., 2019). Considering the result that GhCDPK60 responded to ABA signal, we speculated that GhCDPK60 may play role in increasing expression of stress-associated genes and ABA-regulated drought stress tolerance.



GhCDPK60 increases drought tolerance by accumulating more proline and reducing the accumulation of ROS

The ability to reserve enough water is crucial for plants to overcome drought stress. Our results showed that GhCDPK60 played a positive role in improving the ability of the plant to retain water under dehydration conditions. Subsequently, we explored the physiological mechanism by which GhCDPK60 enables the plants to retain water. Plants are inclined to accumulate compatible osmolytes such as proline to reduce the cellular osmotic potential under limited water conditions (Per et al., 2017). Our results showed that there were increased proline content in GhCDPK60-overexpressing Arabidopsis, but decreased content in GhCDPK60-silence cotton. Hence, we deduced that GhCDPK60 functions in osmotic adjustment and improvement of ability to retain water during drought in plants. Generally, plants tend to generate ROS under abiotic or biotic stress conditions, thereby impairing the production of biomolecules and increasing the MDA concentration as well as the permeability of the plasma membrane. MDA is produced by polyunsaturated fatty acid peroxidation in the cells, which is a robust diagnostic indicator for determining the injury degree to a stressed plant (Morales and Munné-Bosch, 2019). In our research, GhCDPK60-overexpressing Arabidopsis produced less MDA than Col under drought stress, whereas GhCDPK60-silence cotton produced more compared with control, suggesting that expression of GhCDPK60 might alleviate the damages induced by oxidative stress. Plants have developed a complicated ROS scavenging system to minimize and/or prevent oxidative damage in cells (Van Breusegem et al., 1998). Indeed, GhCDPK60-silence cotton exhibited obvious reduced activities of antioxidant enzymes under drought stress, such as CAT, SOD, and POD, on the contrary, GhCDPK60-overexpressing Arabidopsis showed enhanced enzymes activities. These results are consistent with that GhCDPK60-overexpressing Arabidopsis displayed increased drought stress tolerance, which possibly as a result of reduced ROS accumulation. Overall, GhCDPK60 could enhance the ability of plants to resist drought stress by accumulating more osmotic adjustment substances, and enhancing the activity of the antioxidant system to scavenge ROS.




Conclusion

In this study, a total of 80 upland cotton CDPK genes were identified. Their conserved motifs shared a notable similarity with Arabidopsis and rice, which leads to conserved functions. We found that GhCDPK60 was significantly induced in drought and hormone treatments. The overexpression of GhCDPK60 enhanced the ability of plants to resist to osmotic stress, while silencing of GhCDPK60 severely compromised the drought tolerance of upland cotton. The results showed that GhCDPK60 could augment drought stress tolerance via the induction of expression of stress-related genes expression, osmotic regulation, and ROS scavenging. Our study revealed that GhCDPK60 positively regulated the drought stress tolerance of upland cotton, providing a new gene resource for the genetic improvement of drought tolerance in upland cotton. Future studies should investigate the signaling networks and biochemical functions of GhCDPK60 to gain a deeper understanding of its molecular mechanisms for regulating drought stress tolerance.
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Supplementary Figure 1 | Chromosomal distribution of GhCDPKs.

Supplementary Figure 2 | Distribution of conserved motifs in GhCDPK proteins. Colored boxes indicate putative motifs. aa, amino acid.

Supplementary Figure 3 | Expression heatmap of GhCDPK genes in different tissues and organs. The colors varied from yellow to blue represent the scales of the relative expression levels. The fragments per kilobase of transcript per million mapped reads (FPKM) values of GhCDPK genes in different tissues and organs were from public RNA-seq data. DPA, day post-anthesis.

Supplementary Figure 4 | Subcellular localization of the GhCDPK60-GFP fusion protein in N. benthamiana leaf cells. Empty GFP protein was used as positive control. Bars = 20 μm.

Supplementary Figure 5 | Relative expression of five stress-related genes, including AtCAT3 (A), AtNXH1 (B), AtRD29A/B (C-D), and AtDREB2A (E) in Col-0 and GhCDPK60-overexpressing plants after drought treatment. Values represent the mean ± SE from three biological replicates. *P< 0.05 and ***P< 0.001 by Student’s t test.

Supplementary Figure 6 | Relative expression of four stress-related genes, including GhCDPK1 (A), GhZEP (B), GhAAO3 (C), and GhABA2 (D) in control and GhCDPK60-silenced plants after drought treatment. V, lines infected with empty vector. 1-3 indicated three individual plants. Statistically significant differences compared to control (lines infected with empty vector). Values represent the mean ± SE from three biological replicates. *P< 0.05, **P< 0.01 and ***P< 0.001 by Student’s t test.
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Introduction

Although seed oil content and its fatty acid compositions in soybean were affected by environment, QTN-by-environment (QEIs) and gene-by-environment interactions (GEIs) were rarely reported in genome-wide association studies.



Methods

The 3VmrMLM method was used to associate the trait phenotypes, measured in five to seven environments, of 286 soybean accessions with 106,013 SNPs for detecting QTNs and QEIs.



Results

Seven oil metabolism genes (GmSACPD-A, GmSACPD-B, GmbZIP123, GmSWEET39, GmFATB1A, GmDGAT2D, and GmDGAT1B) around 598 QTNs and one oil metabolism gene GmFATB2B around 54 QEIs were verified in previous studies; 76 candidate genes and 66 candidate GEIs were predicted to be associated with these traits, in which 5 genes around QEIs were verified in other species to participate in oil metabolism, and had differential expression across environments. These genes were found to be related to soybean seed oil content in haplotype analysis. In addition, most candidate GEIs were co-expressed with drought response genes in co-expression network, and three KEGG pathways which respond to drought were enriched under drought stress rather than control condition; six candidate genes were hub genes in the co-expression networks under drought stress.



Discussion

The above results indicated that GEIs, together with drought response genes in co-expression network, may respond to drought, and play important roles in regulating seed oil-related traits together with oil metabolism genes. These results provide important information for genetic basis, molecular mechanisms, and soybean breeding for seed oil-related traits.
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Introduction

Soybean (Glycine max L. Merr.) is one of the most important oil crops (Zhang et al., 2004), contributing 58% of the world oilseed production and 28% of the world vegetable oil consumption in 2020 (http://www.soystats.com). Seed oil content (OIL) account for approximately 18 ~ 20% of dry seed weight in soybean, and it is mainly composed of five fatty acids (FAs): palmitic acid (PA), stearic acid (SA), oleic acid (OA), linoleic acid (LA), and linolenic acid (LNA), which are present at approximate concentrations of 12%, 3%, 26%, 52%, and 7% in bred soybeans, respectively (Zuo et al., 2022).

OIL in soybean is a complex quantitative trait, controlled by a few major genes and a series of polygenes, and affected by environment (Burton, 1987). The influence of environmental factors on OIL and FA compositions in soybean has been reported, including temperature (Dornbos and Mullen, 1992; Gibson and Mullen, 1996; Piper and Boote, 1999), drought (Dornbos and Mullen, 1992), and sunshine duration (Song et al., 2016). Seed oil content increased with the increase of temperature, approached a maximum at a mean temperature of 28°C, and decreased when temperatures exceeded these levels (Gibson and Mullen, 1996; Piper and Boote, 1999). Temperature strongly influences FA biosynthesis during ripening period (Werteker et al., 2010; Song et al., 2018). Higher temperatures during seed-filling stage increased OA content and decreased LA and LNA content, while PA and SA were relatively stable to environmental change (Dornbos and Mullen, 1992; Gibson and Mullen, 1996). Increased drought stress could decrease seed oil content, and severe drought stress during seed-fill stage could lead to up to 12.4% oil decrease (Dornbos and Mullen, 1992). Sunshine duration correlated positively with PA, SA, and LNA levels and negatively with OA level (Song et al., 2016). Genotype × environment interactions play a more and more important role in crop production. Primomo et al. (2002) found that year effect has the largest impact on all fatty acid levels, location effect is significant only for OA and LNA, and genotype × year interaction effect was significant for all fatty acids whereas genotype × location and genotype × year × location interaction effects were significant only for OA, LA, and LNA. Understanding of genotype × environment interactions is needed to allow breeders to better predict the phenotypes in given environments.

To date, more than 300 quantitative trait loci (QTLs) for seed oil content and more than 200 QTLs for seed fatty acid contents have been identified across all the 20 chromosomes in soybean genome using genome-wide association study (GWAS) and QTL mapping approaches (SoyBase, https://soybase.org). In previous studies, a lot of key functional genes have been reported to control seed oil content and fatty acid composition, such as B1 (Zhang et al., 2018), GmOLEO1 (Zhang et al., 2019), GmPDAT (Liu et al., 2020b), GmSWEET39 (Miao et al., 2020; Zhang et al., 2020), GmZF351 (Li et al., 2017), GmDREBL (Zhang et al., 2016), FAD2-1A, and FAD2-1A (Haun et al., 2014). Several important transcription factors have been identified as well, such as GmDof4 and GmDof11 (Wang et al., 2007), GmMYB73 (Liu et al., 2014), GmNFYA (Lu et al., 2016), and GmbZIP123 (Song et al., 2013). These studies have increased our understanding for soybean lipid metabolism mechanism, and provided useful information for the improvement of soybean seed oil-related traits.

In recent years, some QTN × environment interactions (QEIs) for seed oil-related traits in soybean have been reported. At early stage, seven QTLs for LNA have been identified by Han et al. (2011) to have significant additive × environment interaction effects. Recently, approximately thirty QTLs for soybean seed oil-related traits have been identified by Teng et al. (2017); Xia et al. (2017); Karikari et al. (2019), and Liu et al. (2020a) to have additive effects and/or additive × environment interaction effects. The identification of QEIs can be used to mine elite genes suitable for different environment, and provide gene sources for breeding of high oil content soybean accessions under extreme environment. However, these QEIs are still far from enough, especially, few candidate gene-by-environment interactions (GEIs) have been reported.

Some soybean genes have been reported to respond with environment factors. For examples, GmAdh2 (Zhang et al., 2018), GmMYB118 (Du et al., 2018), GmCAMTA12 (Noman et al., 2019), GmWRKY54 (Wei et al., 2019), LHY1a, and LHY1b (Wang et al., 2021) controlled drought response. Several oil metabolism genes had been reported to respond with environments, e.g., GmPLDα1 affected lipid metabolism under high temperature and humidity conditions (Zhang et al., 2019). Mutation of GmFAD3 resulted in lower linolenic acid content (from 7% to 10%) (Chappell and Bilyeu, 2007). GmFAD3A can enhance cold tolerance in rice through the accumulation of proline content, the synergistic increase of the antioxidant enzymes activity, which finally ameliorated the oxidative damage (Wang et al., 2019). Loss of SACPD induced a variety of defense-related phenotypes and confers resistance to multiple pathogens in soybean (Kachroo et al., 2008). However, these seed oil-related trait genes that interact with environments were very limited.

To address the above issue, in this study the phenotypes of seed oil-related traits of 286 soybean accessions in five to seven environments were used to associate with 106,013 SNP markers for identifying QTNs and QEIs for seed oil-related traits using 3VmrMLM (Li et al., 2022b). Around these QTNs and QEIs, the genes, reported in previous studies and verified via molecular biological experiments, and candidate genes and GEIs were mined using multi-omics approaches. The results will provide important information for genetic foundation, function identification, molecular mechanism, and molecular breeding of seed oil-related traits in soybean.



Materials and methods


Genetic population

As described in Zhou et al. (2015a), a total of 286 soybean accessions, including 14 wild, 153 landrace, and 119 bred soybeans were obtained from six geographic regions of China, and planted in three-row plots in a randomized complete block design at the Jiangpu experimental station of Nanjing Agricultural University in 2011, 2012, 2014, 2015, and 2016 (NJ2011, NJ2012, NJ2014, NJ2015, and NJ2016 datasets), and at the Wuhan experimental stations of Huazhong Agricultural University in 2014 and 2015 (WH2014 and WH2015 datasets), respectively.



SNP genotypes of 286 soybean accessions

Through resequencing of 286 soybean accessions using RAD-seq approach, a total of 106,013 high-quality SNPs were obtained, which had been described in our previous study of Zhou et al. (2015a).



Phenotypes of six seed oil-related traits in 286 soybean accessions

In the genetic population, the plots were 1.5 m wide and 2 m long, and approximately 15 plants were planted in each row. Five plants in the middle row for each line were randomly harvested, and the seeds were prepared for the measurement of six seed oil-related traits (Zhou et al., 2016): PA, SA, OA, LA, LNA, and OIL, while the phenotypes for these traits of 286 soybean accessions in NJ2011, NJ2012, NJ2014, NJ2015, NJ2016, WH2014, and WH2015 were described in our previous studies of Zhou et al. (2016); Liu et al. (2020b), and Zuo et al. (2022).



Statistical analysis

The statistical analysis and figure visualization in this study were conducted using R software. Phenotypic characteristics of six oil-related traits were analyzed using R package psych. Two-way analysis of variance (ANOVA) was performed to determine the significances for genotypes and genotype × environment interaction using R function aov. Correlation analysis among six seed oil-related traits was conducted and visualized using R package GGally.



Identification of significant QTNs for seed oil-related traits in 286 soybean accessions

The single environment module of the IIIVmrMLM software (Li et al., 2022a) for the 3VmrMLM method (Li et al., 2022b) was used to identify QTNs for six seed oil-related traits in each environment, while its multiple environment module was used to detect QTNs and QEIs for the above traits. The kinship matrix K was calculated by the IIIVmrMLM software. As described in Zhou et al. (2015a), the number of optimum subgroups was four, and the Q matrix was calculated by the STRUCTURE 2.3.4 software (Hubisz et al., 2009). The critical P-value and LOD score were set as 0.05/m and 3.0, respectively, for significant and suggested QTNs, where m is the number of markers (Li et al., 2022b).



Expression levels of candidate genes for seed oil-related traits

Here there were three transcriptome datasets available to conduct high expression analyses. The first transcriptome datasets were downloaded from the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42871; Jones and Vodkin, 2013) and used to detect high expression genes at seed oil accumulation stages, in which their expression levels at these stages from 5 ~ 6 mg to 400 ~ 500 mg are higher than the average at all the seven seed development stages (Zhang et al., 2016). These stages included whole seed 4 days after flowering (DAF), whole seed 12 ~ 14 DAF, whole seed 22 ~ 24 DAF, whole seed 5 ~ 6 mg in weight, cotyledons 100 ~ 200 mg in weight, cotyledons 400 ~ 500 mg in weight, and dry whole seed. The second transcriptome datasets (Machado et al., 2020) were derived from the re-analyses of the first transcriptome datasets excluded the fifth and sixth stages and download from a user-friendly web interface at https://venanciogroup.uenf.br/resources/. The third transcriptome datasets at seed_10DAF, seed_14DAF, seed_21DAF, seed_25DAF, seed_28DAF, seed_35DAF, and seed_42DAF were downloaded from SoyBase (http://soybase.org; Severin et al., 2010). If one gene was highly expressed in at least two datasets, this gene was considered to be highly expressed in this study.

The gene expressional levels of two wild, two landrace, and two bred soybeans at 15, 25, 35, and 55 (DAF), described by Niu et al. (2020) and Liu et al. (2020a), were used to determine differential expression genes between wild and landrace soybeans and between landrace and bred soybeans using the DEGseq package (Wang et al., 2010) at the 0.001 probability level.



SNP variants and haplotype analysis

Marker genotypes of 302 soybean accessions in Zhou et al. (2015b) were downloaded from https://figshare.com/articles/Soybean_resequencing_Project/1176133 (Figshare database). Using the downloaded genotypes, all the SNPs within each candidate gene and its 2 kb upstream were mined.

The genome sequences(glyma.Wm82.gnm1.FCtY.genome_main.fna.gz) and genome annotation (glyma.Wm82.gnm1.ann1.DvBy.gene_models_main.gff3.gz) were downloaded from Soybase (https://soybase.org/data/public/Glycine_max/) and used to conduct SNP annotation via the SnpEff software (Cingolani et al., 2012). The SNP variants were extracted from the SnpEff-annotated VCF file using a Perl script. We retained the loss of function mutations described in Torkamaneh et al. (2018) and the variants in 5’UTR, 3’UTR, and upstream of the candidate genes.

The genomes and genome annotations of four and twenty-six accessions were downloaded from Soybase (https://soybase.org/data/public/Glycine_max/) and Bigdata (https://bigd.big.ac.cn/, Project number: PRJCA002030; Liu et al., 2020c), respectively, where the four accessions included W05, PI483463 (wild), Williams 82 (landrace), and ZH13 (cultivar). The genes of Williams 82 were used to create a local BLAST database using the NCBI-BLAST+ (v2.2.31+) software. All the genes in the other 29 genomes were compared with the genes of Williams 82 to search the best-match gene in each of the 29 genomes, which are homologous to the gene of Williams 82. The sequences of genes homologous to candidate genes containing 2 kb upstream were extracted from the 30 genomic sequences by getfasta function in BEDTools (Quinlan, 2014), and these sequences were aligned to obtain SNP variants using the MUSCLE software (Edgar, 2004).

The common 172 soybean accessions between 302 accessions of Zhou et al. (2015b) and the publicly available resources on the USDA GRIN database (http://www.ars-grin.gov/) were used to conduct haplotype analysis using the Haploview v4.1 software (Barrett et al., 2005). The marker genotypes were derived from Zhou et al. (2015b), while the phenotypes of seed oil content were downloaded from the USDA GRIN database. The missing genotypes were imputed using the Beagle v5.1 software (Browning et al., 2018). Multiple comparisons of trait differences among various haplotypes were tested using LSD.test function of agricolae package in R.



Candidate genes responded with environments

To identify candidate genes responded to environments, 4,000 most differentially expressed genes in response to temperature which were identified by Weston et al. (2011), and 4,866 differentially expressed genes in response to water deficit which were identified by Rodrigues et al. (2015) were used in this study. The expression matrix of soybean from Weston et al. (2011), including baseline (22 °C), optimum (33.25 °C), 20% inhibition from optimum (40.75 °C), and 30% inhibition from optimum (43.8 °C) with 4 duplications, and the expression matrix of soybean from Rodrigues et al. (2015), including control and drought stress having 6 time periods with 3 duplications, were download from Soybase (https://www.soybase.org/).

The correlation of candidate genes with all the genes in the expression matrices were calculated using the cor.test function with Pearson method in R. The significant level was set at 0.01 probability level and correlation coefficient ≥ 0.9.

The promoter sequences, 2 kb upstream of transcript start site of candidate genes, were extracted from Williams 82 V1.1 by getfasta function in BEDTools (Quinlan, 2014). These sequences were used to identify cis-acting regulatory element via the plantCARE web site (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).



Co-expressional network analysis

The expressional levels of soybean genes under control condition and drought stress in Rodrigues et al. (2015) were analyzed by R package WGCNA v1.70 to construct co-expressional networks. The optimal soft thresholds were calculated by the function “pickSoftThreshold”, and the thresholds were set using r2 > 0.8. The TOMType and corType were set as “unsigned” and “bicor”, respectively. minModuleSize was set to 30, and mergeCutHeight was set to 0.3. The top 15 genes with higher kWithin value calculated by intramodularConnectivity function of the WGCNA software were defined as hub nodes. The network was visualization using Cytoscape package (Shannon et al., 2003). The KEGG enrichment analysis for the genes in the above co-expressional networks was conducted by KOBAS (http://bioinfo.org/kobas/; Bu et al., 2021).



The precipitation datasets

The precipitation datasets in Nanjing (2011, 2012, 2014, 2015, and 2016) and Wuhan (2014 and 2015) were downloaded from http://data.sheshiyuanyi.com/.




Results


Phenotypic variation of six seed oil-related traits across various environments

All the 286 soybean accessions were measured in five to seven environments for PA, SA, OA, LA, LNA, and OIL in Nanjing and Wuhan, China, and the phenotypes had been described in our previous studies (Table S1; Zhou et al., 2016; Liu et al., 2020b; Zuo et al., 2022). The coefficients of variation for these traits and their best linear unbiased prediction (BLUP) values ranged from 5.59 to 17.56 (%), with a mean of 10.24%. These indicate the existence of large genetic variation in association mapping population. In correlation analysis among these traits, some known correlations were observed, i.e., OIL and LNA (negatively), OA and LA/LNA (negatively), and LA and LNA (positively; Figure S1).

The phenotypic differences among these traits were significant across various environments using multiple comparisons (Figure 1). In two-way (environment and genotype) ANOVA, genotypic variation for all traits were highly significant (P-values = <1.00 × 10-300 ~ 1.85 × 10-111); environmental variation was also highly significant (P-values = 9.23 × 10-90 ~ 6.63 × 10-28) (Table S2). Year effects had the largest impact on all seed oil-related traits (Table S3), location effect had significant impact on all seed oil-related traits excluding SA (Table S4), and genotype × location interaction effects were significant for OA and LA (Table S4), which are similar to those in Primomo et al. (2002). These results indicated the significant effects of genotype and environment on these traits, although genotype × year interaction effects weren’t significant for all traits (Table S3).




Figure 1 | The boxplot of soybean seed oil-related traits in all the environments. (A–F) were the phenotype boxplots for palmitic acid, stearic acid, oleic acid, linoleic acid, linolenic acid, and oil content in five to seven environments; The numbers/characters in the first, second, and three rows in the upper of each plot were mean, standard deviation, and the results of multiple comparisons, respectively. a-f in each boxplot marked significant in multiple comparison.





Identification of significant QTNs for six seed oil-related traits using 3VmrMLM


QTNs for seed oil-related traits in a single environment

Among 467 QTNs identified for seed oil-related traits, 89, 87, 101, 99, 78, and 59 were found to be associated with PA, SA, OA, LA, LNA, and OIL in a single environment and their BLUP values, respectively (Figures 2, S2; Table S5). These QTNs were located on all the chromosomes (Table S5). The LOD scores were 3.10 ~ 46.45 for PA, 3.31 ~ 39.03 for SA, 3.38 ~ 69.99 for OA, 3.74 ~ 81.74 for LA, 3.89 ~ 67.66 for LNA, and 3.21 ~ 51.47 for OIL, and the corresponding average r2 were 4.20%, 3.91%, 3.12%, 3.31%, 2.73%, and 3.90%, respectively. Among these QTNs, there were six large QTNs (r2 > 10%), such as 13.65% for snp71149-associated SA QTN (Table S5).




Figure 2 | The Manhattan plot for seed linoleic acid content (LA) using software IIIVmrMLM. (A–D): QTNs detected for LA in NJ2011, NJ2013, NJ2015 and NJ2016 using single environment module in software IIIVmrMLM. (E): QTNs detected for LA BLUP values using single environment module in software IIIVmrMLM. (F): QTNs detected for LA across all the seven environments using multi-environment joint analysis module in software IIIVmrMLM. (G): QTN-by-environment interactions (QEIs) detected for LA using multi-environment joint analysis module in software IIIVmrMLM. The black (one) and blue (multiple) lines indicate the number of times that the QTN/QEI was identified. Known genes, candidate genes, and gene-by-environment interactions (GEIs) were marked with red, black, and magenta colors, respectively.





QTNs for six seed oil-related traits in all the environments

Among 200 QTNs identified for seed oil-related traits, 37, 38, 41, 37, 29, and 26 were found to be associated with PA, SA, OA, LA, LNA, and OIL in five to seven environments, respectively (Figures 2, S2, S3A, S3B; Table S6). These QTNs were located on all the chromosomes (Table S6). The LOD scores were 3.42 ~ 79.50 for PA, 4.23 ~ 68.11 for SA, 4.03 ~ 55.41 for OA, 3.56 ~ 187.68 for LA, 13.93 ~ 138.05 for LNA, and 4.33 ~ 46.08 for OIL, and the corresponding average r2 were 0.68%, 0.91%, 0.73%, 0.84%, 0.80%, and 0.96%, respectively, such as 4.51% for snp25032-associated LA QTN (Table S6).




QEIs for six seed oil-related traits in all environments using 3VmrMLM

Among 54 QEIs identified for six seed oil-related traits in five to seven environments, 11, 17, 14, 13, and 5 were found to be associated with PA, SA, OA, LA, and OIL, respectively (Figures 2, 3A, S2; Table S7), and no LNA QEI was identified. These QEIs were located on all the chromosomes (Table S7). The LOD scores were 11.82 ~ 119.94 for PA, 4.62 ~ 52.04 for SA, 8.17 ~ 35.50 for OA, 6.57 ~ 29.81 for LA, and 6.43 ~ 37.05 for OIL, and the corresponding average r2 were 4.04%, 1.59%, 1.05%, 1.06%, and 2.16%, respectively. Among these QTNs, there was one large QTN (r2 > 10%), being 10.05% for snp22240-associated PA QTN. 5 QEIs were common between OA and LA and located on chromosomes 3, 6, 11, 13, and 19 (Table S7).




Figure 3 | Drought response candidate gene MIPS3 around QEI for soybean seed oil-related traits. (A): Manhattan plot of QEIs for SA. (B): The expression levels (TPM) of MIPS3 at five seed development stages (Machado et al., 2020). (C): The expression levels (RPKM) of MIPS3 in seeds at seven and five seed development stages. The gene expression levels from Jones and Vodkin (2013) and Severin et al. (2010) were marked with blue and green colors, respectively. (D): Differential expression levels (RPKM) of MIPS3 among wild, landrace, and bred soybeans at four seed development stages (15 ~ 55 DAF; Niu et al., 2020; Liu et al., 2020a), (E): The expression levels (RPKM) of MIPS3 at six time periods (ZT0 ~ ZT20) under control and drought stress conditions. (F): The cis elements in MIPS3. (G): Oil metabolism genes co-expressed with MIPS3. (H): Averages for seed stearic acid content across two genotypes of the QEI around MIPS3 in seven environments. (I): seed stearic acid content between genotypes CC and TT in environments E1~E7 (NJ2011, NJ2012, WH2014, WH2015, NJ2014, NJ2015, and NJ2016) and average precipitation in late August. DAF: day after flowering; ZT: Zeitgeber time. *, **, and ***: significance at the 0.05, 0.01, and 0.001 probability levels, respectively; ns, no significance.





Mining known and candidate genes around all the QTNs for seed oil-related traits


Known genes around all the QTNs

Within 100-kb flanking genomic region for each QTN identified for six seed oil-related traits, there were 8,903 genes. Among these genes, seven had been verified to regulate seed oil-related traits in previous studies (Table 1), including GmSACPD-A and GmSACPD-B (Kachroo et al., 2008), GmbZIP123 (Song et al., 2013), GmDGAT2D (Chen et al., 2016), GmDGAT1B (Zhao et al., 2019) and GmSWEET39/GmSWEET10a (Miao et al., 2020), and GmFATB1A (Zhou et al., 2021).


Table 1 | Seven known genes around QTNs for soybean seed oil- and size-related traits.





Candidate oil metabolism genes

The above 8,896 genes around the above loci were compared with 1,123 oil-related genes in Zhang et al. (2016), and 195 genes were found to be associated with oil biosynthesis. The remains were used to conduct KEGG pathway analysis, and 57 genes were found to be associated with oil biosynthesis. Thus, 252 genes were found to be associated with oil biosynthesis.

The gene expressional datasets from Severin et al. (2010); Jones and Vodkin (2013), and Machado et al. (2020) were used to conduct high expression analysis (Figure 4). As a result, 159 genes were found to have high expressional levels at seed oil accumulation stages. The gene expressional datasets among two wild, two landrace, and two bred soybeans from Niu et al. (2020) and Liu et al. (2020a) were used to mine differentially expressed genes (DEGs). As a result, 83 genes were differentially expressed among wild, landrace, and bred soybeans (P ≤ 0.001; Figure 4). Based on expressional levels of genes in 14 soybean tissues in Severin et al. (2010), only 3 DEGs were found to express in seed rather than other tissues, being Glyma01g43780, Glyma05g07880, and Glyma06g08290, in which Glyma01g43780 is homologous to AT4G10020 (AtHSD5) coding hydroxysteroid dehydrogenase 5, and Glyma05g07880 (GmOLE2) and Glyma06g08290 (GmOLE4) code oleosin family protein. These three genes specially expressed in seed may play an important role in the accumulation of soybean seed oil content, and the other 80 genes also may regulate seed oil-related traits.




Figure 4 | The expressional levels of 83 genes around QTNs and 11 genes around QEIs for soybean seed oil-related traits. Green and red colors represent the lower and higher expression levels, respectively. Gene expressional levels at various seed developmental stages are derived from Severin et al. (2010) (A, RPKM), Machado et al. (2020) (B, TPM), Jones and Vodkin (2013) (C, RPKM), and Niu et al. (2020) or Liu et al. (2020a) (D, RPKM), respectively. The genes around QTNs and QEIs were marked with blue and magenta color, respectively. DAF: day after flowering. s265 and s272: wild soybeans; s101 and s276: landraces; s236 and s257: bred soybeans.





SNP variants

The SNP genotypes of 302 soybean accessions in Zhou et al. (2015b) were used to identify SNP variants for 7 known and 83 candidate genes. As a result, all the 90 genes had SNP variants in upstream, UTR, and CDS of these genes, in which all the 90 genes have SNP variants in upstream, 85 gene have SNP variants in UTR, and 65 genes have SNP variants in CDS, such as fifteen SNPs in the promoter, two SNPs in 5’UTR, and one SNP in 3’UTR for known gene GmDGAT2D (Figure S3C). It should be noted that Glyma06g01460 (KCS4) and Glyma07g32780 (SAC9) had stop gained variants, GmDGAT2B had stop lost variant, and Glyma16g33510 (AGAL2) had start lost variant.

Thirty soybean genome sequences were used to further verify these SNP variants. As a result, 84 genes were found to have SNP variants, in which all the 84 genes have SNP variants in upstream, 64 genes have SNP variants in UTR, and 44 genes have SNP variants in CDS. It should be noted that GmDGAT2B had stop lost variant.



Haplotype analysis

The SNP variants in 302 soybean accessions and 30 soybean genomes, along with seed oil content for 172 soybean accessions, were used to conduct haplotypic analysis. As a result, 7 known (Table 1) and 76 candidate (Table S9) genes, excluding Glyma05g00570 (DGK1), were found by multiple comparison to have significant differences across various haplotypes (Tables 2, S8; Figure S4), such as known gene GmDGAT2D (Figure S3D).


Table 2 | The ANOVA for soybean seed oil content among different haplotypes of genes around QTNs.






Mining known and candidate genes around QEIs for seed oil-related traits


Known gene around the QEIs

Within 100-kb flanking genomic region for each QEI identified for seed oil-related traits, there were 863 genes in total. Among these genes, GmFATB2B had been verified to regulate seed oil-related traits, and homologous gene in sorghum had been reported to play important roles in drought-induced wax biosynthesis (Table 3; Sanjari et al., 2021; Zhou et al., 2021).


Table 3 | Candidate gene-by-environment interactions for soybean seed oil-related traits.





Candidate oil metabolism genes

The above 862 genes were compared with 1,123 oil-related genes in Zhang et al. (2016), and 24 genes were found to be associated with oil biosynthesis. The remains were used to conduct KEGG pathway analysis, and 5 genes were found to be associated with oil biosynthesis. Thus, 29 genes were found to be associated with oil biosynthesis.



Candidate environmental interaction genes

The mentioned-above 863 genes around QEIs were compared with DEGs between various environments in Weston et al. (2011) and Rodrigues et al. (2015). As a result, 107 genes were common, in which 40 were DEGs between different temperature conditions (Weston et al., 2011), and 69, including MIPS3, were DEGs between control and water deficit (Rodrigues et al., 2015), such as there were significantly different expression level for MIPS3 between control and drought stress conditions in ZT0 (P ≤ 0.001), ZT4 (P ≤ 0.05), and ZT20 (P ≤ 0.001) using t-test (Figure 3E).

The plantCARE website (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) was used to identify cis-acting regulatory elements of the 107 DEGs in response to environment. As a result, 34 genes were found to have cis-elements in response to temperature, including cis-acting elements involved in low-temperature and abscisic acid responsiveness, and 57 genes were found to have cis-elements in response to drought, including cis-acting elements involved in abscisic acid responsiveness or MYB binding site involved in drought-inducibility. For example, the promoter of MIPS3 included cis-acting element MYB binding site involved in drought-inducibility and abscisic acid responsiveness (Figure 3F).

The above-mentioned 34 DEGs under various temperatures were found to be co-expressed with 7,718 genes under 33.25 °C and 5,643 genes under 43.8 °C, in which there are 3,618 different co-expression genes. More importantly, 32 temperature-related DEGs were found to be co-expressed with 89 oil-metabolism-related genes. The above-mentioned 57 drought-stress-related DEGs were found to be co-expressed with 1,961 genes in control and 4,524 genes in drought stress, in which there are 3,576 different co-expression genes. More importantly, 32 drought-stress-related DEGs were found to be co-expressed with 65 oil-metabolism-related genes. For example, MIPS3 was found to be co-expressed with 12 oil-metabolism-related genes (Figure 3G). It should be noted that Glyma11g03690 was a common DEG in response to temperature and drought, and MIPS3 was oil-metabolism-related DEG in response to drought (Figure 3; Tables 3, S10). These candidate genes may respond to various environment conditions and regulate oil-metabolism-related genes, and indirectly regulate seed oil-related traits.

Thus, a total of 75 candidate genes around QEIs may interact with various environment conditions and participate in oil biosynthesis, including one known oil-biosynthesis-related GmFATB2B, 12 highly and differentially expressed genes related to oil biosynthesis, and 32 temperature-related and 32 drought-stress-related DEGs, which are co-expressed with oil-metabolism-related genes (Tables 3, S10).



SNP variants

The SNP genotypes of 302 soybean in Zhou et al. (2015b) were used to identify SNP variants for the above 75 candidate genes around QEIs. As a result, all the 75 genes had SNP variants in upstream, UTR, and CDS of genes, in which all the 75 genes have SNP variants in upstream, 68 gene have SNP variants in UTR, and 60 genes have SNP variants in CDS, such as five SNPs in the promoter, one SNP in 5’UTR, and one SNP in 3’UTR for a known gene GmFATB2B.

Thirty soybean genome sequences were used to further verify these SNP variants. As a result, 70 genes were found to have SNP variants, in which 68 genes have SNP variants in upstream, 54 genes have SNP variants in UTR, and 38 genes have SNP variants in CDS.



Haplotype analysis

The SNP variants in 302 soybean accessions and 30 soybean genomes, along with seed oil content for 172 soybean accessions, were used to conduct haplotypic analysis. As a result, 67 GEIs, including the known gene GmFATB2B2B, 11 oil-metabolism genes, 29 candidate temperature response genes, 28 candidate drought response genes, were found by multiple comparisons to have significant differences across various haplotypes (Table 4).


Table 4 | The ANOVA for soybean seed oil content among different haplotypes of genes around QEIs.







Discussion

Seed oil content and its composition in soybean significantly vary across various genotypes and environments (Tables S2-S4). With global temperature increase steadily in recent decades, high temperature conditions, accompanied either by drought or by humidity in different areas, caused damages and losses on crop yield and quality (Zhang et al., 2019). Although some genes had been reported to regulate seed oil-related traits under these conditions (Kachroo et al., 2008; Song et al., 2013; Zhao et al., 2019; Miao et al., 2020; Zhou et al., 2021), few QEIs and GEIs have been reported owing to the limitation of methodologies in QEI detection of genome-wide association studies. Recently, our group established a new comprehensive GWAS method, 3VmrMLM, for detecting QTNs, QEIs, and QQIs under controlling all the possible polygenic backgrounds (Li et al., 2022a; Li et al., 2022b). Therefore, this study focused on the identification of QTNs, QEIs, and their known and candidate genes in various environments. As a result, 598 QTNs and 54 QEIs for seed oil content and its composition were identified in five to seven environments (Tables S5-S7; Figures 2, S2). Among these QTNs, 118 were new, and 480 had been reported in Soybase, in which 63 and 467 were the same with QTNs and QTLs, respectively, that were previously reported in Soybase (https://www.soybase.org/); 7 known and 76 new candidate genes were mined (Tables 1, S9). Around these QEIs, one oil metabolism gene GmFATB2B previously reported in soybean and five oil metabolism genes responsive to environment in other species (wheat and Arabidopsis) were identified, and 61 new candidate genes were mined (Tables 3, S10). Haplotype analysis showed that there were significant differences in seed oil content among the haplotypes of these genes, indicating the associations of these genes with seed oil content. These known and candidate genes provide gene sources for soybean breeding and molecular biology research.


Candidate gene-by-environment interactions may directly/indirectly regulate soybean seed oil-related traits

In previous studies, some oil-related genes in response to environment had been mined, such as GmFAD3A (Wang et al., 2019; Li et al., 2022b), SACPD (Kachroo et al., 2008), and GmPLDα1 (Zhang et al., 2019). In this study, one known (GmFATB2B) and 11 candidate oil-metabolism genes around QEIs were identified (Tables 3, S10; Zhou et al., 2021). Among these candidate genes, GmPEAMT1, encoding a phosphoethanolamine methyltransferase (PEAMT), which plays a role in lipid synthesis, may be involved in plant stress response (Ji et al., 2021). MIPS3 is homologous to wheat TaMIPS2, which had been verified to be in response to heat stress (Khurana et al., 2017). GmFAD8 is homologous to Arabidopsis gene AtFAD8, which had been verified to be in response to temperature (Gibson et al., 1994); GL2 is ortholog of Arabidopsis gene GLABRA2 that affects seed oil content in Arabidopsis (Shen et al., 2006), in which GL2 had nearly zero expression level under control condition and were upregulated under salt stress (Belamkar et al., 2014); KAS III, in response to low temperature in Arabidopsis (Takami et al., 2010), catalyzes the first decarboxy condensation step in de novo fatty biosynthesis. These soybean genes may regulate oil metabolism and response to various environment conditions.

Main environment factors that affect seed oil content and its fatty acid compositions in soybean are drought and temperature/heat (Bellaloui et al., 2013). Ding et al. (2020) concluded that heat stress can cause protein misfolding and reactive oxygen species (ROS) accumulation in plant cells, which have negative effects on plants. In this study, 29 candidate genes were identified by differential expression, cis-acting element, and co-expression with oil-metabolism genes to be in response to temperature. Among these candidate genes, 12 and 17 were found to be up (2.73%~391.94%) and down (5.27%~72.76%) regulation under heat stress, respectively (Tables 3 and S10). In particular, three candidate genes were found to be upregulated by more than 100% under heat stress (Table 3). Meanwhile, drought stress can increase production of ROS in Kaur and Asthir (2017), while in Osakabe et al. (2014), plant responses to water stress are controlled by complex regulatory events mediated by abscisic acid (ABA) signaling, ion transport, and activities of transcription factors (TFs) involved in the regulation of stomatal responses. In this study, 28 candidate genes were identified by differential expression, cis-acting element, and co-expression with oil-metabolism genes to be in response to drought. Among these candidate genes, 10 and 18 were found to be up (12.36%~585.28%) and down (1.55%~30.17%) regulation under drought, respectively (Tables 3, S10). In particular, five candidate genes were found to be upregulated by more than 100% under drought stress (Table 3). For example, expression level of MIPS3 was significantly different between control and water stress (Figure 3E) and up-regulated by 239.36% under water stress to control condition, and MIPS3 was homologous with wheat gene TaMIPS2 responded to heat stress (Khurana et al., 2017). In addition, candidate heat stress gene Glyma05g31670 was homologous to AtOSA1, which was response to oxidative stress (Jasinski et al., 2008); Glyma07g12150 was homologous to Malus BPC1, which regulated the expression of CCD7 involved in stress response (Yue et al., 2015); Glyma07g30950 was homologous to Arabidopsis F-box gene FBS1 (At1g61340) induced by drought, heat, and cold stresses (Gonzalez et al., 2017); Glyma10g35430 was homologous to AtNADK-1 induced by oxidative stress (Berrin et al., 2005). Candidate drought stress gene Glyma05g33910 was homologous to At1g73660, which is responded to salt stress (Gao and Xiang, 2008).

To understand whether there are differences between the networks under control and environmental stress conditions, and which candidate genes in the differential pathways are in response to the environments, the expressional levels of 4,866 DEGs between control and drought stress in Rodrigues et al. (2015) were used to construct co-expression network using R package WGCNA v1.70 (Langfelder and Horvath, 2008). As a result, three co-expression modules and none co-expression grey module were identified under drought stress. The genes in each co-expression module were used to conduct KEGG pathway enrichment analysis using KOBAS (http://bioinfo.org/kobas/; Bu et al., 2021). Results showed that three co-expression modules, brown (181 genes), blue (521 genes), and turquoise (1,408 genes), were enriched in 1, 2, and 9 KEGG pathways, respectively. Among these three kinds of pathways, 1, 2, and 3 were associated with drought response, including plant hormone signal transduction, brassinosteroid biosynthesis, base excision repair, nucleotide excision repair, and mismatch repair (corrected P-value < 0.05; Table S11). Plant hormones, including ABA and brassinosteroid, play important roles in the regulation of drought stress (Ma et al., 2019; Gupta et al., 2020). Proper regulation of DNA repair is required for drought tolerance (Shim et al., 2018). DNA repair mechanisms include base excision repair, nucleotide excision repair, and DNA mismatch repair. In this study, almost all (27 in 28) candidate genes response to drought were in the brown, blue, and turquoise modules, in which there are respectively 4, 10, and 13 candidate genes.

Nine co-expression modules and none co-expression grey module were identified under control condition. KEGG pathways enrichment analysis showed that magenta (53), pink (62), black (90), red (128), green (176), yellow (343), brown (488), blue (825), and turquoise (1,475) modules were enriched in 1, 2, 0, 1, 4, 2, 0, 1, and 3 KEGG pathways, respectively. Among these pathways, plant hormone signal transduction, and base excision repair were enriched in blue and yellow modules, respectively (corrected P-value < 0.05; Table S12). In this study, a total of 9 candidate genes were in the two co-expression modules, 8 and 1 genes were respectively in blue and yellow modules.

Four KEGG pathways, including brassinosteroid biosynthesis, starch and sucrose metabolisms, mismatch repair, and nucleotide excision repair, were enriched in co-expression modules under drought stress rather than control condition. Especially, brassinosteroid biosynthesis, mismatch repair, and nucleotide excision repair were associated with drought response. Two KEGG pathways, plant hormone signal transduction and base excision repair, were enriched in co-expression module under both drought stress and control condition. However, their genes in the two pathways were different and involved in different biotechnology processes (Figure S5), and the linked genes were also different. For example, 16 and 20 genes enriched in plant hormone signal transduction under drought stress and control condition, respectively, but only 5 genes were common. Furthermore, these genes constructed different co-expression network. Most genes (433 in 521) of co-expression network under drought stress were different from the genes under control condition. For example, 7 candidate genes in this study were co-expressed with the genes involved in plant hormone signal transduction under drought stress rather than under control condition. Thus, we speculated that candidate genes response to drought may be accompanied by two ways. First, candidate genes may respond to drought via three pathways: brassinosteroid biosynthesis, mismatch repair, and nucleotide excision repair, which are involved in drought response and enriched in co-expression modules under drought stress rather under control condition. Second, candidate genes may interact synergistically with various genes in the co-expression network to respond drought.

The oil metabolism genes reported in Zhang et al. (2016), the genes previously confirmed to regulate seed oil-related traits, the genes of KEGG pathways involved in oil metabolism and drought response, and 28 candidate drought genes in this study were used to construct co-expression network. As a result, seven and five co-expression modules were identified under control and drought stress conditions, respectively, and all modules could be enriched to the pathways involved in oil metabolism and drought stress responses. 105 and 75 hub genes were identified under control condition and drought stress, respectively, and most hub genes were different, although 21 hub genes were common. Moreover, no candidate gene was hub gene under control condition (Figure S6), while six candidate genes were hub genes under drought stress (Figure 5), indicating the hub role of candidate genes in this study in drought stress responses. The top 5 genes tightly linked to each candidate gene in each module were analyzed. The results showed that the tightly linked genes under control condition were most significantly enriched in metabolic pathways, while the tightly linked genes under drought stress were most significantly enriched in plant hormone signal transduction. These results indicate that these candidate genes may participate in some metabolism processes, including oil metabolism, but they play an important role in response to drought stress when plants were exposed to drought stress.




Figure 5 | The subnetwork of candidate genes under drought stress. (A–D): The blue module, brown module, turquoise, and yellow module, respectively. The known oil genes, oil metabolism genes, drought response genes, genes involved in both oil metabolism and drought response, and candidate genes were marked with orange, blue, green, yellow, and plink colors, respectively. The hub genes of each module were marked diamond shape.



These candidate genes were co-expressed with oil metabolism genes under environmental stress rather than under control condition, e.g., MIPS3 was co-expressed with 12 oil metabolism genes (|r| > 0.9, P < 2.16×10-7), including GPAT6 (r = 0.9194, P = 6.93×10-8) and FATB (r = 0.906, P = 2.16×10-7) under drought stress rather than under control condition (Figure 3G). Thus, we speculated that these candidate genes may act as a bridge between environmental response and regulation of genes for seed oil-related traits. For example, MIPS3 may respond environment stress via the pathway of plant hormone signal transduction, and play an important role in seed stearic acid content together with oil metabolism genes GPAT6 and FATB. For MIPS3 around one QEI, two-way (genotypes and environments) ANOVA showed the significance for genotype by environment interaction for stearic acid content (P < 0.01), and average seed stearic acid content with genotype CC were significantly higher than that with genotype TT in NJ2011, NJ2012, WH2014, and NJ2014 (Figure 3H). We also found that the difference of average seed stearic acid content between genotypes CC and TT was significantly correlated with the average precipitation in late August (P < 0.05; Figure 3I). In other words, the higher precipitation, the larger SA difference. Thus, we speculated that MIPS3 may respond to drought stress and co-expressed with oil metabolism genes, and then regulate the genes for soybean seed oil-related traits. The above results further indicated the reliability of candidate GEIs identified in this study.



Domestication and improvement analyses of oil-metabolism-related candidate genes, confirmed by haplotype analysis, reveal some available genes in future soybean breeding

Among these known and candidate oil-metabolism-related genes around QTNs, 7 known and 76 candidate genes had SNP variants in upstream, UTR, and CDS. These variants were used to constitute haplotypes. Haplotype analysis indicated that haplotypes of each gene had significant different seed oil content using multiple comparisons (Figures S3D, S4). In domestication and improvement analysis via 302 soybean accessions, frequencies of elite haplotypes for all the 83 candidate genes increased from wild to landrace soybeans, and frequencies of elite haplotypes for 71 candidate genes increased from landrace to bred soybeans, showing the evidence of selection sweep for all the 83 genes (Tables 2, S8; Figures S3E, S4). Furthermore, frequencies of elite haplotypes for 50 candidate genes were more than 90% in bred soybeans, while frequencies of elite haplotypes for 8 candidate genes were less than 50% in bred soybeans and may be available in future soybean breeding, such as SAC9 (20.00%) (Tables S8, S13).



Pleiotropic QTNs reveal the correlation of soybean seed oil-related traits

Among QTNs for seed oil-related traits in this study, 50 QTNs were found to be associated with at least two traits (Figure S7), including 3 QTNs for three traits, and 47 QTNs for two traits. Interesting, there were 41 common QTNs between OA and LA, explaining their very significant correlation (-0.922, P < 0.001; Figures S1, S7). For example, around a common QTN snp25032 for OA, LA, and OIL, GmMTF were predicted to be a candidate gene in Li et al. (2015); around a common QTN snp73103 for OA, LNA, and OIL, there were a known gene GmSWEET39/GmSWEET10a in Miao et al. (2020). These results revealed the correlation of seed oil-related traits.



3VmrMLM identifies more common QTNs in single and all the environments

For QTNs identified using 3VmrMLM in single environment, 76 QTNs were repeatedly identified, and 7, 13, 11, 8, 4, and 5 QTNs were repeatedly identified for PA, SA, OA, LA, LNA, and OIL, respectively. For example, snp25032 for LA was identified in NJ2011, NJ2012, NJ2015, WH2014, WH2015, and BLUP, with the LOD scores of 7.36 ~ 23.72 and r2 of 4.14% ~ 11.11%.

Compared the QTNs identified in single and all the environments, there were 68 common QTNs, and 13, 18, 19, 15, 6, and 9 common QTNs were associated with PA, SA, OA, LA, LNA, and OIL, respectively. For example, snp25032 for LA was identified with large LOD score and r2 in single and all the environments. These common QTNs should be more reliable. For example, snp22231 for PA was identified both in single and all the environment, and known gene GmFATB1A was around this QTN (Table 1; Figure S2); snp4406 for OA and LA was detected in multi-environment join analysis rather than single environment, and there was a known gene GmDGAT2D around this QTN (Table 1; Figures S2, S3). The above results showed that multiple environments join analysis not only detects some common QTNs with those in single environment, but also identify new QTNs in all the environments. Furthermore, some known genes regulated quantitative traits were around these new QTNs.

In summary, 598 QTNs and 54 QEIs for soybean seed oil-related traits were identified using 3VmrMLM in this study. Around these QTNs, seven known oil metabolism genes in soybean were identified. Around these QEIs, one oil metabolism soybean gene was verified by transgenic experiments in previous study; 5 genes were verified by transgenic experiments in other species to participate in oil metabolism and have different expressional levels across various environments, although new experiments are necessary to explore these novel GEI-trait associations in soybean. In addition, 76 candidate genes and 61 candidate GEIs were predicted by multi-omics method to be associated with seed oil-related traits. This study provided more gene resource for the breeding of high oil content soybean. Although available evidence clearly indicated these genes, the molecular mechanisms of how these genes underlying abiotic stress impacts on soybean seed oil content and fatty acid compositions remain unclear and need to further investigate.
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Saline stress is a significant factor that caused crop growth inhibition and yield decline. SHORT INTERNODES/STYLISH (SHI/STY) and SHI-RELATED SEQUENCE (SRS) transcription factors are specific to plants and share a conserved RING-like zinc-finger domain (CX2CX7CX4CX2C2X6C). However, the functions of SHI/STY and SRS genes in cotton responses to salt stress remain unclear. In this study, 26 GhSRSs were identified in Gossypium hirsutum, which further divided into three subgroups. Phylogenetic analysis of 88 SRSs from8 plant species revealed independent evolutionary pattern in some of SRSs derived from monocots. Conserved domain and subcellular location predication of GhSRSs suggested all of them only contained the conserved RING-like zinc-finger domain (DUF702) domain and belonged to nucleus-localized transcription factors except for the GhSRS22. Furthermore, synteny analysis showed structural variation on chromosomes during the process of cotton polyploidization. Subsequently, expression patterns of GhSRS family members in response to salt and drought stress were analyzed in G. hirsutum and identified a salt stress-inducible gene GhSRS21. The GhSRS21 was proved to localize in the nuclear and silencing it in G. hirsutum increased the cotton resistance to salt using the virus-induced gene silencing (VIGS) system. Finally, our transcriptomic data revealed that GhSRS21 negatively controlled cotton salt tolerance by regulating the balance between ROS production and scavenging. These results will increase our understanding of the SRS gene family in cotton and provide the candidate resistant gene for cotton breeding.
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1 Introduction

SHI/STY and SRS family members, a plant-specific transcription factors, are defined by the presence of a conserved RING-like zinc-finger domain (CX2CX7CX4CX2C2X6C), the vast majority of which also contain the IXGH domain (Kuusk et al., 2006; Zhao et al., 2020). The RING finger domain is believed to confer E3 ubiquitin ligase activity and mediate the ubiquitination and proteasome-dependent degradation of target protein or confer the DNA and RNA binding activity (Fridborg et al., 2001; Zhao et al., 2020). The IXGH domain is rich in acidic amino acid residues, which are considered as transcriptional activators (Singh et al., 2020).

It has been shown that SRS transcription factors are involved in gibberellin (GA) and auxin signaling pathways (Fridborg et al., 1999; Fridborg et al., 2001; Singh et al., 2020; Yuan et al., 2020) and diverse growth and development processes in plant such as lateral root development and floral organ morphogenesis (Kuusk et al., 2002; Sohlberg et al., 2006; Staldal et al., 2012; Singh et al., 2020; Yuan et al., 2020). In Arabidopsis, there are 9 described members in the SHI/STY and SRS family (Eklund et al., 2011; Zhao et al., 2020). The first SHORT INTERNODES/STYLISH (SHI/STY) and SRS family gene to be identified was AtSHI and its transposon insertion mutants displayed a dwarf phenotype similar to the mutants defective in the biosynthesis of gibberellin (Fridborg et al., 1999). However, the application of GA could not rescue the phenotype the dwarf phenotype of atshi, indicating the potential role of AtSHI in GA response (Fridborg et al., 1999). LATERAL ROOT PRIMORDIUM1 (LRP1), another SHORT INTERNODES/STYLISH (SHI/STY) and SRS member, has been reported to interact with SHI, STY1, SRS3, SRS6 and SRS7 and affect the homeostasis and biosynthesis of auxin through the regulation of several YUCCA (YUC) genes during lateral root development (Singh et al., 2020). Meanwhile, the expression of LRP1 is subject to feedback regulation by auxin (Singh et al., 2020). Interestingly, the crosstalk between auxin and another SRS member SRS5 has been characterized and indicates that SRS5 negatively regulates lateral root formation by repressing the expression of LBD16 and LBD29 (Yuan et al., 2020). Besides, SRS5 promotes photomorphogenesis activating the expression of HY5, BBX21, and BBX22 upon exposure to light, whereas it undergoes COP1-mediated degradation via the 26S proteasome system in darkness (Yuan et al., 2018). In addition, SHI/STY and SRS proteins also play vital roles in floral organ development. In Arabidopsis, STY1 promotes stamen and gynoecium development while STY2 promotes gynoecium development (Kuusk et al., 2002; Sohlberg et al., 2006; Staldal et al., 2012).

Cotton is an important cash crop and provides raw material for textiles producing. Saline stress is a significant factor limiting crop productivity and survival (Deinlein et al., 2014; Chen et al., 2018a). In cotton, some QTLs (quantitative trait loci) and genes related to salt tolerance have been identified through either forward genetic or reverse genetic studies in recent years (Jia et al., 2016; Sun et al., 2018; Ullah et al., 2018; Dilnur et al., 2019; Li et al., 2019; Mu et al., 2019; Yasir et al., 2019; Yuan et al., 2019; Long et al., 2020). Yasir et al. identified two salt tolerance-related genes located on chromosome A10 and D10 by genome-wide association study and expression pattern analysis in upland cotton (Gossypium hirsutum) (Yasir et al., 2019). Dilnur et al. found two SNP loci associated with salt-stress tolerance on chromosome 7 in G. arboretum (Dilnur et al., 2019). Yuan et al. detected 13 QTLs using genome-wide association study and further identified 35 candidate genes responsible for cotton salt tolerance at the germination stage by RNA-seq analysis (Yuan et al., 2019). In addition, reverse genetic studies focused on cotton resistance to saline stress have made some progress in recent years. GhRaf19, a member of MAPKKK family in G. hirsutum, negatively controlled the salt tolerance by regulating the accumulation of endogenous reactive oxygen species (ROSs) in G. hirsutum (Jia et al., 2016). Similarly, GhWRKY6, a salt-induced gene, has proved to be a negative regulators of salt resistance using VIGS system (Li et al., 2019). Interestingly, another WRKY family member GhWRKY6-like had the opposite effect on cotton resistance to salt stress, which improved salt tolerance in G. hirsutum by activating the ABA signaling pathway and scavenging of ROSs (Ullah et al., 2018). Furthermore, protein phosphatase GhDsPTP3a interacted with a membrane protein GhANN8b and inhibited GhANN8b phosphorylation, resulting in changes of the salt induced calcium influx, the expression of GhSOS1, the outflow of sodium ions and decreased salt tolerance in G. hirsutum (Mu et al., 2019). In addition to regulators of cotton tolerance to salt stress, the gene structures, evolutionary relationships and expression patterns of Na+/H+ antiporters (NHXs) members in G. arboreum, G. raimondii and G. hirsutum were identified by Long et al. (Long et al., 2020). Then GhNHX1 was further proved to be located in the vacuolar system and played a crucial role in salt tolerance using VIGS system (Long et al., 2020). However, little is known about the functions of SHI/STY and SRS family genes responses to abiotic stresses in cotton.

In this study, we systematically identified 26 SRS family members in Gossypium hirsutum and analyze their phylogenetic relationships, protein structures, chromosomal locations, conserved motif distribution patterns, gene collinearity and expression pattern. Then, we further identified the function of a salt-inducible protein GhSRS21 under salt stress. Finally, we revealed that GhSRS21 played a negative role in salt tolerance of Gossypium hirsutum by controlled the balance of ROS production and scavenging. Our results will helpful to elucidate the salt response and regulation mechanism in Gossypium hirsutum and provide theoretical support for further in-depth research of GhSRSs.



2 Material and methods


2.1 Plant materials and treatment

All G. hirsutum plant materials used in the research were TM-1 (Texas Marker-1, the upland cotton genetic standard line) background. For subsequent quantitative reverse transcription (qRT)-PCR experiments, seeds of TM-1 were germinated and planted in soil under the following conditions: 12000 Lux light 16 h at 25 °C/dark 8 h at 23 °C, 80% humidity for 14 days (the first true leaf appeared). The seedlings above were divided into two groups and watered by 1/2 MS nutrient solution as the control or by 1/2 MS nutrient solution with 500 mM NaCl for 12 h.



2.2 Identification and property analysis of GhSRS genes

The genome datasets of G. hirsutum (ZJU, version 2.1) and G. barbadense (ZJU, version 1.1) were downloaded from COTTONOMICS (http://cotton.zju.edu.cn/index.htm), G. arboreum (WHU, version 3.0) and G. raimondii (NSF, version 1.0) from CottonGen (https://www.cottongen.org) and Arabidopsis from TAIR 10 (http://www.arabidopsis.org/). Other plant species genome datasets were downloaded from Phytozome v12.1 (https://phytozome.jgi.doe.gov/). The databases of PlantTFDB (http://planttfdb.cbi.pku.edu.cn/) and SMART (http://smart.embl.de/) were used to confirm the conserved RING-linke zinc-finger domain (DUF702). The molecular weight (MW), isoelectric point (pI) of each GhSRS were calculated using the ExPASy (https://web.expasy.org/) compute pI/Mw tool, Plant-Ploc (http://www.csbio.sjtu.edu.cn/bioinf/plant/) was for subcellular localizational prediction (Chou and Shen, 2007). All gene names and their IDs were listed in Supplementary Table 1.



2.3 Multiple alignments and phylogenetic analysis

SRS family amino acid sequences were used to perform multiple alignments by MEGA X software (Kumar et al., 2018) with MUSCLE default parameters, and then visualized using DNAMAN v7. Furthermore, the rooted and unrooted phylogenetic trees were constructed using MEGA X with Neighbor-Joining (NJ) methods, and 1000 bootstrap replicates were used to test reliability in each node and the maximum likelihood (ML) tree was constructed using “One Step Build a ML Tree” plugin in Tbtool software (Chen et al., 2020) with 5000 bootstrap replicates.



2.4 Gene structure, conserved motifs and synteny analysis

The gene structures of GhSRS genes were inferred by corresponding coding sequences. The MEME (https://meme-suite.org/meme/) program was used to identify conserved motifs in GhSRS proteins (Bailey et al., 2009). Tbtools Gene Structure View was used to draw the exon-intron structure, conserved motifs, and DUF702 domain distribution (Chen et al., 2020). The MCScanX software was used to analyze SRS protein sequences synteny and collinearity relationship between G. hirsutum, G. arboreum, and G. raimondii.



2.5 Collinearity analysis of SRS genes in G. hirsutum, G. arboreum and G. raimondii

Chromosomal positions of GhSRS genes were obtained from gff annotation files for G. hirsutum (ZJU, version 2.1). The synteny and collinearity analysis between G. hirsutum, G. arboreum and G. raimondii were employed by the MCScanX software (Wang et al., 2012). Tbtools Gene Location Visualize and Advanced Circos were used to draw the distribution of GhSRS genes chromosomal mapping and synteny relationships (Chen et al., 2020).



2.6 SRS genes expression patterns under biotic stress

To analysis the expression patterns of SRS genes under abiotic stress, a high-through RNA-seq datasets of leaf tissue under control and two types of stress (NaCl and PEG) treatments were obtained from COTTONOMICS (http://cotton.zju.edu.cn/) (Hu et al., 2019). Fragments per kilobase of exon per million fragments mapped (FPKM) was used for the quantification of gene expression. The clustered heatmap was drawn and normalized by the average expression levels (log2) based on FPKM values.



2.7 Virus-induced gene silencing assay and abiotic stress treatment

349 bp fragment of coding DNA sequence (CDS) of GhSRS21 was amplified from G. hirsutum (TM-1) cDNA and constructed into pTRV2. Then, the recombinant vector above, pTRV1 vector and CLA-pTRV2 were transferred into Agrobacterium strain GV3101, respectively, for subsequent experiments.

Seeds of TM-1 were germinated and planted in soil under the following conditions: 12000 Lux light 16 h at 25 °C/dark 8 h at 23 °C, 80% humidity, until the cotyledons were fully opened (about 10 d after seeds germinated). The Agrobacterium strains containing the GhSRS21-pTRV2 and pTRV1 or CLA-pTRV2 and pTRV1 or pTRV2 and pTRV1 plasmids were mixed and injected into TM-1 leaves as experimental groups, positive and negative controls, respectively. Cotton infected by Agrobacterium tumefaciens was cultured under the conditions above until the white striped leaf or albino phenotype appeared in the positive control (about 10 d after infected). Half of the experimental and negative control groups was watered by 1/2 MS nutrient solution as the control while the other half was watered by 500 mM NaCl regularly after every 3 days until the phenotypes appeared (about 14 d after treatment).



2.8 RNA isolation and qRT-PCR

Total RNA was isolated from leaf tissues of TM-1 under salt stress treatment at 0 h, 1 h, 3 h, 6 h and 12 h using RNAprep pure Plant Kit (code: DP432, Tiangen, Beijing, China). First-strand cDNA was synthesized using Hifair 1st Strand cDNA Synthesis SuperMix for qPCR (YEASEN Biotech, Shanghai, China). The qRT-PCR was performed using Hieff qPCR SYBR GreenMaster Mix (YEASEN Biotech, Shanghai, China). The cotton ubiquitin gene UBQ7 was used as the internal control for the relative expression calculation. RNA isolation and qRT-PCR was manipulated based on the manufacturer’s instructions. The primers used for qRT-PCR were listed in Supplementary Table 2.



2.9 Measurement of chlorophyll content and determination of malondialdehyde, H2O2, O2·- and antioxidant enzymes activities

The samples of cotton leaves obtained from negative control groups and GhSRS21 VIGS lines (experimental groups) treated with or without salt and PEG6000 in method 2.6 were used for measurement of chlorophyll content and determination of malondialdehyde, H2O2, O2·- and antioxidant enzymes activities. The detail method for determination of malondialdehyde, H2O2, O2·- and antioxidant enzymes activities was performed as described by Zhan et al. (Zhan et al., 2021), and method for measurement of chlorophyll contents were performed according to our previously described methods (Liu et al., 2019).



2.10 Subcellular localization

The CDS of GhSRS21 fused with GFP (green fluorescent protein) tag at the 3′-end was ligated into the pCAMBIA1300 vector. The recombinant plasmid above was mixed with the nuclear marker NLS-mCherry and co-transformed into Arabidopsis mesophyll protoplasts as described (Yoo et al., 2007). The protoplasts were observed and photographed by a fluorescence microscopy (Zeiss Imager.A2, Germany). The primers used above were listed in Supplementary Table 2.



2.11 RNA-seq and KEGG analysis

Total RNA was isolated from leaf tissues of negative control groups and GhSRS21 VIGS lines when the albino-like appearance on the leaves of positive control was observed. The fragments were purified by agarose gel electrophoresis and sequenced with NovaSeq 6000 Sequencer (Illumina Inc., San Diego, CA, USA) with a read length of 150 bp. Three biological replicates were performed separately. The raw data were filtered with fastp (https://github.com/OpenGene/fastp) (Chen et al., 2018b). The reads filtered above were then mapped to the cotton reference genome using HISAT2 software (http://ccb.jhu.edu/software/hisat2) (Kim et al., 2015; Zhang et al., 2015). Transcript analysis was performed using StringTie (https://ccb.jhu.edu/software/stringtie/) (Pertea et al., 2015), and differential expression genes (DEGs) analysis was performed by DEseq2 (Love et al., 2014), FPKM > 1.0 (FPKM, Fragments Per Kilobase of exon per Million mapped reads) were regarded as valid DEGs. Subsequently, KEGG annotations were performed using the online software EggNOG-Mapper (http://eggnog-mapper.embl.de/) and KEGG enrichment analysis were performed using Tbtools software (Chen et al., 2020).



2.12 Data processing and analysis

Statistical analysis was performed using SPSS version 23.0 statistical software (SPSS, Inc., Chicago, IL, USA). All data were subjected to analysis of variance (One-way ANOVA) and mean comparisons were carried out by Ducan’s multiple range test (p < 0.05).




3 Results


3.1 Identification of SRS genes in three cotton species

To identify all members of the SRS gene family in cotton, the conserved RING-like zinc-finger domain (DUF702) (Pfam ID: PF05142) from the Pfam databases (http://pfam.xfam.org/) were employed as queries to search against three main representative cotton species. Then, the puatative protein sequences using the PlantTFDB (http://planttfdb.cbi.pku.edu.cn/) and SMART (http://smart.embl.de/) databases to confirm the predicted functional domains contained DUF702 (PF05142) families. A total of 53 SRS members were identified in G. arboreum, G. raimondii, and G. hirsutum, of which 14 were GaSRS genes, 13 were GrSRS genes, and 26 were GhSRS genes (13 SRSs from At subgenome, 13 SRSs from Dt subgenome). Therefore, we named them GhSRS1~GhSRS26 based on their gene ID number and genomic distribution. The encoded protein length of GhSRS genes ranging from 195 (GhSRS3) aa to 434 (GhSRS22) aa, and molecular weight (MW) from 22116.24 Da to 45074.19 Da, isoelectric point (pI) varying from 5.49 (GhSRS25) to 9.22 (GhSRS26), in addition to predicting the subcellular location of all GhSRS members, 16 of GhSRS proteins were nucleus-localized. Other basic information for all SRS members in three cotton species were listed in Supplementary Table 3.

To better understand the phylogenetic and evolution relationships of SRS genes in cotton, the unrooted phylogenetic tree constructed by MEGA X revealed the SRS family genes can be divided into three subgroups (Figure 1A). The number of SRS genes in G. hirsutum was almost the sum of the number of those in G. arboreum and G. raimondii, which was consistent with polyploidy and whole-genome duplication (WGD) events during hybridization.




Figure 1 | Phylogenetic and domain structure analysis of the SRS family proteins in three cotton species. (A) the unrooted phylogenetic tree of the SRS family in G arboreum, G raimondii, and G hirsutum at the amino acid sequences level using Neighbor-Joining method in MEGA X with 1000 bootstrap. The subgroup was divided according to the value on the node at the root of the evolutionary tree (the value>=80: all genes under this node belong to one subgroup; the value<80: all genes under this node can be further divided into two or more subgroups). (B) The conserved RING-like zinc-finger domain (CX2CX7CX4CX2C2X6C). The alignment domain sequence was obtained from CottonGen (https://www.cottongen.org/). (C) Alignment of conserved RING-like zinc-finger domain and the IXGH domain in A thaliana and G hirsutum.



We found that almost all members of this family contained a RING-like zinc-finger domain (CX2CX7CX4CX2C2X6C) through sequence alignment of amino acid residues. But lacking part of the RING domain in GhSRS3 may leading to a decrease in the binding ability to DNA, RNA, protein, and lipid substrates (Figure 1B). Moreover, GhSRSs also share a IXGH domain except GhSRS13/26, and this conserved region longer than IXGH domain in GmSRSs (Figure 1C) (Zhao et al., 2020).



3.2 Phylogenetic analysis of SRS genes

To investigate the evolutionary relationships of SRS gene family, we constructed a separate rooted phylogenetic tree using 13 plant species genome datasets from lower aquatic to higher terrestrial plants. We totally identified 115 genes in different moss (2 in P. patens), fern (4 in S. moellendorffii), monocotyledons (5 in O. sativa, 10 in Z. mays), and dicotyledons (5 in T. cacao, 10 in A. thaliana, 14 in G. arboreum, 13 in G. raimondii, 26 in G. barbadense and 26 in G. hirsutum), while no SRS gene was found in picophytoplankton (M. pusilla) and algae (Os. tauri, V. carteri) (Figure 2A, B). Results revealed that SRS gene first appeared in moss (P. patens), and the number of SRS gene increased dramatically in G. barbadense and G. hirsutum (Figure 2B).




Figure 2 | Phylogenetic and evolution relationships of the SRS gene family among different organisms (A) the rooted phylogenetic tree of the SRS gene family at the amino acid sequences level using the Maximum Likelihood method in Tbtools with 5000 bootstrap. The subgroup was divided according to the value on the node at the root of the evolutionary tree (the value>=80: all genes under this node belong to one subgroup; the value<80: all genes under this node can be further divided into two or more subgroups). (B) Comparisons of SRS gene numbers across a wide range of organisms. The prefix Mp, Ost, Vc, Pp, Sm, Os, Tc, Zm, At, Ga, Gr, Gh were used to describe the names of M. pusilla, Os. tauri, V. carteri, P. patens, S. moellemdorffii, O. sativa, T. cacao, Z. mays, A thaliana, G arboreum, G raimondii, G barbadense, G hirsutum, respectively.



The SRS genes in multiple plant species can be divided into 7 clades and named a to g subfamilies. The SRS subfamiliy a and c-gonly existed in monocotyledon and each subfamiliy above contained only one or two members. However, SRS subfamily b was the largest subfamily and contained 108 SRS members including all SRS genes derived from the above dicotyledons and some SRS genes derived from the above monocotyledons (Figure 2A). Furthermore, the number of GhSRS genes in G. barbadense or G. hirsutum were almost the sum of SRS genes in G. arboreum and G. raimondii (Figure 2B), which confirmed the ideas that allotretraploid cotton (G. barbadense and G. hirsutum) evolved from hybridization and polyploidization between two diploid cotton species (G. arboreum and G. raimondii).



3.3 Gene structure and domain analysis

To figure out the structure similarity of the SRS family in cotton, the full-length protein sequence of 26 GhSRSs were aligned to display phylogenetic tree with conserved motifs, exon-intron, and domain structure. Conserved motifs in the SRS protein sequences were performed by MEME online service (https://meme-suite.org/meme/), 12 different motifs were identified and distributed on the GhSRS protein sequences. GhSRSs in the same cluster shared similar conserved motif composition, especially all GhSRS members contained some conserved motifs (motif 1, motif 2, and motif 4) (Figure 3A). And the motif number of each protein ranging from five to eleven (Figure 3A). Then, we performed the exon-intron gene structure analysis by comparing genomic sequence to the extended cDNA sequence (CDS) of GhSRSs. The number of coding exons of GhSRSs in Gossypium hirsutum was conserved, as they all contained two exons (Figure 3B). However, the length of the introns of the GhSRS genes was largely variable, ranging from 73 bp to 497 bp (Figure 3B). The domain structure of SRS proteins was analyzed using the SMART protein-domain search interface (http://smart.embl.de/), and the results showed all GhSRSs shared a conserve domain named DUF702, containing the RING-like zinc-finger domain (CX2CX7CX4CX2C2X6C) (Figure 3C). Interestingly, only the GhSRS22 possessed a transmembrane domain. The results above indicated that the GhSRS22 was likely to be a membrane-bound protein, which was consistent with the result listed in Supplementary Table 3.




Figure 3 | Conserved motifs, gene structures and conserved domains of SRS family members (A) Conserved motifs identification through Multiple EM for Motif Elicitation (MEME) (B) Gene structures of SRS proteins, green rectangle represents the exon of SRS genes and line represents intron (C) Conserved motifs of SRS proteins, the blue rectangle represents the SRS conserved domain containing the RING-like zinc-finger domain (CX2CX7CX4CX2C2X6C) and named DUF702.





3.4 Genomic distribution and synteny analysis

To investigate the chromosomal distribution and the duplication events of the SRS family in cotton, chromosomal distribution and collinearity analysis was performed. In G. arboreum, 13 SRS family members were distributed on chromosomes At02, At03, At05, At06, At07, At08, At09, At010, At11, At13. Meanwhile, a total of 13 SRSs were unevenly distributed on chromosomes Dt01, Dt02, Dt03, Dt05, Dt06, Dt07, Dt08, Dt09, Dt10, Dt11, Dt13 (Figure 4). Interestingly, although the number of SRS genes in G. hirsutum were not altered, their distributions on chromosomes in G. hirsutum displayed differences compared with those in G. arboreum and G. raimondii, implying structural variation on chromosomes during the process of cotton polyploidization. For instance, GrSRS1 was located on chromosome Dt01 in G. raimondii while there was no SRS gene on chromosome At01 in G. arboreum (Figure 4). However, in G. hirsutum, GhSRS1 was located in chromosome At01 and exhibited high gene collinearity with GrSRS1, probably resulting from the gene duplication and interchromosomal translocation. In addition, one SRS gene loss occurred in chromosome Dt03 (Figure 4). In summary, the SRS genes in G. hirsutum were unevenly distributed on all chromosomes except for the chromosomes At04, At12, Dt04, Dt12. Besides, SRS gene duplication and loss events occurred during ancestral allopolyploidization of G. hirsutum.




Figure 4 | Collinearity analysis of SRS genes between G. hirsutum, G. arboreum and G. raimondii. A01 – A13 represent 13 chromosomes in G. arboreum, D01 – D13 represent 13 chromosomes in G. raimondii, At01 – At13, Dt01 – Dt13 represent 13 At subgenome chromosomes and 13 Dt subgenome chromosomes in G. hirsutum. Gene joined by yellow and blue lines are the product of gene duplication.





3.5 Expression patterns of GhSRSs under salt and drought stresses

To better understand the function of GhSRS genes under salt and drought stresses in Gossypium hirsutum, the expression pattern of GhSRSs in response to salt and drought stress was examined using the FPKM values of GhSRSs extracted from COTTONOMICS (http://cotton.zju.edu.cn/index.htm) (Figure 5). The results showed that most GhSRSs, such as GhSRS1, GhSRS2, GhSRS3, GhSRS4, GhSRS6, GhSRS7, GhSRS10, GhSRS12, GhSRS13, GhSRS14, GhSRS15, GhSRS16, GhSRS17, GhSRS18, GhSRS19, GhSRS20, GhSRS23, GhSRS24, GhSRS25, GhSRS26, expressed at a very low level (average FPKM<5) under control, salt and drought stress (Figure 5). Of the remaining 6 genes, GhSRS21 was induced by salt stress (3h, 12h and 24h after salt treatment) while the transcripts of GhSRS5, GhSRS22 showed high level accumulation after drought treatment (Figure 5), indicating their potential roles in salt or drought tolerance.




Figure 5 | Expression patterns of GhSRS family members under salt and drought stress. Color intensity displayed in the heatmap are the Log2 transformed RPKM gene expression value. The origin FPKM values were showed in the squares. CK represents the control group.





3.6 GhSRS21 subcellular localization

To further confirm the nuclear localization of GhSRS21 and presume its potential role in regulation of the expression of eukaryotic genes, a nuclear localization sequence fused with the mCherry (NLS- mCherry) was used as nuclear localization marker and cotransformed with the plasmid (GhSRS21 ORF fused with GFP) to the Arabidopsis protoplasts. There was overlapping between green fluorescence and red fluorescence, indicating GhSRS21 located in the nucleus (Figure 6).




Figure 6 | Subcellular location of GhSRS21. NLS-mCherry: nuclear localization sequence fused with a reporter gene mCherry, which is used as nuclear localization marker. Bar=10 μm.





3.7 GhSRS21 negatively regulates salt tolerance in a manner dependent on reactive oxygen species metabolic process in G. hirsutum

The expression pattern of GhSRS21 under salt stress has been described previously using the COTTONOMICS public database ((http://cotton.zju.edu.cn/index.htm)) (Figure 5). To further confirm the expression pattern of GhSRS21 in response to salt stress, RT-qPCR was performed and the results revealed that the GhSRS21 gene expression was highly induced by salt stress (Figure 7A). Subsequently, the function of GhSRS21 under salt stress conditions was determined using the VIGS (virus-induced gene silencing) system. When the albino-like appearance on the leaves of positive control was observed (Supplementary Figure 1), we examined the expression of GhSRS21 in negative control and GhSRS21 VIGS lines. The data showed that the expression levels of GhSRS21 were significantly decreased in GhSRS21 VIGS lines compared with those in negative control (Figure 7B). To further understand the role of GhSRS21 in G. hirsutum under salt stress, salt treatment was performed and silenced GhSRS21 in TM-1 resulted in enhanced salt tolerance (Figure 7C). In addition, we further detected the activities of antioxidant enzymes and relevant physiological indicators of negative control and VIGS plant under control and salt treatment. The results exhibited the increased activity of catalase (CAT), peroxidase (POD) and increased content of hydrogen peroxide (H2O2), malondialdehyde (MDA) significantly in both GhSRS21 VIGS cottons and negative control after salt treatment (Figures 7D–G). However, a significantly higher CAT activity was observed in the GhSRS21 VIGS lines compared with that of the negative control after salt treatment (Figure 7D). Meanwhile, the content of H2O2 and MDA in GhSRS21 VIGS lines was significantly lower than that in the negative control after salt treatment (Figures 7E, G). Taken together, GhSRS21 negatively regulates salt tolerance in G. hirsutum through increased antioxidant capacity of cotton.




Figure 7 | Phenotypic identification of GhSRS21 VIGS line under salt stress. (A) The expression levels of GhSRS21 in the negative control and GhSRS21 VIGS lines under control and 500 mM NaCl at 0 h, 1 h, 3 h, 6 h, 12 h. (B) The expression levels of GhSRS21 in the negative control and GhSRS21 VIGS lines. Each qPCR reaction was performed with three technical replicates. (C) Phenotypic identification of GhSRS21 VIGS line under control and 500 mM NaCl treatment. TRV2: 0 and TRV2: GhSRS21 represent the negative control and GhSRS21 VIGS line, respectively. Bar = 4 cm (D–G)SOD activity, POD activity and H2O2, MDA content in the negative control and GhSRS21 VIGS lines under control and 500 mM NaCl treatment. FW indicates fresh weight. Significant differences are determined using one-way ANOVA and Ducan’s Multiple Range Test, as indicated with different letters at P < 0.05 significance level.



To explore the potential mechanism of GhSRS21 in regulation of H2O2 production, genes differentially expressed in the negative control and GhSRS21 silenced plants were analyzed via the transcriptome data. The results indicated that the number of down-regulated genes (306) was more than that of up-regulated genes (71) in GhSRS21 silenced lines compared with the negative control (Figure 8A). Furthermore, the enrichment of the differentially expressed genes (DEGs) in the KEGG pathway was analyzed. Most up-regulated genes were enriched in the pathways of genetic information processing, carbohydrate metabolism, transcription, translation, peroxisome, etc, while the down-regulated genes showed significant enrichment on metabolism, transporters, flavonoid biosynthesis, etc (Figures 8B, C). There were four up-regulated genes (GH_A05G0875, GH_A09G1066, GH_A13G1914, GH_D09G1018), enriched in peroxisome KEGG pathway, belong to copper/zinc superoxide dismutase (SODC), and shared potential biological functions in ROS (reactive oxygen species) scavenging. To further figure out their roles in salt resistance of the upland cotton, the expression pattern of the mentioned SODCs above were analyzed using the public COTTONOMICS Database. The results showed that the four SODCs above were significantly suppressed by salt stress while GhSRS21 exhibited the opposite expression pattern under salt treatment (Figure 8D). Moreover, the four SODCs were induced when the GhSRS21 was repressed in the VIGS lines (Figure 8E). In summary, the GhSRS21 negatively regulates salt tolerance in a manner dependent on reactive oxygen species metabolic process and probably by negative regulation of SODCs expression.




Figure 8 | Transcriptome analysis of GhSRS21 VIGS lines.(A) Volcano map of DEGs (GhSRS21 VIGS lines vs negative control). (B, C) KEGG pathway analysis for up-regulated genes and down-regulated genes in GhSRS21 VIGS lines vs negative control (TRV: GhSRS21 lines represent the GhSRS21 VIGS lines and TRV: 0 represent the negative control), respectively. (D) Expression pattern of GhSRS21 and SODCs under control and salt treatment. (E) Expression pattern of GhSRS21 and SODCs in GhSRS21 VIGS lines vs negative control. Heatmap in (D, E) was normalized by the average log2 of FPKM values and the numbers in rectangle indicate FPKM values.






4 Discussion

The global soil salinization is major and growing ecological problems due to the rising sea level from global climate warming and inappropriate irrigation practice (Munns and Gilliham, 2015; Zhou et al., 2017). Salinity stress is one of the most important constraints on crop yield (Deinlein et al., 2014). Salt stress includes three types: osmotic stress, ionic stress, and oxidative damage (Ismail and Horie, 2017; Yang and Guo, 2018). Plants produce compatible osmolytes such as proline and soluble sugars and increase the cellular osmolarity to maintain the capability to absorb water under salt stress, which help the plants under stress in osmotic adjustment (Deinlein et al., 2014; Park et al., 2016; Yang and Guo, 2018). On the other hand, Plants exposure to salt stress induces overproduction of reactive oxygen species (ROS), which results in membrane injury and increased MDA production (Choudhury et al., 2017). The antioxidant enzymatic system, such as superoxide dismutase (SOD), ascorbate peroxidase (APX), CAT, guaiacolperoxidase (GPX) and POD, is responsible for scavenging of ROS induced by salt stress (Yang and Guo, 2018).

The SHI/STY and SRS members are plant-specific transcription factors (Zhao et al., 2020). Available researches of SRS transcription factors have focused on their role in regulation of plant growth and development (Zhao et al., 2020). However, the role of SRS transcription factors participated in plant’s resistance to abiotic stress is few reported. Besides, the function of SRS members in Gossypium hirsutum is largely unclear. In this study, we identified 26 GhSRSs in G. hirsutum and most of them were predicted to located in the nucleus (Supplementary Table 3), indicating their crucial roles in regulating nuclear gene expression. Then the conserved domain of the GhSRSs was analyzed and the result was consistent with the reported literatures (Fridborg et al., 2001; Zhao et al., 2020). Most SRS members in Gossypium hirsutum share a RING-like zinc-finger domain (CX2CX7CX4CX2C2X6C) and a IXGH domain (Figures 1B, C), which is responsible for biological macromolecules binding (DNA, RNA, protein and/or lipid substrates) (Klug, 1999) and transcriptional activation (Fridborg et al., 2001; Singh et al., 2020), respectively. Nevertheless, defective in RING-like zinc-finger domain of GhSRS3 and defective in IXGH domain of GhSRS13/26 most likely result in loss of function (Figures 1B, C). Furthermore, we identified the SRS genes in M. pusilla, Os. tauri, V. carteri, P. patens, S. moellemdorffii, O. sativa, T. cacao, Z. mays, A. thaliana, G. arboreum, G. raimondii, G. barbadense, G. hirsutum and investigated their evolutionary relationships. Interestingly, the SRS genes were missing in some algae (M. pusilla, Os. Tauri and V. carteri) but appeared in the land plants (P. patens, S. moellemdorffii, O. sativa, T. cacao, Z. mays, A. thaliana, G. arboreum, G. raimondii, G. barbadense and G. hirsutum) (Figures 2A, B). The results above indicated the potential role of SRS genes in the transition of plant from the water to the land. Besides, all members in SRS subfamily a and c-g were derived from monocots (O. sativa and Z. mays) (Figure 2A), indicating that these genes might evolve separately and played a specific role in monocots grown and stress defense. Our result above is also in agreement with the work of Yang et al. (Yang et al., 2020). Besides, Tetraploid cotton (represented by G. barbadense and G. hirsutum; AD1) originated from an allopolyploidization event between an A-genome (G. herbaceum- or G. arboreum-like) and a D-genome (G. raimondii-like) diploid species circa 1 to 2 million years ago (Wendel and Grover, 2015; Hu et al., 2019). The number of GhSRS genes in G. barbadense or G. hirsutum were almost the sum of SRS genes in G. arboreum and G. raimondii (Figure 2B), which confirmed the ideas that allotretraploid cotton (G. barbadense and G. hirsutum) evolved from hybridization and polyploidization between two diploid cotton species (G. arboreum and G. raimondii). Subsequently, we analyzed the gene structures and protein domains of GhSRSs. The gene structures are well conserved in cotton genome (all contained only one intron) (Figure 3B) in contrast to those in soybean, maize and alfalfa (He et al., 2020; Zhao et al., 2020; Yang et al., 2021). Besides, GhSRS22 is a unique member of the GhSRSs, containing the transmembrane domain (Figure 3C) and belonging to plant membrane-bound transcription factors. The plant membrane-bound transcription factors are usually located in cellular membranes and represented in inactive state (Liu et al., 2018; De Backer et al., 2022). However, the plant membrane-bound transcription factors are activated and relocate to the nucleus by protease cleavage of themselves in response to an intra- or extra-cellular trigger (Kim et al., 2010; De Backer et al., 2022). Consequently, GhSRS22 could play a crucial role in the regulation of the gene expression process under specific conditions.

To further explore biological functions of GhSRSs under multiple abiotic stresses, we analyzed their expression patterns in response to salt and drought stress in G. hirsutum and GhSRS21, a salt-inducible gene, was identified (Figure 5). The results of subcellular localization showed GhSRS21 belonged to the nuclear transcription factors (Figure 6), which was consistent with our predictions (Supplementary Table 3). The results above also implied its biological functions involved in regulation of nuclear gene expression. Furthermore, GhSRS21 silenced in Gossypium hirsutum L. increased cotton resistance to salt (Figures 7A–C), further conforming the negative regulatory role of GhSRS21 in cotton tolerance to salt. Similarly, Zhao et al. demonstrated that GmSRS18 negatively controlled drought and salt resistance in transgenic Arabidopsis (Zhao et al., 2020). Therefore, the SRSs tend to be negative regulators when plants are subjected to various abiotic stresses. H2O2, MDA and ROS are important markers reflecting the severity of the salinity stress while CAT and POD are responsible for ROS and H2O2 scavenging (Wang et al., 2013; Yang and Guo, 2018). Our further researches indicated that GhSRS21 modulated salt stress tolerance of cotton through negative regulation of CAT activity and H2O2 scavenging (Figures 7E, F). Nevertheless, the mechanism by which GhSRS21 negatively regulated H2O2 scavenging is unclear. Thus, the transcriptome sequencing was performed using the negative control and GhSRS21 VIGS lines and the results reveal that the up-regulated DEGs (GhSRS21 VIGS lines compared with negative control) were enriched in peroxisome pathway, containing four copper/zinc superoxide dismutase (SODC) genes (Figure 8B). Meanwhile, the four SODC genes above and GhSRS21 showed opposite expression pattern when cotton were subjected to salt stress (Figure 8D). SODC, responsible for ROS scavenging, play a crucial role in plant salt tolerance (Sunkar et al., 2006). It follows that GhSRS21 controlled salt sensitivity of cotton by regulation of the balance between ROS production and scavenging. In general, we identified a negative regulatory transcription factor GhSRS21 involving in cotton salt tolerance may provide valuable candidates for efforts toward the genetic improvement of cotton.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA893181.



Author contributions

CS conceived and designed the research. CS, LY, and SZ performed the experiments. CS, LY, and QG analyzed the data. CS, QG and MW contributed to writing the manuscript. CS, LY, QG and MW modified and revised the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by the National Natural Science Foundation of China (32201710), Natural Science Foundation of Zhejiang Province, China (LQ19C020006) and Key Research Program of Zhejiang Province, China (2020C02001).



Conflict of interest

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



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1078083/full#supplementary-material



References

 Bailey, T. L., Boden, M., Buske, F. A., Frith, M., Grant, C. E., Clementi, L., et al. (2009). MEME SUITE: tools for motif discovery and searching. Nucleic Acids Res. 37, W202–W208. doi: 10.1093/nar/gkp335

 Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al. (2020). TBtools: An integrative toolkit developed for interactive analyses of big biological data. Mol. Plant 13, 1194–1202. doi: 10.1016/j.molp.2020.06.009

 Chen, C., Liu, A., Ren, H., Yu, Y., Duanmu, H., Duan, X., et al. (2018a). Genome-wide analysis of glycine soja response regulator GsRR genes under alkali and salt stresses. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01306

 Chen, S., Zhou, Y., Chen, Y., and Gu, J. (2018b). Fastp: an ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884–i890. doi: 10.1093/bioinformatics/bty560

 Choudhury, F. K., Rivero, R. M., Blumwald, E., and Mittler, R. (2017). Reactive oxygen species, abiotic stress and stress combination. Plant J. 90, 856–867. doi: 10.1111/tpj.13299

 Chou, K. C., and Shen, H. B. (2007). Large-Scale plant protein subcellular location prediction. J. Cell Biochem. 100, 665–678. doi: 10.1002/jcb.21096

 De Backer, J., Van Breusegem, F., and De Clercq, I. (2022). Proteolytic activation of plant membrane-bound transcription factors. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.927746

 Deinlein, U., Stephan, A. B., Horie, T., Luo, W., Xu, G., and Schroeder, J. I. (2014). Plant salt-tolerance mechanisms. Trends Plant Sci. 19, 371–379. doi: 10.1016/j.tplants.2014.02.001

 Dilnur, T., Peng, Z., Pan, Z., Palanga, K. K., Jia, Y., Gong, W., et al. (2019). Association analysis of salt tolerance in Asiatic cotton (Gossypium arboreum) with SNP markers. Int. J. Mol. Sci. 20, 2168. doi: 10.3390/ijms20092168

 Eklund, D. M., Cierlik, I., Staldal, V., Claes, A. R., Vestman, D., Chandler, J., et al. (2011). Expression of arabidopsis SHORT INTERNODES/STYLISH family genes in auxin biosynthesis zones of aerial organs is dependent on a GCC box-like regulatory element. Plant Physiol. 157, 2069–2080. doi: 10.1104/pp.111.182253

 Fridborg, I., Kuusk, S., Moritz, T., and Sundberg, E. (1999). The arabidopsis dwarf mutant shi exhibits reduced gibberellin responses conferred by overexpression of a new putative zinc finger protein. Plant Cell 11, 1019–1032. doi: 10.1105/tpc.11.6.1019

 Fridborg, I., Kuusk, S., Robertson, M., and Sundberg, E. (2001). The arabidopsis protein SHI represses gibberellin responses in arabidopsis and barley. Plant Physiol. 127, 937–948. doi: 10.1104/pp.010388

 He, B., Shi, P., Lv, Y., Gao, Z., and Chen, G. (2020). Gene coexpression network analysis reveals the role of SRS genes in senescence leaf of maize (Zea mays l.). J. Genet. 99, 3. doi: 10.1007/s12041-019-1162-6

 Hu, Y., Chen, J., Fang, L., Zhang, Z., Ma, W., Niu, Y., et al. (2019). Gossypium barbadense and Gossypium hirsutum genomes provide insights into the origin and evolution of allotetraploid cotton. Nat. Genet. 51, 739–748. doi: 10.1038/s41588-019-0371-5

 Ismail, A. M., and Horie, T. (2017). Genomics, physiology, and molecular breeding approaches for improving salt tolerance. Annu. Rev. Plant Biol. 68, 405–434. doi: 10.1146/annurev-arplant-042916-040936

 Jia, H., Hao, L., Guo, X., Liu, S., Yan, Y., and Guo, X. (2016). A raf-like MAPKKK gene, GhRaf19, negatively regulates tolerance to drought and salt and positively regulates resistance to cold stress by modulating reactive oxygen species in cotton. Plant Sci. 252, 267–281. doi: 10.1016/j.plantsci.2016.07.014

 Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317

 Kim, S. G., Lee, S., Seo, P. J., Kim, S. K., Kim, J. K., and Park, C. M. (2010). Genome-scale screening and molecular characterization of membrane-bound transcription factors in Arabidopsis and rice. Genomics 95, 56–65. doi: 10.1016/j.ygeno.2009.09.003

 Klug, A. (1999). Zinc finger peptides for the regulation of gene expression. J. Mol. Biol. 293, 215–218. doi: 10.1006/jmbi.1999.3007

 Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K. (2018). MEGA X: Molecular evolutionary genetics analysis across computing platforms. Mol. Biol. Evol. 35, 1547–1549. doi: 10.1093/molbev/msy096

 Kuusk, S., Sohlberg, J. J., Long, J. A., Fridborg, I., and Sundberg, E. (2002). STY1 and STY2 promote the formation of apical tissues during arabidopsis gynoecium development. Development 129, 4707–4717. doi: 10.1242/dev.129.20.4707

 Kuusk, S., Sohlberg, J. J., Magnus Eklund, D., and Sundberg, E. (2006). Functionally redundant SHI family genes regulate Arabidopsis gynoecium development in a dose-dependent manner. Plant J. 47, 99–111. doi: 10.1111/j.1365-313X.2006.02774.x

 Li, Z., Li, L., Zhou, K., Zhang, Y., Han, X., Din, Y., et al. (2019). GhWRKY6 acts as a negative regulator in both transgenic Arabidopsis and cotton during drought and salt stress. Front. Genet. 10. doi: 10.3389/fgene.2019.00392

 Liu, Y., Li, P., Fan, L., and Wu, M. (2018). The nuclear transportation routes of membrane-bound transcription factors. Cell Commun. Signal 16, 12. doi: 10.1186/s12964-018-0224-3

 Liu, X., Wu, X., Sun, C., and Rong, J. (2019). Identification and expression profiling of the regulator of chromosome condensation 1 (RCC1) gene family in Gossypium hirsutum l. under abiotic stress and hormone treatments. Int. J. Mol. Sci. 20, 1727. doi: 10.3390/ijms20071727

 Long, L., Zhao, J. R., Guo, D. D., Ma, X. N., Xu, F. C., Yang, W. W., et al. (2020). Identification of NHXs in Gossypium species and the positive role of GhNHX1 in salt tolerance. BMC Plant Biol. 20, 147. doi: 10.1186/s12870-020-02345-z

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. doi: 10.1186/s13059-014-0550-8

 Munns, R., and Gilliham, M. (2015). Salinity tolerance of crops - what is the cost? New Phytol. 208, 668–673. doi: 10.1111/nph.13519

 Mu, C., Zhou, L., Shan, L., Li, F., and Li, Z. (2019). Phosphatase GhDsPTP3a interacts with annexin protein GhANN8b to reversely regulate salt tolerance in cotton (Gossypium spp.). New Phytol. 223, 1856–1872. doi: 10.1111/nph.15850

 Park, H. J., Kim, W. Y., and Yun, D. J. (2016). A new insight of salt stress signaling in plant. Mol. Cells 39, 447–459. doi: 10.14348/molcells.2016.0083

 Pertea, M., Pertea, G. M., Antonescu, C. M., Chang, T. C., Mendell, J. T., and Salzberg, S. L. (2015). StringTie enables improved reconstruction of a transcriptome from RNA-seq reads. Nat. Biotechnol. 33, 290–295. doi: 10.1038/nbt.3122

 Singh, S., Yadav, S., Singh, A., Mahima, M., Singh, A., Gautam, V., et al. (2020). Auxin signaling modulates LATERAL ROOT PRIMORDIUM1 (LRP1) expression during lateral root development in arabidopsis. Plant J. 101, 87–100. doi: 10.1111/tpj.14520

 Sohlberg, J. J., Myrenas, M., Kuusk, S., Lagercrantz, U., Kowalczyk, M., Sandberg, G., et al. (2006). STY1 regulates auxin homeostasis and affects apical-basal patterning of the arabidopsis gynoecium. Plant J. 47, 112–123. doi: 10.1111/j.1365-313X.2006.02775.x

 Staldal, V., Cierlik, I., Chen, S., Landberg, K., Baylis, T., Myrenas, M., et al. (2012). The Arabidopsis thaliana transcriptional activator STYLISH1 regulates genes affecting stamen development, cell expansion and timing of flowering. Plant Mol. Biol. 78, 545–559. doi: 10.1007/s11103-012-9888-z

 Sunkar, R., Kapoor, A., and Zhu, J. K. (2006). Posttranscriptional induction of two Cu/Zn superoxide dismutase genes in arabidopsis is mediated by downregulation of miR398 and important for oxidative stress tolerance. Plant Cell 18, 2051–2065. doi: 10.1105/tpc.106.041673

 Sun, Z., Li, H., Zhang, Y., Li, Z., Ke, H., Wu, L., et al. (2018). Identification of SNPs and candidate genes associated with salt tolerance at the seedling stage in cotton (Gossypium hirsutum l.). Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01011

 Ullah, A., Hakim, S. H., Yang, X., and Zhang, X. (2018). A novel cotton WRKY gene, GhWRKY6-like, improves salt tolerance by activating the ABA signaling pathway and scavenging of reactive oxygen species. Physiol. Plant 162, 439–454. doi: 10.1111/ppl.12651

 Wang, Y., Tang, H., Debarry, J. D., Tan, X., Li, J., Wang, X., et al. (2012). MCScanX: a toolkit for detection and evolutionary analysis of gene synteny and collinearity. Nucleic Acids Res. 40, e49. doi: 10.1093/nar/gkr1293

 Wang, Z., Wang, M., Liu, L., and Meng, F. (2013). Physiological and proteomic responses of diploid and tetraploid black locust (Robinia pseudoacacia l.) subjected to salt stress. Int. J. Mol. Sci. 14, 20299–20325. doi: 10.3390/ijms141020299

 Wendel, J. F., and Grover, C. E. (2015). “Taxonomy and evolution of the cotton genus, gossypium,” in Cotton John Wiley & Sons 2015, 25–44.

 Yang, Y., and Guo, Y. (2018). Elucidating the molecular mechanisms mediating plant salt-stress responses. New Phytol. 217, 523–539. doi: 10.1111/nph.14920

 Yang, Y., Qi, L., Nian, L., Zhu, X., Yi, X., Jiyu, Z., et al. (2021). Genome-wide identification and expression analysis of the SRS gene family in medicago sativa. DNA Cell Biol 40 (12), 1539–1553. doi: 10.1089/dna.2021.0462

 Yang, J., Xu, P., and Yu, D. (2020). Genome-wide identification and characterization of the SHI-related sequence gene family in rice. Evol. Bioinform. Online 16, 1176934320941495. doi: 10.1177/1176934320941495

 Yasir, M., He, S., Sun, G., Geng, X., Pan, Z., Gong, W., et al. (2019). A genome-wide association study revealed key SNPs/Genes associated with salinity stress tolerance in upland cotton. Genes (Basel) 10, 829. doi: 10.3390/genes10100829

 Yoo, S. D., Cho, Y. H., and Sheen, J. (2007). Arabidopsis mesophyll protoplasts: a versatile cell system for transient gene expression analysis. Nat. Protoc. 2, 1565–1572. doi: 10.1038/nprot.2007.199

 Yuan, Y., Xing, H., Zeng, W., Xu, J., Mao, L., Wang, L., et al. (2019). Genome-wide association and differential expression analysis of salt tolerance in Gossypium hirsutum l at the germination stage. BMC Plant Biol. 19, 394. doi: 10.1186/s12870-019-1989-2

 Yuan, T. T., Xu, H. H., Li, J., and Lu, Y. T. (2020). Auxin abolishes SHI-RELATED SEQUENCE5-mediated inhibition of lateral root development in Arabidopsis. New Phytol. 225, 297–309. doi: 10.1111/nph.16115

 Yuan, T. T., Xu, H. H., Zhang, Q., Zhang, L. Y., and Lu, Y. T. (2018). The COP1 target SHI-RELATED SEQUENCE5 directly activates photomorphogenesis-promoting genes. Plant Cell 30, 2368–2382. doi: 10.1105/tpc.18.00455

 Zhang, T., Hu, Y., Jiang, W., Fang, L., Guan, X., Chen, J., et al. (2015). Sequencing of allotetraploid cotton (Gossypium hirsutum l. acc. TM-1) provides a resource for fiber improvement. Nat. Biotechnol. 33, 531–537. doi: 10.1038/nbt.3207

 Zhan, Y., Wu, T., Zhao, X., Wang, Z., and Chen, Y. (2021). Comparative physiological and full-length transcriptome analyses reveal the molecular mechanism of melatonin-mediated salt tolerance in okra (Abelmoschus esculentus l.). BMC Plant Biol. 21, 180. doi: 10.1186/s12870-021-02957-z

 Zhao, S. P., Song, X. Y., Guo, L. L., Zhang, X. Z., and Zheng, W. J. (2020). Genome-wide analysis of the shi-related sequence family and functional identification of GmSRS18 involving in drought and salt stresses in soybean. Int. J. Mol. Sci. 21 (5), 1810. doi: 10.3390/ijms21051810

 Zhou, M., Butterbach-Bahl, K., Vereecken, H., and Bruggemann, N. (2017). A meta-analysis of soil salinization effects on nitrogen pools, cycles and fluxes in coastal ecosystems. Glob Chang Biol. 23, 1338–1352. doi: 10.1111/gcb.13430



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Sun, Yu, Zhang, Gu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 11 January 2023

doi: 10.3389/fpls.2022.1097732

[image: image2]


Genome-wide analysis of the SBT gene family involved in drought tolerance in cotton


Maohua Dai 1,2†, Na Zhou 2†, Yue Zhang 2†, Yuexin Zhang 2, Kesong Ni 1, Zhenliang Wu 2, Liying Liu 2, Xiaoge Wang 3 and Quanjia Chen 1*


1 Engineering Research Centre of Cotton, Ministry of Education/College of Agriculture, Xinjiang Agricultural University, Urumqi, China, 2 Dryland Farming Institute, Hebei Academy of Agricultural and Forestry Sciences/Hebei Key Laboratory of Crops Drought Resistance, Hengshui, China, 3 Institute of Industrial Crops, Shandong Academy of Agricultural Sciences, Jinan, China




Edited by: 

Xuke Lu, Institute of Cotton Research, Chinese Academy of Agricultural Sciences, China

Reviewed by: 

Juwu Gong, Institute of Cotton Research (CAAS), China

Xingxing Wang, Institute of Cotton Research (CAAS), China

Hejun Lu, Zhejiang University, China

*Correspondence: 

Quanjia Chen
 chqjia@126.com


†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Plant Abiotic Stress, a section of the journal Frontiers in Plant Science


Received: 14 November 2022

Accepted: 12 December 2022

Published: 11 January 2023

Citation:
Dai M, Zhou N, Zhang Y, Zhang Y, Ni K, Wu Z, Liu L, Wang X and Chen Q (2023) Genome-wide analysis of the SBT gene family involved in drought tolerance in cotton. Front. Plant Sci. 13:1097732. doi: 10.3389/fpls.2022.1097732



The subtilisin-like proteases (SBTs) are a large family of serine peptidases that are unique to plants. Previous studies have shown that SBTs are associated with developmental processes and environmental responses. However, comprehensive identification and systematic analysis of the SBT family have not been conducted in cotton. We used bioinformatics methods to analyze the structural characteristics, phylogenetic relationships, gene structures, expression modes, evolutionary relationships, selection pressures and stress responses of SBT gene family members in upland cotton. In this study, we identified 120 and 112 SBTs in the tetraploid cotton species G. hirsutum and G. barbadense, while 67 and 69 SBTs were identified in the diploid species G. arboreum and G. raimondii, respectively; these SBTs were divided into five distinct subfamilies. We identified the SBT gene GhSBT27A, and explore its function through virus-induced gene silencing and transmission electron microscopy. These results suggested that the GhSBT27A gene was involved in the response to drought stress. These results lay a foundation for further study on the drought stress mechanism of cotton.
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Introduction

Serine proteases are an important class of protein hydrolases with serine as the active center. Almost one-third of the proteases in living organisms are serine proteases (Von Groll et al., 2002; Page and Di Cera, 2008). Subtilisin-like proteases (SBTs) are serine proteases with catalytic triplets of aspartic acid, histidine and serine amino acids (Dodson and Wlodawer, 1998). SBTs are widely found in plants, bacteria, fungi and parasites (Siezen et al., 1991; Yamagata et al., 1994; Ksiazek et al., 2015; Jin et al., 2021). The conserved domains of SBTs are closely related to their multifunctional evolution in plants, and SBTs are widely involved in seed germination, cell division, tissue differentiation, seedling development, fruit ripening, plant senescence, the hypersensitive response (HR), programmed cell death, and apoptosis; SBTs also have diverse functions in the control of development, protein degradation and signal transduction (Arora and Singh, 2004; Antão and Malcata, 2005; Rautengarten et al., 2005; Galotta et al., 2019; Paulus et al., 2020).

In 1994, the first plant-based subtilisin protease was cloned in melon and named Cucumisin (Yamagata et al., 1994). Subsequently, an increasing number of SBTs have been separated, purified and identified from different plants. The SBT family has been thoroughly studied in the model crop Arabidopsis thaliana, with 56 SBTs, as well as some functions, have been identified (Rautengarten et al., 2005). AtSBT6.1 and AtSBT6.2 control cell elongation by processing the GOLVEN1 peptide (Ghorbani et al., 2016). AtSBT3.8 is involved in the biogenesis of the bioactive PSK peptide, and overexpressing AtSBT3.8 can improve the osmotic stress tolerance of transgenic plants (Stührwohldt et al., 2021). Moreover, it has also been reported that overexpression of AtSBT4.13 could compensate for the inhibition of nitrogen oxides by PMA and improve acid tolerance (Bissoli et al., 2020). AtSBT3.5 was found to be coexpressed with AtPME17 to control root growth (Sénéchal et al., 2014). In nonmodel plants, the results showed that overexpression of pineapple AcoSBT1.12 could delay the flowering time of Arabidopsis thaliana under long-day conditions (Jin et al., 2021). In addition, knockdown of TaSBT1.7 in wheat reduced the hypersensitivity response and resistance of wheat to stripe rust (Yang et al., 2021). These results suggest that SBTs not only play a role in plant-specific development but also participate in the plant response to environmental stress.

To further explore the biological functions of SBT gene families in plants, researchers systematically analyzed SBT gene families in different species, and 80, 63, 54, and 82 SBT gene family members were identified from Vitis vinifera, Oryza sativa, pineapple and Solanum tuberosum, respectively (Tripathi and Sowdhamini, 2006; Cao et al., 2014; Norero et al., 2016; Jin et al., 2021). Cotton has a large and complex genome. The identification and analysis of the SBT gene family in the cotton genome have not been reported.

Cotton is often affected by external environmental factors, such as drought, salinity, diseases and insect pests, during its growth and development. The harsh external environment can affect the growth of cotton and reduce the yield and fiber quality of cotton. Therefore, enhancing plant stress resistance and the immune system through genetic engineering is an effective and environmentally friendly means to improve plant resistance to stressful environments and pathogens. The completion of genome sequencing for four cotton species provides the basis for the comprehensive identification of SBTs in those species (Wang K. et al., 2012; Li et al., 2014; Hu et al., 2019). We also used bioinformatics to analyze the structural features, phylogenetic relationships, gene structures, expression patterns, evolutionary relationships, selection pressures and stress responses of the SBT gene family members in cotton. This study provides a new platform for functional genomic research and lays a foundation for further study on the drought stress mechanism of cotton.



Materials and methods


Cotton material and qRT-PCR analysis

A drought-tolerant upland cotton strain Zhong H177 was used as the experimental material. Plump seeds of similar size were selected and then planted in pots with heat sterilized sand. Cultures were incubated at 28°C/16 h light and 25°C/8 h dark and 75% relative humidity. When the third true leaf was fully expanded, cotton plants were divided into control and experimental groups. The control group was treated with clean water, while the experimental group was treated with 5% PEG6000. After 6 hours of treatment, leaves were collected from both groups of cotton and stored in an ultralow temperature refrigerator at −80°C for RNA extraction and qRT-PCR

assays. The primers for the GhSBT27A were as follows: forward primer, 5 ‘- CGTTCTATGCGATGTGATG- 3’, reverse primer, 5 ‘- GGTGGAATTGTGGTAGGA- 3’. qRT-PCR assays were performed on the Bio-Rad 7,500 fluorescence quantitative PCR platform with ChamQ Universal SYBR qPCR Master Mix (Vazyme Biotech Co.,Ltd,Nanjing, China) in accordance with the

manufacturer’s protocol. The experiments were independently repeated three times, and 2-ΔΔCt method was used to measure relative gene expression levels.



Identification of SBT gene family members

Whole genome sequence data for four cotton species, Gossypium hirsutum (ZJU), Gossypium barbadense (ZJU), Gossypium arboreum (CRI) and Gossypium raimondii (JGI), were obtained from the Cotton FGD (Cotton Functional Genomics Database) (https://cottonfgd.org/) (Zhu et al., 2017).

The hidden Markov pattern (HMM) map (https://pfam.xfam.org/) of peptidase S8 (PF00082), which most likely belongs to the subtilis protease gene family, was downloaded from Pfam. The protein sequence containing PF00082 was screened by HMMER software (Jones et al., 2014), and genes with incomplete domains were manually removed. Based on the location of the respective genes on the chromosome, we renamed the genes GhSBT1A-GhSBT58A and GhSBT1D-GhSBT62D. To understand the physicochemical properties of the GhSBT genes, we used the online tool Expasy-Protparam (https://web.expasy.org/protparam/) (Gasteiger et al., 2005). The subcellular localization of the SBT proteins was predicted using the online website WOLF-PSORT (https://wolfpsort.hgc.jp/).



Construction of a phylogenetic tree of SBT family proteins

To investigate the evolutionary relationship among SBT genes, we performed multiple sequence alignments of the obtained genes using MEGA (MEGA7) and ClustalW (Kumar et al., 2016). Based on the comparison results, the evolutionary tree was constructed by the neighborhood method.

To explore the evolutionary relationship of SBT between the model crop Arabidopsis thaliana and four cotton species (Gossypium arboretum, Gossypium raimondii, Gossypium hirsutum, and Gossypium barbadense), homologous sequences of subtilisins from these species were obtained by the procedure described above. Multiple sequence alignments were performed using MEGA7 and ClustalW software, and interspecies evolutionary trees were constructed by the maximum likelihood method.



Gene structure and conserved protein motif analysis of SBT family genes

To further understand the SBT family genes, we visualized the phylogenetic tree, conserved protein motifs and gene structure maps using the MAST file from MEME, the NWK file from the phylogenetic tree analysis and the GFF3 genome file from Gossypium hirsutum using TBtools software (Chen et al., 2020).



Chromosomal locations and gene replication analysis of SBT genes

The whole genome annotation files of four cotton species, Gossypium hirsutum (ZJU), Gossypium barbadense (ZJU), Gossypium arboreum (CRI), and Gossypium raimondii (JGI), were obtained from the Cotton FGD (Cotton Functional Genomics Database) (https://cottonfgd.org/) (Zhu et al., 2017). MCScanX software was used to analyze genomic collinearity blocks. The physical chromosomal locations and gene replication of all SBT genes from the four cotton species were generated by TBtools software (Chen et al., 2020).



Expression pattern and Cis-element analysis of SBT family genes

For analysis of differentially expressed genes, we have downloaded RNA-seq data (PRJNA248163), under different tissues and cold, heat, salt and PEG stresses from National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/) (Hu et al., 2019).

To explore the regulation of gene expression, the 2.0 kb sequence upstream of the start codon was extracted from all the SBT family genes as promoter sequences for cis-element analysis. PlantCARE (Cis-Acting Regulatory Element) (http://:/bioinformatics.psb.ugent.be/webtools/PlantCARE/html/) was used to further analyze the cis-elements in the GhSBT gene promoter regions, and the cis-element information obtained was mapped using TBtools software (Chen et al., 2020).



Collinearity analysis of SBT family genes

To explore the evolutionary relationship of SBT Family Genes in four cotton species, collinear genes were found throughout the genome, and all the cotton protein sequences were BLAST compared by MCSCANX software (Wang Y. et al., 2012). The results were visualized by TBtools software (Chen et al., 2020).



Selective pressure calculation

To investigate the selective pressures on SBT genes during evolution, we used TBtools software to calculate the rates of nonsynonymous substitutions (Ka) and synonymous substitutions (Ks) for duplicate genes (Chen et al., 2020).



VIGS technology silencing of GhSBT27A

To study the function of the subtilis enzyme genes in the drought tolerance of cotton, one SBT gene (the highly expressed GhSBT27A) was silenced by virus-induced gene silencing. The VIGS vector was the laboratory storage vector pYL156, and we constructed pYL156:GhSBT27A with restriction enzyme cleavage sites XbaI and BamHI. The primers for the GhSBT-silencing fragment were as follows: forward primer, 5 ‘- aaggttaccgaattctctagaTTAATCAAAAGTTATAAAAGGAGCTTCA - 3’, reverse primer, 5 ‘- cgtgagctcggtaccggatccGGCTGCTGTGGATGCCGT - 3’. The VIGS (virus-mediated gene silencing) system consisted of the recombinant vector pYL156:GhSBT27A, positive control pYL156:PDS, negative control pYL156 and auxiliary vector pYL192. When plants reached the three-leaf stage, the control group was irrigated with aqueous solution, while the experimental group was irrigated with the same volume of 5% PEG6000.



Transmission electron microscopy

To investigate the effect of genes on the morphology of cotton cells, we used transmission electron microscopy to observe the morphological changes to chloroplasts in leaves of gene-silenced cotton plants. Inverted second leaves of the same size were selected for the control and treatment groups. The leaf tissues (1 mm3) were kept fresh to minimize mechanical damage such as pulling, bruising and crushing of the tissue and to minimize the sampling time. A Petri dish with electron microscope fixative was prepared before sampling, and the small tissue pieces were put into the Petri dish immediately after removal and cut into 1 mm3 pieces with a scalpel. The cut tissue blocks were then transferred to EP tubes with new electron microscope fixative for further fixation and pumped by vacuum until they sank to the bottom. Samples were left at room temperature for 2 h and then stored at 4°C. After postfixation, dehydration and permeation embedding, the samples were inserted into embedding plates and placed in an oven overnight at 37°C. The samples were washed three times with 0.1 M phosphate buffer PB (pH 7.4) for 15 min each time. We used Image-Pro Plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA) as our transmission electron microscopy data analysis software.



Subcellular localization of GhSBT27A

To observe the subcellular localization of GhSBT27A, the constructed vector plasmid was transferred into Agrobacterium GV3101 and cultured for 2 d at 30°C. The suspended bacterial solution was injected into the tobacco leaves, cultured for 2 d under low light condition, and well labeled. The tobacco leaves in the injection area were made into glass slides, observed and photographed under a confocal microscope (Zeiss LSM 710). Empty GFP vector without GhSBT27A gene was used as control.




Results


Identification of SBT gene family members in cotton

A latent Markov model of Peptidase_S8 (PF00082) was obtained from domain prediction and used to identify members of the SBT gene family in the whole cotton genome, as well as for comparison with the CDD, SMART, and other databases; genes with incomplete domains were removed manually. A total of 120 pairs of genes belonging to the SBT gene family were identified. The genes were renamed GhSBT1A-GhSBT58A and GhSBT1D-GhSBT62D according to their position on the chromosome. Then, analysis of the physical and chemical properties of the amino acid sequence of cotton SBT gene family members was performed (Supplementary Table S1). The results showed that the molecular weight of 120 SBT genes ranged from 15.289 to 226.819 kDa. All identified SBT genes encode proteins with amino acid lengths in the range of 136 to 2111, with an isoelectric point range of 4.387 to 10.369, with an average of 7.382, suggesting that these proteins were weakly alkaline. Subcellular localization predicted 56 genes in the chloroplast, 20 genes in the extracellular space, 13 genes in the vacuole, 9 genes in the plasma membrane, 8 genes in the cytoplasm, 8 genes in the endoplasmic reticulum, 4 genes in the nucleus, 1 gene in the cytoskeleton, and 1 gene in the mitochondrion. The subcellular localization results demonstrate that members of the GhSBT family play key roles in numerous biological processes, including plant growth and development.



Phylogenetic analysis of SBTs

To analyze the evolutionary relationship between each member of the SBT family, ClustalW in MEGA7 software was used to compare 120 SBT protein sequences, and a rootless phylogenetic tree was constructed by the adjacency method (Figure 1A). As shown in Figure 1A, the SBT protein sequences are divided into five distinct subfamilies. The group marked in orange is the largest subfamily, SBT1, which contains 52 SBT genes. SBT2-SBT5 correspondingly contain 46, 10, 10 and 2 SBT genes. Genes from the same subgroup can be considered to have the same or similar functions. SBT proteins from homologous chromosome subgroups A and D are mostly clustered in the same branch.




Figure 1 | Two unrooted phylogenetic trees of SBT genes were constructed by MEGA7: the evolutionary tree of the GhSBT family was constructed using the neighbor-joining method, and the interspecific evolutionary tree of SBTs was constructed using the maximum likelihood method. (A) Phylogenetic tree of the SBT family protein sequences in upland cotton; (B) Phylogenetic relationships of 422 SBT proteins from G. hirsutum, G. barbadense, G. arboreum, G. raimondii, and Arabidopsis.



To better elucidate the phylogenetic relationship between the four cotton species and the Arabidopsis SBT genes, we used 422 protein sequences from G. hirsutum (120), G. barbadense (112), G. arboreum (67), G. raimondii (69), and Arabidopsis (54) to construct an evolutionary tree (Figure 1B). Based on the latest TAIR database, the Arabidopsis SBT protein sequences are slightly different from those previously reported, with the deletion of At5g58810 and At4g20850 due to incomplete structural domains. The SBT proteins of these species are distributed in almost every branch. The phylogenetic tree was randomly divided into five subclades. Among these branches, subclade SBT3 had the fewest members (42), subclade SBT1 had the most members (153), and subclades SBT2, SBT4, and SBT5 contained 97, 81, and 49 genes, respectively. Notably, most of the SBT proteins in Arabidopsis and the four cotton species have corresponding homologous proteins in all subclades, suggesting that SBT proteins in these plants may be functionally conserved in dicotyledons. In addition, it has previously been shown that upland cotton and island cotton are the result of crosses between Gossypium arboretum and Gossypium raimondii. This was also confirmed by our finding that SBT proteins in tetraploid cotton (Gossypium hirsutum and Gossypium barbadense) and diploid cotton (Gossypium arboretum and Gossypium raimondii) always cluster together. In addition, the GhSBT and GbSBT pairs always cluster together, which also shows the importance of gene duplication during evolution.



Chromosomal location of SBTs in four Gossypium species

To further study the chromosomal distribution and gene replication of SBT genes in four Gossypium species, we mapped the physical locations of these genes on chromosomes (Figure 2). The 368 genes were randomly distributed on specific chromosomes of the four Gossypium species. In Gossypium hirsutum, 119 genes were randomly distributed on 25 chromosomes, and 1 gene was localized on the scaffold. The number of SBT genes on each chromosome was between 1 and 11. Tandem replication occurred on chromosomes A06, A08, A10, and A12 and D06, D08, D10, and D12. There were 58 genes in the A subgenome and 62 genes in the D subgenome. There is no SBT gene on chromosome D01, which may be because these predicted SBT genes might have been duplicated or lost during evolution. In Gossypium barbadense, 112 genes were randomly distributed on 25 chromosomes, and there was no SBT gene on chromosome D01, similar to Gossypium hirsutum, which supports the gene duplication. The number of SBT genes on each chromosome was between 1 and 11. There were 54 genes in the A subgenome and 58 genes in the D subgenome. These results are similar to those for Gossypium hirsutum, indicating that the genetic evolutionary process of SBT genes is mature and stable. Tandem replication occurred on chromosomes A06, A10, and A12 and D05, D08, D10, and D12. In Gossypium arboretum, 64 genes were distributed on 13 chromosomes, and 3 genes were distributed on the scaffold, all of which were unevenly distributed. The number of SBT genes on each chromosome was between 1 and 13, there was at least 1 gene on chromosome A03 and up to 13 genes on chromosome A10, and tandem replication occurred on Chr05, Chr06, Chr08, Chr10, and Chr12 and 1 scaffold, tig00000498. In Gossypium raimondii, 68 genes were distributed on 12 chromosomes, and 1 gene was distributed on the scaffold, all of which were unevenly distributed. The number of SBT genes on each chromosome was between 1 and 12, there was no SBT gene on chromosome D02, and tandem replication occurred on Chr04, Chr08, Chr09, Chr10, and Chr11. In summary, both tandem and fragmental duplication are the main modes of gene amplification during the evolution of SBT genes.




Figure 2 | Chromosomal localization and gene duplication of SBT genes in Gossypium arboretum, Gossypium raimondii, Gossypium hirsutum, and Gossypium barbadense, and tandem duplication of gene pairs during evolution is shown by lines.





Correlation analysis of GhSBT gene structure and motif composition

To further understand the possible structural evolutionary relationships of GhSBT family members, phylogenetic trees, motif association analysis and gene structure analysis of GhSBT genes were performed (Figure 3). The protein sequences and annotation files of GhSBT members were used to construct phylogenetic trees and gene structure information. MEME and TBtools software were used to analyze the conserved motifs in SBT proteins (Figures 3A, B). Ten putative motifs were identified in the GhSBT members. The number of motifs varied for each family member, ranging from 3-30, and members of the same subgroup shared a similar motif composition. The differences in motifs may represent diversity in their functions. The subfamilies SBT1 and SBT2 contain almost all motifs, except GhSBT27A, GhSBT37D, GhSBT1A, GhSBT33D, GhSBT2A, and GhSBT33A. Some members of subfamily SBT3 do not contain motif 10. The N terminus of all members of subfamily SBT4 starts with motif 6 and contains motif 2. Members of subfamily SBT5 contain only a few motifs, and presumably mutations have occurred during evolution.




Figure 3 | Genetic structure of the SBT gene family in upland cotton. (A) Phylogenetic tree of the SBT gene family. (B) Motif pattern diagram of the SBT gene family. (C) Exon structure diagram of the SBT gene family.



To further explore the diversity of SBT gene structures, the characteristics of intron-exon structures were analyzed. As shown in Figure 3C, the same subfamily has similar intron-exon arrangements, and the structures of SBT genes can be classified into two types, those with fewer introns and those with more exons. Members of the subfamily SBT2 contain fewer exons, basically ranging from 1-2, while other subfamily members have more exons, ranging from 3 to 34.



GhSBT expression patterns and promoter analysis

To better investigate the mechanisms of gene regulation, we identified the cis-acting elements on each gene studied; these elements can be used to study different environmental stress reactions and tissue specificities.

We used the online tool PlantCARE to predict the promoter region 2000 bp upstream of GhSBT genes. Among them, the cis-acting elements related to plant hormones included abscisic acid response elements, salicylic acid response elements, gibberellin response elements, MeJA response elements and auxin response elements. The selected abiotic stress response factors included defense and stress response factors, trauma response factors, drought inducing factors and low temperature response factors. Almost all promoters contain several hormone response elements, but the hormone response elements are not closely related to their subfamilies (Figures 4A, B). Most promoters from GhSBT members contain ABA response elements, MeJA regulatory elements, and salicylic acid regulatory elements. We found that 76 genes contained abscisic acid-responsive elements, 77 genes contained MeJA-responsive elements, 59 genes contained salicylic acid-responsive elements, 20 genes contained gibberellin-responsive elements, and 36 genes contained auxin-responsive elements. In addition, we identified a large number of response components for abiotic stresses, such as 53 genes containing defense and stress-responsive elements, 50 genes containing drought-inducible elements, 38 genes containing low-temperature responsive elements, 9 genes containing wound-responsive elements and 6 genes containing anoxic-specific inducible elements. Through promoter analysis, we can summarize the genes that respond to different plant hormones and reaction mechanisms under different stresses, which will help us to validate the subsequent gene functions.

To clarify the mechanism of the response of GhSBTs to abiotic stress, we used RNA-seq to analyze genes differentially expressed under cold, heat, salt and PEG stresses. The results showed that gene expression changed under different stresses, suggesting that members of GhSBTs are involved in the regulation of abiotic stresses (Figure 4D). We found that genes from the same branch mostly had the same expression pattern. Of interest, some genes were highly expressed under specific stresses; for example, GhSBT1A was strongly induced under PEG stress at 24 h and not under other stresses; GhSBT61D was only induced under heat stress. In conclusion, GhSBT gene expression levels changed under different stresses, guessing that these genes play an important role in the response to abiotic stresses. In parallel, to explore the tissue expression specificity of GhSBTs, we used their expression data (FPKM values) in different tissues (root, stem, leaf, petal, and torus) and generated a heatmap (Figure 4C). The results showed that GhSBT2A, GhSBT14A, GhSBT58A, and GhSBT15D were highly expressed in roots and stems, and most of the genes were tissue specific.




Figure 4 | Analysis of promoters and differentially expressed genes of the GhSBT family. (A) Phylogenetic tree of GhSBT genes. (B) Cis-acting elements in the promoters of GhSBT genes. (C) The organizational expression of GhSBT genes. (D) The expression patterns of GhSBT genes under cold, hot, PEG and salt stresses.





Collinearity analysis

Gene family evolution mainly includes whole genome replication, fragment replication and tandem replication (Xu et al., 2012). Most plants underwent an ancient genome-wide replication event, or polyploidy, resulting in the duplication of all genes in a region. This large-scale chromosomal doubling event resulted in the retention of a large number of chromosomal doubling fragments in the genome (Malik et al., 2020). Tandem repeats occur on the same chromosome and are adjacent to each other, often with similar sequences and similar functional clusters (Xing et al., 2011). Fragment duplications are duplicated genes that are located far apart or on different chromosomes. Gene duplication events are the main cause of gene family expansion and doubling and have an important impact on evolutionary dynamics (Chothia et al., 2003).

Through the homology analysis of SBT genes in four cotton varieties (Gossypium arboretum, Gossypium raimondii, Gossypium hirsutum, and Gossypium barbadense), we visualized the relationships between SBT genes from the four cotton varieties (Figure 5). Large-scale whole-genome duplications (WGDs) and small-scale tandem duplications, as well as fragment duplications, between species can be identified from the collinear fragments; these can be used as the basis for species tree inference. In Figure 5, the same genes are connected by lines of the same color. By comparing the genomes and subgenomes of Ga-Ga, Ga-Gb, Ga-Gh, Gb-Gb, Gb-Gr, Gb-Gh, Gr-Gh, Gr-Gr and Gh-Gh, we identified a total of 1313 pairs of linear/paralogous gene pairs, where 45 duplicated gene pairs showed tandem duplication (Figure 2). A total of 269 pairs of duplicated genes underwent fragment duplication, and the remaining 999 pairs of duplicated genes underwent whole-genome duplication. Among them, there were 21, 130, 105 and 13 collinear gene pairs with fragment duplication in Ga-Ga, Gb-Gb, Gh-Gh and Gr-Gr, respectively. There were 136, 173, 338, 186 and 166 linear/paralogous gene pairs replicated in Gh-Ga, Gh-Gr, Gh-Gb, Gb-Gr and Gb-Ga, respectively (Supplementary Table S2). Therefore, we hypothesized that the major causes of gene amplification during SBT gene evolution were whole-genome duplication events and fragment duplication events.




Figure 5 | Collinearity of repeated gene pairs in four cotton species (Gossypium hirsutum, Gossypium barbadense, Gossypium arboreum and Gossypium raimondii). The collinearity region around the SBT gene is indicated by chromosomal lines of different colors.





Calculation of non−synonymous (Ka) to synonymous (Ks) substitution rates

To study the phylogeny and understand the relatedness of protein-coding sequences, we performed selective pressure analyses. The ratio between the nonsynonymous substitution rate (Ka) and synonymous substitution rate (Ks) of two protein-coding genes was calculated to determine whether there was selective pressure acting on them. Synonymous mutations are not thought to be subject to natural selection because they do not affect amino acid sequences or protein structure or function. Nonsynonymous mutations, on the other hand, are subject to natural selection because they can affect amino acid sequences and may alter protien structure and function. Therefore, if Ka/Ks > 1, it is considered that there is positive selection effect. If Ka/Ks = 1, neutral selection is considered to occur. If Ka/Ks < 1, a negative selection effect is considered to be present, i.e., a purification effect or purifying selection.

The Ka/Ks values of 964 gene pairs in 4 cotton species were calculated by TBtools software (Figure 6), and 22 pairs of genes had Ka/Ks values greater than 1, indicating that these genes were rapidly evolving in recent years and may have had great significance for the evolution of species. There were 852 pairs of genes with Ka/Ks values between 0 and 0.5, and 90 pairs of genes with Ka/Ks values between 0.5 and 0.99, of which 97.72% had Ka/Ks values less than 1 (Supplementary Table S3). This suggests that SBTs have undergone intense purifying selection during evolution.




Figure 6 | Prediction of no of duplicated gene pairs involved in different combinations from four Gossypium species.





Expression and silencing analysis of GhSBT27A under PEG stress in cotton

To further understand the function of SBT gene family members in the drought resistance of upland cotton, we selected a highly expressed gene, GhSBT27A, from our PEG stress transcriptome data for further study. To investigate the effect of GhSBT27A on PEG stress, we detected the relative expression levels of GhSBT27A in the roots, stems and leaves under PEG stress(Figure 7A). The results showed that GhSBT27A in different tissues were up-regulated after PEG treatment, the relative expression level of GhSBT27A in roots under PEG is the highest. Furthermore, we reduced the expression of endogenous GhSBT27A in cotton. The success of the VIGS experiment was confirmed when the albino phenotype was observed for pYL156:PDS cotton plants (Figures 7B, C). The expression levels of GhSBT27A in the stems and leaves of wild-type, pYL156, and pYL156:GhSBT27A cotton plants were determined by qRT-PCR. As shown in Figure 7B, the relative expression levels of GhSBT27A in wild-type plants and pYL156 plants were basically the same in different tissues of cotton. The relative expression level of GhSBT27A in cotton plants injected with pYL156:GhSBT27A vector was significantly lower than that in control cotton plants injected with pYL156 (empty vector), indicating that the gene was successfully knocked down. The above cotton plants were treated with a 5% concentration PEG. After 6 h of treatment, pYL156:GhSBT27A plants exhibited a more severe wilting phenotype, while control plants (PEG-pYL156) were relatively less affected (Figure 7C). To further verify the effect of GhSBT27A on the changes in leaf tissue cells when cotton responded to PEG stress, we simultaneously treated gene-silenced cotton plants, wild-type cotton plants and cotton plants carrying pYL156 with 5% PEG, and their leaf tissue cells were observed and analyzed by transmission electron microscopy. The results are shown in Figure 7D. Compared with wild-type and empty vector-carrying cotton plants, GhSBT27A gene-silenced cotton plants showed degraded chloroplast envelopes, and the overall appearance was ellipsoid. Separation was also more frequent. These results suggest that GhSBT27A-silenced plants are more sensitive to PEG and have reduced drought tolerance.




Figure 7 | Functional verification of GhSBT. (A) Relative expression of GhSBT27A in different tissues. (B) Detection of GhSBT27A silencing efficiency. (C) Phenotypic comparison of GhSBT27A-silenced plants under PEG stress. (D) Comparison of chloroplast morphology in GhSBT27A-silenced plants under PEG stress as observed by transmission electron microscopy. **and ***represent the differences between the three tissues of cotton roots, stems and leaves at p < 0.01 and p < 0.001 respectively.





Subcellular localization analysis

To confirm the location of GhSBT27A in the cell, GFP- GhSBT27A and GFP alone were transiently expressed in tobacco epidermal cells (Figure 8). In tobacco cells expressing GFP protein alone, fluorescence occurs in the cell membrane, cytoplasm and nucleus, whereas the GFP fluorescence of GhSBT27A was present on the membrane and nucleus. The results indicate that the membrane and nucleus are the major distribution locations of GhSBT27A.




Figure 8 | Subcellular localization of GhSBT27A in tobacco leaves.






Discussion

Due to the prevalence of water-scarce environments and a changing climate, drought is a frequent problem during the crop growing season, greatly limiting agricultural production, and it is the most serious environmental factor limiting global crop yields (Barkla et al., 2013; Zhang et al., 2018). Cotton is an important cash crop and oilseed crop in China. It is particularly important to improve the tolerance of cotton varieties to drought and other stresses (Meshram et al., 2022).

SBTs are widely found in plants, bacteria, fungi and parasites. The conserved domain of SBT is closely related to its multifunctional evolution in plants and is widely involved in control of development, protein degradation and signaling. Genome-wide analysis of the SBT gene family has been performed in Arabidopsis thaliana, Vitis vinifera, Oryza sativa, pineapple and Solanum tuberosum (Tripathi and Sowdhamini, 2006; Cao et al., 2014; Norero et al., 2016; Jin et al., 2021). The genome of cotton is large and complex. The identification and analysis of the SBT gene family in the cotton genome has not been previously reported. The completion of genome sequencing for four cotton species provides a basis for the comprehensive identification of SBT genes in those species (Paterson et al., 2012; Hu et al., 2019).

Based on published information on the upland cotton (TM-1) genome, 120 SBT genes were identified by BLASTP. These genes encode proteins with 136-2,111 amino acids, a molecular weight of 15.289-226.819 kDa, and an isoelectric point of 4.387 to 10.369, with an average of 7.382, suggesting that these proteins are weakly basic. The members of the SBT family encode proteins with different physicochemical properties and different functions and regulatory mechanisms, but they all share a stable SBT structural domain (Xie et al., 2018). The results of subcellular localization showed that most of these proteins were localized to chloroplasts, including GhSBT27A, which also coincided with the results of our electron microscopy experiments, suggesting that this gene may further influence drought tolerance in plants by affecting the structural integrity of chloroplasts. These subcellular localization results suggest that members of the GhSBT family may play key roles in many biological processes, including plant growth and development.

In this study, we identified and analyzed the SBT family genes of five species, including Gossypium hirsutum, Gossypium barbadense, Gossypium arboreum, Gossypium raimondii, and Arabidopsis thaliana. An evolutionary tree was constructed based on their evolutionary relationships. The evolutionary tree divided these genes into five branches, each of which contained genes for SBTs present in all five species. It was shown that SBT genes are present not only in cotton and Arabidopsis but also in other monocotyledonous species, indicating that SBT genes are present in the genomes of both dicots and monocots. This means that the SBT gene family formed subgroups I, II, III, IV and V before the separation of dicots and monocots, and it has also undergone different periods of differentiation. Analysis of the gene structures and conserved motifs of the SBT family members showed that these five branches have similar gene structures and conserved motifs (Xie et al., 2018). The presence of a large number of genes in cotton demonstrated that the SBT family has an important and stable function. In addition, collinearity analysis showed that a large number of tandem repeats occurred between homologous chromosomes. These results suggest that modes of gene family expansion, including duplication, and multiple gene copies prevent gene mutation-induced gene function loss, which indicates the importance of their function (Xu et al., 2012; Zhang et al., 2022). Among these genes, GhSBT26 and GhSBT27A are tandemly repeated genes. Tandem, segmental and whole genome replication play a crucial role in the expansion of gene families.

In terms of chromosomal location, SBT genes were unevenly distributed in the At and Dt subgroups. However, the distribution patterns converged in both subgenomes, with both having SBT genes present on most chromosomes. Most of the SBT genes were distributed at both ends of the chromosome, while a few genes were distributed in the middle. The stable heritability of these genes indicates the importance and wide range of functions for the SBT gene family (Cannon et al., 2004).

We calculated the Ka/Ks ratio of 964 gene pairs to investigate the influence of selective pressure on SBT genes during evolution. Among them, there were 942 duplicate gene pairs with Ka/Ks < 1, indicating purifying selection. There were 22 genes with Ka/Ks > 1, which indicated that these genes were rapidly evolving in recent years and had very important significance for the evolution of the species. In the cotton SBT family, 97.72% of the gene pairs underwent purifying selection, indicating that strong purifying selection occurred after tandem duplication, fragment duplication and whole genome duplication in this gene family. However, the selection pressure of most gene pairs was between 0 and 0.49, indicating that SBT gene pairs tended to be conserved during evolution (Panchy et al., 2016).

When plants are subjected to abiotic stresses, cis-acting elements upstream of each gene play an important role. These cis-acting elements do not encode proteins, but they can regulate gene expression (William Roy and Gilbert, 2006; Morello and Breviario, 2008). The cis-acting element prediction results showed that most of the upland cotton GhSBTs genes were associated with various stresses, such as drought, low temperature, and defense, as well as hormone responses, such as responses to abscisic acid, gibberellin, salicylic acid, growth hormone, and MeJA. This result indicates that GhSBTs are not only involved in multiple signaling pathways but also in plant growth and development and defense responses, providing a reference for screening for stress resistance genes (Nakashima et al., 2014). The GhSBT27A gene contains multiple abscisic acid response elements, which are consistent with our findings that this gene regulates drought resistance in upland cotton.

Based on the results of our study, we hypothesized that GhSBT27A may affect plant drought tolerance by affecting chloroplast structure. Our data showed that under PEG stress, the relative expression levels of GhSBT27A were up-regulated, the relative expression level of GhSBT27A in roots under PEG is the highest. We used virus-induced gene silencing to silence GhSBT27A, and under PEG stress, GhSBT27A-silenced plants were more severely stressed than the control, suggesting that the GhSBT27A gene plays an important role in drought stress resistance in cotton. Moreover, transmission electron microscopy results showed that chloroplast degradation was more severe in GhSBT27A-silenced plants than in control plants, which further suggested that the GhSBT27A gene might resist drought stress by regulating chloroplast morphological structure.



Conclusion

This study provides the first comprehensive analysis of the SBT gene family in cotton. Here, 368 SBT genes were detected in four cotton species, including 120 GhSBTs in upland cotton, which underwent tandem and genome-wide duplication during evolution. GhSBTs were classified into five branches based on the phylogenetic tree, gene structure and motif analyses. The study of GhSBT27A, a member of evolutionary branch 1, revealed that it plays an important role in regulating drought stress in cotton. This study enriches the understanding of upland cotton SBT genes and lays the foundation for further studies on the functions of GhSBTs in cotton.
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Because of labor shortages or resource scarcity, direct seeding is the preferred method for rice (Oryza sativa. L) cultivation, and it necessitates direct seeding at the current density. In this study, two density of direct seeding with high and normal density were selected to identify the genes involved in shade-avoidance syndrome. Phenotypic and gene expression analysis showed that densely direct seeding (DDS) causes a set of acclimation responses that either induce shade avoidance or toleration. When compared to normal direct seeding (NDS), plants cultivated by DDS exhibit constitutive shade-avoidance syndrome (SAS), in which the accompanying solar radiation drops rapidly from the middle leaf to the base leaf during flowering. Simulation of shade causes rapid reduction in phytochrome gene expression, changes in the expression of multiple miR156 or miR172 genes and photoperiod-related genes, all of which leads to early flowering and alterations in the plant architecture. Furthermore, DDS causes senescence by downregulating the expression of chloroplast synthesis-related genes throughout almost the entire stage. Our findings revealed that DDS is linked to SAS, which can be employed to breed density-tolerant rice varieties more easily and widely.




Keywords: oryza sativa. L, densely direct seeding, phytochrome, miR156, miR172, early flowering




1 Introduction

The world’s population is expected to reach 9.3 billion by 2050, and food security is becoming an increasingly serious global issue (Warnasooriya and Brutnell, 2014). Rice is a common staple food (Chen et al., 2022). Direct seeding of rice has become popular in China during the last few decades (Farooq et al., 2011; Zhou et al., 2019). Furthermore, improving rice yields per unit land area by employing an optimal density of direct seeding is a viable option. Density tolerant rice varieties have greater vigor, allowing the possibility of direct sowing and increasing the yield per unit land area. However, densely direct seeding (DDS) can result in competition by neighboring plants, limiting rice production. Shade-avoidance syndrome (SAS) is the name given to this phenomenon in Arabidopsis thaliana. Rice plants change their type to compete with their neighbors for limited resources in order to optimize their life cycle when SAS occurs (Xie et al., 2017). Elucidating the mechanism that regulates SAS in rice can aid scientists in developing new high density-tolerant rice cultivars, making direct-seeding procedures for rice cultivation more popular as a result.

Light is an essential environmental signal for plants (Takanoa et al., 2009). Phytochromes are believed to be the primary mediators of the SAS (Xie et al., 2017). The phytochrome-PHYTOCHROME-INTERACTING FACTORS(PIFs) signaling pathway and the MIR156-SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) regulatory module regulates phytochrome-mediated SAS responses in Arabidopsis thaliana (Xie et al., 2017). Five PHY genes exist in Arabidopsis thaliana, i.e. PHYA to PHYE, with only PHYB playing a substantial role in SAS (Xie et al., 2017). Differently, rice has only three genes: PHYA, PHYB, and PHYC (Takanoa et al., 2009). Rice PHYA has been reported to govern photomorphogenesis in two separate modes of photoperception (R/FR), while PHYC is involved in the photoperception of FR for deetiolation, according to physiological investigations of PHYA mutants (Takano et al., 2005; Takanoa et al., 2009). Furthermore, under long-day (LD) conditions, both PHYA and PHYB single mutants are believed to lead to early flowering (Ishikawa et al., 2011; Osugi et al., 2011), suggesting that each rice phytochrome plays a unique role in regulating key daylength recognition gene expression. In plants, miR156 works as a master regulator for a variety of biological processes, including SAS (Huijser and Schmid, 2011). The 11 miR156 genes (pre-miR156a to pre-miR156l) are found in the rice genome, and are involved in regulating critical processes such as seed dormancy, seed germination, plant shoot architecture, and grain size (Miao et al., 2019). During vegetative development in plants, miR156 and miR172 act as antagonistic agents (Chuck et al., 2007; Wang et al., 2009; Wu et al., 2009). The miR156-SPL and miR172-APETALA2 (AP2) modules play a crucial role in flowering as critical regulators of the time of the vegetative to reproductive phase transition (Wang et al., 2009; Wu et al., 2009; Cui, 2020).

SAS has been shown to cause early flowering in previous research (Casal, 2012). Rice is a common short day (SD) crop (Chen et al., 2022). It has evolved two flowering pathways: (the Hd1, Ghd7, DTH8, OsPRR37)-Ehd1-Hd3a/RFT1 long day (LD) flowering suppression pathway and the OsGI-Hd1-Hd3a/RFT1 SD flowering-promotion pathway (Chen et al., 2022). The downstream core flowering regulatory genes Hd3a and RICE FLOWERING LOCUS T1 (RFT1) are two florigen genes (Zhao et al., 2015; Chen et al., 2022). In both LD and SD, Ehd1 encodes a B-type response regulator that promotes heading by upregulating the expression of Hd3a and RFT1 (Zhao et al., 2015; Cho et al., 2016). RID1/Ehd2/OsID1, SE5, OsMADS51 and other upstream genes positively regulate Ehd1 (Kim et al., 2007; Wu et al., 2008; Andres et al., 2009), whereas Heading Date 1 (Hd1), Ghd7, COL4, and DTH8/Ghd8/Hd5 negatively regulate it (Yano et al., 2000; Xue et al., 2008; Lee et al., 2010; Wei et al., 2010; Chen et al., 2022). Hd1 has a dual function that suppresses heading in LD and promotes it in SD (Yano et al., 2000). The status of other essential flowering regulatory genes Ghd7, Hd2, and DTH8 are required for Hd1 to reduce heading in LD (Zhang et al., 2017; Zong et al., 2021). SE5 is involved in the biosynthesis of phytochrome chromophore (Andres et al., 2009). By affecting both the Hd1 and Ehd1 flowering pathways, the se5 mutant exhibited early heading under both SD and LD conditions. The AP2 genes, which contain the miR172 target site, act as Ehd1 repressors (Lee and An, 2012; Lee et al., 2014).

The mechanism of SAS in plants is conservative. Significant progress has been made in understanding shade avoidance during the last decade (Casal, 2012; Ciolfi et al., 2013; Xie et al., 2017; Liu et al., 2019; Paulisic et al., 2021). Rice is important for agriculture and the economy. Direct-seeding must be developed in order to increase grain yield while reducing labor and resource costs. We investigated the shade-avoidance response at various times in this study using gene expression under normal direct seeding (NDS) and densely direct seeding (DDS) conditions. Dynamic expression of the genes involved in the phy-miR156s signaling pathway and the photoperiodic flowering pathway were also investigated in this study because miR156s mediates phytochrome-mediated SAS responses. Furthermore, we also studied the dynamic expression of chlorophyll metabolism. Based on these findings, we argue that altering the phy-miR156s signaling pathway is an approach to adapt direct-seeding to a high-density environment.



2 Materials and methods



2.1 Plant materials and growth conditions

The rice cultivars Nipponbare and four mutants (i.e., phyb、OEmiR156b/c、ipa1-2D、Ostb1) were chosen for this study. Seed dormancy was broken by exposing the seeds to 45°C for 3 days, followed by pre-germination then sowing the seedlings in a nursery in a 2 m by 10 m plot. DDS was implemented by planting two plants with no more than a distance of 1 cm between each plant in a row and 1 cm between the rows. NDS was implemented by planting two plants with a distance of 20 cm between each plant in a row and 20 cm between the rows. Both plots received the same fertilizer management.



2.2.  Agronomic trait measurements.

Once the plants achieved maturity, the primary agronomic traits (i.e., plant height, tiller, leaf length, leaf breadth, spikelet length, the number of primary branches, and the seed-setting rate) were ascertained. Data from three biological replicates were compiled for each trait. For each attribute, data from three biological replicates was compiled.



2.3 Small RNA blot analysis

Total RNA was isolated from rice leaves using the TRIzol reagent (Invitrogen); 10 µg of total RNA were fractionated on 17% polyacrylamide gels under denaturing conditions (i.e., 7 M urea). Blots were hybridized using digoxigenin end-labeled LNA oligonucleotides (Exiqon, Vedbaek, Denmark) complementary to the miR156 or miR172 sequences. The assay was conducted as previously described (Guo et al., 2016). The following DNA oligonucleotides were used: miR156 probe:5’-GTGCTCACTCTCTTCTGTCA-3’, miR172 probe: 5’-GCAGCACCATCAAGATTCAC - 3’, U6 probe: 5’- TGTATCGTTCCAATTTTATCGGATGT - 3’.



2.4 RNA Extraction and RT-PCR

Total RNA was extracted from rice leaves using the TRIzol reagent (Invitrogen), and cDNA was made using 1 µL of RNA and ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO), as directed by the manufacturer. Each cDNA replicate was subjected to qPCR, and all samples were processed in duplicate. A Power SYBR Green PCR Master Mix kit was used for the quantitative real-time PCR investigations (Applied Biosystems). PCR conditions were 95 °C for 10 minutes, 40 cycles of 95 °C for 15 seconds, 60 °C for 1 minute, and a final melt curve step from 60 °C to 95 °C. The average expression ratios were obtained from the equation 2-△△CT, where △△CT represents △CT (gene of interest in stage evaluated)-△CT (gene of interest at control stage), according to the protocol reported by Cui (Cui et.al., 2020).



2.5 Radiation intensity measurement

At noontime, a spectrograph (Spectrometer MAYA 2000, 830 Douglas Ave., Dunedin, FL, USA) was used to measure the absolute visible light radiation intensity at the flag leaf, the middle leaf and the base leaf from NDS and DDS plants during the flowering period. Three biological replicates were used.



2.6 Chlorophyll content measurement

The content of chlorophyll was determined using Xu’s technique (Xu et al., 2017). Cut leaves (0.2 g fresh weight) were soaked in 10 mL ethanol for 48 h in the dark. The remaining plant debris was removed by centrifugation. A UV-VIS spectrophotometer (Shimadzu, UV-2600, Japan) was used to analyze the supernatants at 663, 645, and 470 nm, respectively.



2.7 Statistical analysis

Based on three biological replicates, the data were expressed as the mean values with the standard deviation (SD). Student’s unpaired t test and Duncan’s multiple range test were used to determine statistical significance. Probability values of 5% were considered statistically significant; a single asterisk (*) and a double asterisk (**) denote statistical significance at the levels of 5% and 1%, respectively. The methodologies used in this study for the statistical analysis of the gene relative expression levels and the agronomic traits are all described above.




3 Results



3.1 Phenotypic and agronomic traits analysis

Shade-avoidance responses have previously been shown to include increased leaf angles to the horizontal, reduced branching, reduced leaf blade area, and early flowering (Casal, 2012). DDS, on the other hand, has consistently shown shade-avoidance traits throughout the life of the plant. Tiller number, plant height, flag leaf length and width, panicle length, grain number per panicle, seed-setting rate, and primary and secondary branch length and width were all measured. DDS plants have no or very little tiller during their lives (approximately only one tiller in total) (
Figures 1A, D
). In comparison to NDS plants, DDS plants had just 64% flag leaf length and 69% flag leaf width on average (
Figures 1B-D
). Furthermore, DDS plants exhibited early flowering and a short panicle length (~22% shorter than NDS), resulting in a significant reduction in grain number per panicle (~70% of NDS), primary branch (~92% of NDS), and secondary branch (~47% percent of NDS). However, the agronomic parameters (i.e., plant height and the seed-setting rate) did not differ substantially between DDS and NDS plants (
Figure 1
) (
Figures 1B-D
). Additionally, DDS plants displayed senescence. These observations indicate that DDS plants exhibited typical shade-avoidance traits in both the vegetative and adult stages.





Figure 1 | 
DDS plants exhibit constitutive SAS. (A) Comparison of the tiller at different stages under DDS or NDS conditions. 26, 48, 72, 100 DAG treatment were photographed. Bar = 15 cm. (B, C) Earlier heading dates and yellow leaves were observed in DDS at 72 DAG. (D) Agronomic traits in these plants. Data represent the mean ± SD of three biological replicates (Student’s t test: **P ≤ 0.01).







3.2 Absolute visible light radiation intensity declined under DDS

DDS permits plants to compete for limited resources with their neighbors (Ciolfi et al., 2013). We measured the radiation intensity at various leaves to determine the absolute visible light radiation intensity (i.e., the flag leaf, middle leaf and the base leaf). The radiation intensity at the flag leaf did not differ significantly between the DDS and the NDS plants at the flowering stage (
Figure 2
), however, the radiation intensity at the intermediate leaf and the base leaf was dramatically reduced in the DDS plants (
Figure 2B
). These results suggest that the normal R:FR ratio conditions have been altered, which simulated shade under DDS conditions.





Figure 2 | 
Radiation intensity declined under DDS. (A) The radiation intensity showed no difference at the top leaves at 72 DAG. (B) The radiation intensity was reduced in the DDS plants in intermediate leaves at 72 DAG. (C) The radiation intensity was reduced in the DDS basal leaves at 72 DAG. Data were measure for at least three biological replicates.







3.3 The transcript levels of PHYA, PHYB, PHYC decreased under DDS conditions

Phytochromes, which mediate SAS in plants, primarily respond to red (R)/far-red light (FR). We discovered that at 40, 48, 56, and 64 DAG under DDS conditions, the expression of the rice phytochrome genes PHYA, PHYB, and PHYC was down-regulated, indicating that the DDS plants had high overshadow. Only few differences were identified at 24 and 32 DAG, when both DDS and NDS plants were in the juvenile-to-adult stage (
Figure 3
). The DDS plants became a little flattened around 100 DAG, which slowed down the neighbors’ competition. We thus concluded that red (R)/far-red light (FR) of PHYA/B/C were largely weakened under DDS conditions.





Figure 3 | 
The transcript levels of PHYA, PHYB, PHYC decreased under DDS conditions. (A-C) The qRT-PCR analysis of temporal expression in the whole plants PHYA, PHYB, PHYC between DDS and NDS at 24、32、40、56、64、72、100 DAG. Error bars represent mean ± SD (n = 3) where the different letters indicate statistical differences according to Duncan’s multiple range test (p ≤ 0.05).







3.4 The transcript levels of miR156s and miR172s increase under DDS

In plants, miR156 is a conserved regulator of developmental time. Overexpression of rice miR156B/C resulted in more tillers, shorter and narrower leaves, a longer duration of the expression of juvenile vegetative features, and later flowering (Cui 2020). We looked at the expression of leaves under both conditions to see if miR156s played a role in the response to DDS. We employed a northern blot to detect the level under both conditions to measure the total level of miR156s in vivo and evaluate the dynamic expression of miR156s. At 24 DAG, 32 DAG, 40 DAG, 48 DAG, 56 DAG, 64 DAG, 72 DAG, and 100 DAG, RNA samples were collected from the leaves of entire plants. Under DDS conditions, we saw a higher concentration of miR156 transcripts throughout the stage than under NDS conditions (
Figure 4
). On the other hand, SAS caused miR156 to be downregulated in Arabidopsis. Th miR156 transcript level dropped at first and later increased under both conditions. A quantitative reverse transcriptase RT-PCR experiment showed that the primary transcripts of miR156D and miR156H were clearly enhanced under DDS conditions (
Figure 4B
). During vegetative development in plants, miR156 and miR172 act as antagonistic agents (Chuck et al., 2007; Wang et al., 2009; Wu et al., 2009), so we looked at the levels of miR172s. In this study, the expression of miR172s steadily decreased in the DDS plants during shoot growth and maturation, while it gradually declined and then sharply decreased in the NDS plants at 100DAG (
Figure 4A
). DDS plants produced 10.2 leaves on average during their entire life cycle, 3-4 leaves less than the NDS plants (
Figure 4
). When compared to NDS, DDS heading dates were 4 days earlier. These findings reveal that under DDS conditions, both miR156 and miR172 were misregulated, resulting in early flowering, reduced organ size, and narrow leaves, and the DDS plants were more sensitive compared with the NDS plants.





Figure 4 | 
Ectopic expression of miR156s and miR172s in DDS plants. (A) Northern blot of miR156s and miR172s expression levels in whole plants at either the adult or juvenile stages between DDS and NDS. The RNA samples in each lane were extracted from whole plants. U6 was used as a loading control. (B, C) A Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis of pri-miR156d/h expression between DDS and NDS at 24、32、40、56、64、72、100 DAG. (D) A qRT-PCR analysis of temporal expression of pri-miR172d between DDS and NDS at 24、32、40、56、64、72、100 DAG. (E) A shorter plastochron and fewer leaves were observed for DDS compared to NDS. Error bars represent mean ± SD (n = 3) where the different letters indicate statistical differences by Duncan’s multiple range test (p<0.05).







3.5 DDS show early flowering

Rice is a typical SD plant with a strong connection to phytochromes. Compared to NDS, the DDS heading dates were 4 days ahead (
Figure 5
). Since the expression of PHYA, PHYB, and PHYC decreases after 40 DAG, this study focused on the flowering regulatory genes to study phytochrome-related responses. Under DDS conditions, the expression of SE5 decreased from 48 DAG to 64 DAG (
Figure 5
). The downstream genes in the flowering pathway, RFT1 and Hd3a, showed identical expression patterns under both LD and SD conditions. In this study, RFT1 and Hd3a expression remained low for LD, but was dramatically up-regulated for SD under both DDS and NDS conditions (
Figure 5C
). In the LD state, however, RFT1 expression was higher for DDS than NDS (
Figure 5
). Despite the fact that Hd3a expression did not differ considerably, there was a modest upregulation at 48 DAG (
Figure 5
). Early heading date 1 (Ehd1) integrates many upstream regulatory signals to control the expression of the two florigen genes Hd3a and RFT1. For DDS, Ehd1 showed much higher expression than NDS at 24 and 32 DAG, but only small differences at subsequent stages (
Figure 5
). Heading date 1 (Hd1) is a key gene in rice for flowering regulation; both DDS and NDS showed comparable tendencies throughout the stage, with the exception of overexpression at 24 and 32 DAG (
Figure 5
). In LD, Ghd7 acts as a heading repressor. Ghd7 showed an opposite expression trend after 40 DAG (
Figure 5
). Hd5 expression was equivalent for DDS and NDS, but higher for DDS at 32-64 DAG (
Figure 5
). SNB and IDS1 are two AP2 transcription factors that function downstream of miR172. At 32 to 64 DAG, both SNB and IDS1 expression were increased (
Figure 5I
). These observations indicate that a gradual alteration of the expression of miR156 and miR172 results in changes in developmental phase transitions, leading early flowering under DDS conditions.





Figure 5 | 
DDS showed early flowering and HD related genes. (A) The heading dates of NDS plants were delayed by 4 d, compared with the DDS. (B-J) qRT-PCR analysis of temporal expression in the whole plant of SE5, RFT1, Hd3a, Ehd1, Hd1, Ghd7, Hd5, SNB, IDS1 between DDS and NDS at 24、32、40、56、64、72、100 DAG. Error bars represent mean ± SD (n = 3) where the different letters indicate statistical differences by Duncan’s multiple range test (p ≤ 0.05).







3.6 Relative expression of genes related to chloroplast development in DDS

Rice exhibited early flowering and senescence under DDS conditions. Chlorophyll metabolism and chloroplast formation are linked to senescence, so we looked at the transcript abundance of genes involved in chlorophyll synthesis and chloroplast development for both DDS and NDS. Initially, we determined the levels of the Chl a, Chl b, and carotenoid (Car) pigments for DDS and NDS flag leaves. We discovered that the content of Chl a and Chl b decreased dramatically (by 24% and 41%, respectively, compared to NDS) (
Figure 6
). Except for OsCAO, genes involved in chlorophyll synthesis (i.e., LchP2, OsCHLH, OsDVR, OsHEMA, OsPORA, OsPORB, and OsYGL) were considerably down-regulated under DDS compared to NDS conditions (
Figures 6B–I
). These results suggest that chloroplast biogenesis and development were seriously affected by DDS.





Figure 6 | 
Relative expression of genes related to chloroplast development in leaves from DDS and NDS. (A) Content of photosynthetic pigments in flag leaves from DDS and NDS plants. (B-I) A qRT-PCR analysis of temporal expression in the whole plant with genes associated with chlorophyll synthesis (i.e., LchP2, OsCHLH, OsCAO1,OsDVR, OsHEMA, OsPORA, OsPORB, and OsYGL) between DDS and NDS plants at 24、32、40、56、64、72、100 DAG. Error bars represent mean ± SD (n = 3) where the different letters indicate statistical differences according to Duncan’s multiple range test (p ≤ 0.05).







3.7 The expression of several SPLs were repressed in DDS plants


SPL genes are regulated by miR156 and play a role in a variety of developmental processes. In Arabidopsis thaliana, active SPL genes control various morphological changes linked to shade avoidance responses. In DDS plants at 70 DAG, the expression of OsSPL3, OsSPL13, and OsSPL14 decreased (
Figures 7A–C
). Comparing DDS to NDS, the potential yield was lower for DDS plants (
Figure 7
). In Arabidopsis, a link between gibberellin-mediated and miR156/SPL module-mediated flowering pathways has been established (Yu et al., 2012).In order to check whether DELLA protein SLR1(slender rice 1) was regulated by miR156/SPL genes, we analyzed SLR. The expression of SLR was decreased from 32 to 56 DAG (
Figure 8
). Taken together, these results suggest a link between of OsSPLs and SLR in DDS leading to fewer tillers.





Figure 7 | 
The theoretical yield was reduced in DDS plants. (A-C) A qRT-PCR analysis of temporal expression in the whole plant containing SPL3, SPL13, SPL14 genes. (D) The theoretical yields were estimated. Data represent the mean ± SD of three biological replicates (Student’s t test: **P ≤ 0.01).









Figure 8 | 
A qRT-PCR analysis of the temporal expression in the whole plants containing SLR between DDS and NDS at 24、32、40、56、64、72、100 DAG. Error bars represent mean ± SD (n = 3) where the different letters indicate statistical differences by Duncan’s multiple range test (p ≤ 0.05).








4 Discussion

The phytochrome-miR156 pathway regulates plant responses to SAS, allowing for rapid reconfiguration of the plant body while avoiding an unfavorable reaction to low R/FR (Xie et al., 2017). As a result, it has been widely assumed that plants have evolved the SAS during crop domestication and genetic improvement. Deciphering the mechanism that modulates SAS in DDS would thus aid scientists in the development of new density-tolerant cultivars for improved agronomic performance.

DDS causes a plant architecture phenotype in Arabidopsis similar to SAS (Xie et al., 2017). The majority of thorough SAS investigations have been in Arabidopsis thaliana (Casal, 2012; Xie et al., 2017; Liu et al., 2019; Paulisic et al., 2021). In response to simulated shade, a collection of signaling integrators between light and other signals has been shown. During SAS, inactivated phyB causes a rapid buildup of PIF proteins that bind directly to the promoters of numerous miR156 genes, preventing the miR156s from inhibiting their target SPL genes. In this study, the dynamic expression of genes involved in the phytochromes-miR156s/miR172s or other signaling pathways were investigated using DDS. Fewer tillers, decreases in leaf length, width, grain number per panicle, and early flowering are all classic shade-avoidance responses induced by high density. These responses may have a favorable or negative impact on rice yield. The lower sunlight intensity in middle and base leaves under DDS conditions repressed the expression of rice phytochrome genes PHYA, PHYB, and PHYC, particularly PHYB. Phytochrome genes are thought to be entirely responsible for the perception of red and far-red light. The genes miR156 and miR172 are antagonistic toward vegetative development in plants. SAS inhibited the expression of miR156s in Arabidopsis. On the other hand, miR156s/miR172s were highly expressed under DDS conditions, mimicking the typical phenotype of OEmiR156 (i.e., short and narrow leaves) (Cui et al., 2020). The difference in the expression of miR156s/miR172s between Arabidopsis and rice may due to treatment differences. In Arabidopsis, only the EOD-FR treatment was adopted to mimic shady conditions (Xie et al., 2017). However, under DDS conditions, rice plants might compete with their neighbors not only for light but also for the space necessary to complete their life cycle. Our findings suggest that DDS may have other effects in addition to SAS. The gene miR156 regulates a variety of morphological changes linked with shade-avoidance responses by acting as a master upstream regulator of numerous genes such as SPLs. The decrease of yield is caused by the downregulation of SPL3, SPL13, and SPL14 under DDS conditions, which causes a variety of morphological abnormalities. In Arabidopsis, a link between gibberellin-mediated and miR156/SPL module-mediated flowering pathways has been established (Yu et al., 2012). DELLAs interact with multiple flowering activators and repressors, resulting in late flowering phenotypes (Feng et al., 2008; Yu et al., 2012). Unlike Arabidopsis, which contains five DELLA genes, rice has only one, i.e. SLR1. Similar to the situation in Arabidopsis, SLR is also involved in the Ehd1-Hd3a/RFT1 flowering pathway, resulting in late flowering (Zhang et al., 2022). Furthermore, the rice DELLA protein SLR1 interacts with MOC1 to regulate the tiller number (Liao et al., 2019). In this study, the decreased expression of SLR under DDS implies that GA is also involved in miR156/SPL module-mediated flowering pathways (
Figure 8
).

In rice, miR172 acts as a significant regulator of developmental changes. Plants with high levels of miR172d have been found to activate the flowering promotion genes Ehd1 and Hd3a. The expression of Hd3a has been found to be briefly up-regulated at 48 DAG, when developmental changes associated with DDS occur, resulting in flowering four days early. The up-regulation of miR172s under DDS conditions causes the expression of SNB and IDS1 to drop for practically the entire experimental duration. Furthermore, when compared to NDS, SE5, GHD7, and HD5 all showed lower expression under DDS conditions at 48 to 56 DAG, indicating that loss-of-function mutants for these genes flower early. At 48 to 56 DAG, HD1 and RFT1 had the reverse expression pattern. DDS may switch genes on or off by indirectly affecting miR156 and miR172 expression, according to these findings. Due to the adaptability of rice cultivars to different geographical locations and cropping seasons, great emphasis should be paid to uncovering the genetic and molecular mechanism of rice photoperiodic blooming under DDS conditions. Because there are so many predominant alleles, such as HD1, Ehd1, and others (Doi et al., 2004; Leng et al., 2020) in different locations, the degree of SAS resulting from DDS may vary. The flowering of four mutants (i.e., phyb、OEmiR156b/c、ipa1-2D、Ostb1) was different for WT(NPB) under DDS and NDS conditions (
Figure 9
), indicating these alleles may retard SAS. Future studies may discover density-tolerant alleles in flowering-suppression or flowering-promotion pathways. Chloroplast dysfunction causes yellow leaves in DDS plants at 70 DAG, due to a decreased pigment content and the down-regulation of genes associated with chlorophyll metabolism and chloroplast development as a result of DDS.





Figure 9 | 

(A) A comparison of four mutants (i.e., phyb、OEmiR156b/c、ipa1-2D、Ostb1) of the tiller at different stages under DDS or NDS conditions. 40, 100 DAG treatment were photographed. Bar = 15 cm (left) Bar = 20 cm (right). (B) The same heading dates for four mutants (i.e., phyb、OEmiR156b/c、ipa1-2D、Ostb1) were observed under DDS conditions. (C) A fewer leaves were observed under DDS compared to NDS conditions in the four mutants (i.e., phyb、OEmiR156b/c、ipa1-2D、Ostb1). Error bars represent mean ± SD (n = 3) and different letters indicate significant differences as indicated by Duncan’s multiple range test (p ≤ 0.05).




The yield of direct seeding is determined by the efficiency with which the plants use radiation and the capacity with which they intercept light. Plants display a degree of mutual shading under a high planting density (i.e., under DDS conditions). According to increasing evidence, the SAS regulatory module is highly conserved in plants, and many genes involved in the SAS pathway may have been selected or discarded during rice domestication or breeding for better plant architecture and agronomic performance. A reduction of SAS could allow for higher plant productivity at higher densities or higher yield at current densities. This will be accomplished through the selection of natural variants as well as the generation of SAS mutations involving the genes mentioned above via genome editing. Therefore, further research should be focused on the effect of DDS on the SAS genes mentioned above.



5 Conclusion

We compared the responses of rice plants to NDS and DDS in this study. We proposed a putative DDS model based on our findings (
Figure 10
). In this model, DDS plants exhibit a constitutive SAS, in which solar radiation drops rapidly from the flag leaf to the base leaf, lowering phytochrome gene expression and changing the expression of multiple miR156 or miR172 genes. Because miR156 is a conservative regulator of developmental timing in plants, a mutation in the miR156 or miR172 gene causes the expression of photoperiod-related genes to be misregulated, resulting in early flowering. Furthermore, DDS causes senescence by downregulating the expression of chloroplast synthesis-related genes throughout almost the entire stage. As a result, we hypothesized that predominant alleles (such as HD1, Ehd1, and so on) in different geographical regions may exhibit different degrees of SAS under DDS. In the future, density tolerant alleles could be found for the SAS-suppression or SAS-promotion pathways.




Figure 10 | 
Simplified schematic model depicting the shade-avoidance response in DDS. Arrow: activate; Bar: repress.
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Membrane transporters encoded by NITRATE TRANSPORTER 1/PEPTIDE TRANSPORTER (NPF) genes, which play crucial roles in plant growth, development and resistance to various stresses, are involved in the transport of nitrate (NO3-) and peptides. In several plant species, NPF genes are involved in the resistance to abiotic stresses; however, whether the whole NPF gene family in cotton contributes to this resistance has not been systematically investigated. Here, 201 genes encoding NPF proteins with a peptide transporter (PTR) domain were confirmed in three different Gossypium species, namely, Gossypium hirsutum, Gossypium arboreum and Gossypium raimondii. The NPF proteins in these three Gossypium species and Arabidopsis thaliana were classified into three different subfamilies via phylogenetic analysis. Among the genes that encode these proteins, most GhNPF genes in the same subfamily contained similar gene structures and conserved domains. Predictions of the promoters of these genes revealed that the cis-acting elements included phytohormone- and light-responsive elements, indicating that some of these genes might be expressed in response to abiotic stress. Furthermore, 52 common potential candidate genes in 98 GhNPFs were predicted to exhibit specific spatiotemporal expression patterns in different tissues based on two RNA sequencing (RNA-seq) datasets. Finally, the gene expression profiles of abiotic stress indicated that 31 GhNPF genes were upregulated in at least one treatment period. Under abiotic stress for 12 and 24 h, the expression of GhNPF8 was upregulated upon cold treatment but downregulated with heat treatment, salt treatment and drought treatment. Furthermore, the expression of genes GhNPF8, GhNPF54 and GhNPF43 peaked at 6 h after heat and salt treatment. These results indicated that these genes exhibit underlying characteristics related to responses to abiotic stress. The verification of NPFs and analysis of their expression profiles in different tissues and in response to different abiotic stresses of cotton provide a basis for further studying the relationship between abiotic stress resistance and nitrogen (N) transport in cotton, as well as identifying candidate genes to facilitate their functional identification.
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Introduction

Abiotic stressors, such as heat, cold, drought, and salinity, are major threats and can markedly reduce plant quality and productivity (Deinlein et al.,2014; Drechsler et al., 2018; Hossain et al., 2018). In response to these extremely adverse conditions, plants have developed comprehensive signaling systems to counteract and avoid adverse effects of environmental stress (Saeed et al., 2012). Stress sensing and signal transduction, which initiate a transduction cascade likely comprising multiple components, are important parts of plant response mechanisms. Studies have shown that the signaling functions of reactive oxygen species (ROS), reactive nitrogen species (RNS) and reactive carbonyl species (RCS) regulate plant resistance to abiotic stresses by regulating gene expression and protein posttranslational modification (Hossain et al., 2018), such as those of OsAPX2 in Oryza sativa (Chou et al., 2012) and LeNHX3 in Lycopersicon esculentum (Villalta et al., 2008). Additionally, climate change also directly and indirectly affects plant nutrition. Research has shown that when the concentration of CO2 increases, the nitrogen (N) content of plants decreases (Taub and Wang, 2008). Therefore, the pivotal regulatory factors of the nutrient signaling pathway also have a crucial effect on plants (Gong et al., 2020). It has been reported that the phosphate starvation response (PSR) is enhanced by directly enhancing the activity of the phosphate starvation response (PHR) gene in Arabidopsis thaliana (Rubio et al., 2001; Bustos et al., 2010) and that N use efficiency can be improved by NRT1.1B transport in rice (Zhang et al., 2019). These results indicated that NRT1 can improve N use efficiency and thus can improve plant quality and productivity under adverse conditions.

NRT1/PTR, which is also named nitrate transporter 1/peptide transporter (NPF), is a type of low-affinity transport system (LATS) of N or NO3- (Fan et al., 2017). The NPF gene family is the most abundant subfamily that encode NO3- transporters in plants (O’Brien et al., 2016). The earliest cloned plant nitrate (NO3-) transporter gene was NRT1.1 (also known as NPF6.3 or CHL1) in Arabidopsis, which had been involved in both low- and high-affinity NO3- transport (Ho et al., 2009; Wang et al., 2018). The absorption of NO3– and ammonium-N in plants involves a major process mediated by NO3– and ammonium-N transporters, respectively. Assimilation of N includes the reduction of NO3- to ammonium, which eventually is incorporated into amino acids (aa) through an assimilation process (Goel and Singh, 2015). In plants, a number of processes, including N absorption and assimilation, are negatively influenced by extreme temperature, salt and drought (Goel and Singh, 2015). NO3- is redistributed in plants under stress conditions, and this phenomenon occurs partly in response to the decreased expression of NRT1.1 and NRT1.5 (Zhang et al., 2014; Goel and Singh, 2015; Taochy et al., 2015). There is evidence that different stresses cause NO3- assimilation by redistribution, which is transmitted by NO3–transport proteins NRT1.5 and NRT1.8 (Zhang et al., 2014). The expression levels of NRT1.1 and NRT1.5 in Brassica juncea and Arabidopsis are downregulated in response to 24 h of salt and drought stresses (Goel and Singh, 2015; Taochy et al., 2015), and the expression of PtrNPF2.1 and PtrNPF7.4 in Poncirus trifoliata is also induced by salt stress (Zhao et al., 2022). Research has shown that the supply of exogenous N to sorghum and tomato can efficiently moderate Na+ uptake and increase the K+ content in plants (Miranda et al., 2016; Singh et al., 2016). Exogenous N can also alleviate the uptake of Cl- and Na+ in mustard under salinity stress (Jahan et al., 2020). In wheat, drought stress limits N translocation during the grain filling period, resulting in decreased yields (Kirda et al., 2001). In addition, high temperature can also inhibit N absorption and assimilation in wheat, rice and creeping bentgrass (Tahir and Nakata, 2005; Rachmilevitch et al., 2006; Ito et al., 2009; Ercoli et al., 2010), and the expression of BJNRT1.1 is downregulated after 24 h of hot and cold treatment in B. juncea (Goel and Singh, 2015). Taken together, the results of these studies indicated that the NPF genes that are related to N transport may have a potential effect on the growth and development of plants under abiotic stress.

Cotton (Gossypium spp.) is an economically essential crop species in China, and cotton growth and development are intimately tied to water and fertilizer. Moreover, cotton is very sensitive to N (Zheng et al., 2018). Studies have shown that N fertilizer can improve cotton yield and contribute to drought stress tolerance through increased N metabolism (Zhang et al., 2019; Iqbal et al., 2020). Under conditions of salt stress, fertilization can improve the salt resistance of cotton and can substantially increase cotton yields (Dai et al., 2013). These findings suggest that plant growth and productivity under stress conditions can be best achieved by improving N use efficiency. In addition, the GhNPF6.14 gene affects growth and nitrogen uptake and accumulation of cotton (Dong et al., 2022). Nevertheless, the NPF gene family has been poorly characterized in abiotic stress response of cotton. In this study, by performing a whole-genome analysis, we comprehensively identified 201 Gossypium NPF genes (including those in Gossypium arboreum, Gossypium raimondii and Gossypium hirsutum). Then, chromosome distributions, collinearity, motifs, gene structures, cis-acting element compositions and phylogenetic relationships were investigated. Additionally, the expression patterns of 98 GhNPFs in different tissues and under different abiotic stresses were systematically analyzed by RNA sequencing (RNA-seq) performed by staff at Zhejiang University and the Cotton Research Institute of CAAS (CRI) and by quantitative real-time PCR (qRT−PCR) techniques. The results provide a theoretical foundation for further elucidating the role and molecular mechanism of GhNPF genes in the abiotic stress response of cotton.



Materials and methods


Identification and prediction of amino acid characteristics of NPF gene family members in cotton

The amino acid sequences of Arabidopsis NPFs were used as references. The hidden Markov model (HMM) model file (PF00854) for the AtNPF gene was obtained from the Pfam database (El-Gebali et al., 2019). Then, HMME 3.0 software (Finn et al., 2015) was used to search for homologous genes in three Gossypium species (Zhu et al., 2017), with an E-value < 1e-5, and the preliminary candidate genes were identified after we omitted incorrect and redundant members. Finally, SMART (https://smart.embl.de/smart/set_mode.cgi?NORMAL=1), PfamScan (https://www.ebi.ac.uk/Tools/pfa/pfamscan/) and the NCBI Conserved Domain Database (CDD) (https://www.ncbi.nlm.nih.gov/cdd) online websites were used to further confirm whether these candidate NPF proteins contained conserved domains. The physicochemical properties of the GhNPF proteins were predicted using the online website ExPASy (https://web.expasy.org/compute_pi/). The subcellular localizations of GhNPF proteins were predicted using the WoLF PSORT online website (https://wolfpsort.hgc.jp/). Genomic datum for Arabidopsis, G. hirsutum, G. raimondii and G. arboreum were obtained from The Arabidopsis Information Resource (TAIR) (https://www.arabidopsis.org/index.jsp) and Cotton Functional Genomics Database (CottonFGD) (https://cottonfgd.net/about/download.html), respectively. TBtools 1.098745 (Chen et al., 2020) software was used to map the locations of the genes on the chromosomes, and genes were named according to the chromosomal locations of the NPF gene family in G. hirsutum species.



Multiple sequence alignment and phylogenetic analysis of the NPF gene family

To identify tandem and segmental duplication events of NPF genes, a multiple sequence alignment of full-length NPF proteins was performed by MCScanX; for this, whole-genome sequences of G. hirsutum, G. arboreum and G. raimondii and gene annotations were used. Plots of the data were created using TBtools (Chen et al., 2020) software. To assess the evolutionary constrictions on each gene pair, the non-synonymous (Ka) and synonymous (Ks) substitutions were calculated using the Simple Ka/Ks Calculator (NG) in TBtools (Chen et al., 2020). To further observe the interspecific and intraspecific homology of the NPF genes, phylogenetic trees were constructed based on the NPF protein sequences of Arabidopsis, G. hirsutum, G. arboreum and G. raimondii. The ClustalW tool of MEGA-X software (Kumar et al., 2018) was used to align the protein sequences of the cotton and Arabidopsis NPF gene family members, and then the neighbor-joining (NJ) method was used to construct a phylogenetic tree; the Poisson model was used, and the bootstrap value was 1,000. Finally, the online tool iTOL (https://itol.embl.de/upload.cgi) was used to produce a high-quality phylogenetic tree map.



Structure and conserved motif analysis of the GhNPF genes

The structures of the GhNPF genes were investigated on the basis of the G. hirsutum genome annotation data via the Visualize Gene Structure tool in TBtools (Chen et al., 2020). The conserved motifs of the GhNPF genes were explored via the online website MEME (https://meme-suite.org/meme/doc/meme.html), and the maximum base numbers were set to 10, with the default parameters used. The Gene Structure View tool in TBtools (Chen et al., 2020) was used to illustrate the gene structures and construct conserved motifs maps.



Analysis of cis-acting elements in the promoters and gene ontology of GhNPF gene family members

To understand the possible regulatory and response mechanisms of GhNPF genes, the promoter region was selected for analysis. For this purpose, the 2,000 bp nucleotide sequence upstream of the start codon of the GhNPF family members were obtained from the CottonFGD (https://cottonfgd.net/about/download.html). The online website PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) was used to screen cis-acting elements in the promoter region. The gene function of the GhNPF family in G. hirsutum was annotated with gene ontology (GO) by using DAVID bioinformatics resources (https://david.ncifcrf.gov/). ChiPlot (https://www.chiplot.online/) online analytical tools was used to plot.



Tissue-specific and abiotic stress-related expression profile analysis of GhNPF genes

To verify the expression profiles of the GhNPF genes in various tissues of G. hirsutum, the RNA-seq data for 9 tissue-specific samples of upland cotton (TM-1) (root, stem, leaf, sepal, petal, anther, pistil, ovule and fiber) and samples under salt, drought, cold and heat stress were downloaded from Zhejiang University (ZJU) (http://cotton.zju.edu.cn/) (Zhang et al., 2015). The Gossypium Resource and Network Database (GRAND) website (http://grand.cricaas.com.cn/home) was used to obtain the RNA-seq data for 9 different tissues of upland cotton (TM-1) and samples under salt, drought, cold, and heat stress from the CRI. The transcript abundance of GhNPFs in different tissues and in response to different abiotic stresses was calculated according to the fragments per kilobase of transcript per million mapped reads (FPKM) values. Heatmaps of all 98 GhNPF genes were generated using TBtools software, and Venn diagrams of candidate genes were plotted using the hiplot online website (https://hiplot-academic.com/basic/venn2).



Experimental materials and stress exposure

The upland cotton cultivar Zhongmian 113 (ZM113) was grown in a greenhouse (25°C; 16 h/8 h light/darkness; humidity of approximately 60%-80%) at Gansu Agricultural University, Lanzhou, Gansu Province, China. The seeds were obtained from the CRI. Nine different organs (roots, stems, leaves, petals, sepals, anther, pistils, ovules and fibers) were collected from ZM113, which was healthy at budding and flowering stage and immediately frozen in liquid nitrogen for subsequent experiments. Healthy ZM113 plants of the same age (4 weeks old) were selected for abiotic stress treatments (heat, cold, salinity and drought). All the plants were grown in a growth chamber at 25°C before stress exposure. Each abiotic stress was applied for 0 h (control), 1 h, 3 h, 6 h, 12 h and 24 h (10 replications per treatment). Some ZM113 seedlings were subjected to cold (12°C) and heat (42°C) stress. For other ZM113 seedlings, their roots were soaked in 200 mmol/L NaCl and 15% polyethylene glycol (PEG-6000) to induce salinity and drought stresses. After the above stresses were applied, the shoot tips and young leaves were collected and immediately frozen in liquid nitrogen for subsequent experiments.



qRT−PCR analysis of GhNPFs

Total RNA was extracted from the shoot tips and young leaf samples collected after the stress treatments and from the tissue of nine different organs via an RNA Prep Pure Plant Kit (Tiangen, China). Two micrograms of total RNA were used to synthesize 20 µl of cDNA using FastKing gDNA Dispelling RT SuperMix (KR118) (Tiangen, China) to analyze the relative expression of the GhNPF genes in the nine organs and under the different abiotic stresses. The GhNPF gene primers used were designed using NCBI Primer-BLAST (a primer design tool) and developed by Sangon Biotech (Shanghai) Co., Ltd.; the primers used are shown in Table S1. Real-time PCR amplification was performed using an LightCycler® 96 Instrument together with SuperReal Premix Plus (SYBR Green) (FP209, Tiangen, China) according to the manufacturers’ instructions. The thermocycle procedure was as follows: 95°C for 3 minutes, followed by 40 cycles of 95°C for 5 seconds and 60°C for 15 seconds. All the data were normalized to those of actin (Wu et al., 2021), which served as an internal reference gene, and the relative expression of all the evaluated GhNPF genes was calculated using the 2-ΔΔCt method (Willems et al., 2008). After normalization of the data from three independent experiments, all the data were expressed as the mean ± standard error. One-way analysis of variance (P<0.05), least significant difference (LSD) was used to evaluate the significance of each sample.




Results


Genome-wide identification and distribution of NPF family members in three Gossypium species

In this study, in total, 98, 52 and 51 NPF genes were verified in G. hirsutum, G. raimondii, and G. arboreum, and the G. hirsutum genes were denoted GhNPF1 to GhNPF98 according to their physical locations on the chromosome (Figure 1). The details of these GhNPF gene family members and their related proteins are listed in Table S2. The interrelated protein length (amino acids [aa]) varied greatly from 537 aa (GhNPF18) to 818 aa (GhNPF81). The predicted molecular weights (MWs) and isoelectric points (pIs) of the proteins ranged from 59,756.73 Da (GhNPF19) to 89,983 Da (GhNPF79) and from 5.38 (GhNPF52) to 9.56 (GhNPF36), respectively. With respect to the secondary structure of the GhNPF proteins, alpha-helices (Hh) and random coils (Cc) accounted for a large proportion, while extended strands (Ee) and beta turns (Tt) constituted a comparatively low proportion. Subcellular localization predictions showed that the great majority of the proteins encoded by the GhNPF genes were located at the plasma membrane, except in the cases of those encoded by GhNPF13 and GhNPF61.




Figure 1 | Positions of GhNPFs on the chromosomes of G. hirsutum. Partial GhNPF genes located on scaffolds. The white-colored bars show chromosomes from the G. hirsutum At and Dt subgenomes. A01-A13 and D01-D13 indicate chromosomes of the At and Dt subgenomes, respectively. The chromosomal positions of genes calculated from published genomic data are shown on the left side of each chromosome in the At and Dt subgenomes. The corresponding gene names are written on the right side of each chromosome of the At and Dt subgenomes.



The 96 GhNPF members were disproportionately located across the 26 chromosomes of G. hirsutum, and two genes (GhNPF97 and GhNPF98) were on scaffolds (Figure 1). Chromosomes A03, A05 and D05 contained the greatest numbers of GhNPFs (7 members), while chromosomes A07, A13, D02, D07, D08 and D13 contained 5 GhNPFs, and they accounted for a large portion of the GhNPFs across the 26 chromosomes. In contrast, chromosomes A01, A11 and D11 contained the fewest GhNPF genes (1 member each).



Gene duplication and collinearity analysis of NPF genes in G. hirsutum

To reveal the homologous locus relationships of the GhNPF gene family members between the At and Dt subgenomes in G. hirsutum, gene duplication events were studied using the MCScan tool to elucidate their amplification patterns. Two pairs of genes with tandem repeats were identified on chromosomes A03 and D05 (GhNPF5/6 and GhNPF63/64), respectively. In addition, 84 segmentally duplicated genes were discovered in the GhNPF gene family of G. hirsutum (Figure 2, Table S3). These results showed that segmental duplication accounted for a large proportion of the evolution of the GhNPF gene family, which reflected the dominant role of segmental repeats relative to tandem repeats in the GhNPF gene family evolution. Moreover, the intergenomic synteny analysis results between G. hirsutum and two other Gossypium species were compared to further the understand homologous gene functions and phylogenetic relationships of NPF genes (Figure S1). The analysis of collinearity among the different species showed that 79 pairs of genes were collinear between G. hirsutum and G. arboreum and between G. hirsutum and G. raimondii. In conclusion, the present results provide evidence that NPF genes might undergo some genomic rearrangements during polyploidy. To better comprehend the evolutionary constraints controlling the functional divergence of the GhNPF gene family, the non-synonymous substitutions (Ka), synonymous substitutions (Ks), and non-synonymous to synonymous substitution (Ka/Ks) ratio were calculated (Table S4). All duplicated GhNPF gene pairs presented a Ka/Ks ratio of <1, suggesting that the GhNPF family genes might have experienced selective pressure throughout their evolution.




Figure 2 | Duplication of GhNPF genes on chromosome 26 of G. hirsutum. The gray lines represent collinear relationships of all genes in the G. hirsutum genome, and the red lines represent gene pairs of GhNPF. The different colored rectangles indicate chromosomes.





Phylogenetic analysis of the GhNPF gene family

To analyze the phylogenetic relationships of the NPFs among G. hirsutum, G. raimondii, G. arboreum and Arabidopsis, a phylogenetic tree comprising the NPF proteins of G. hirsutum (n=98), G. raimondii (n=52), G. arboreum (n=51) and Arabidopsis (n=53) was constructed (Figure 3). The 98 GhNPF proteins clustered into three primary groups (Group I, Group II and Group III) according to bootstrap values (=1,000). There were only two GhNPF genes (GhNPF34 and GhNPF82) in G. hirsutum belonging to Group I. There were eight GhNPF genes in G. hirsutum belonging to Group II. At the same time, Group III was unevenly divided into four subgroups: III-1, III-2, III-3 and III-4. Furthermore, the GhNPF members essentially clustered into subgroups III-2, III-3 and III-4, and the number of GhNPFs in G. hirsutum was two to three times greater than that in Arabidopsis among these subgroups. Among these species, 18 pairs of paralogous genes were found—15 pairs of genes in Arabidopsis, two pairs in G. hirsutum and one pair in G. raimondii. Furthermore, 86 pairs of orthologs from G. hirsutum, G. arboreum and G. raimondii were identified, revealing the paralogous and orthologous connections among these plant species.




Figure 3 | Phylogenetic tree of NPF genes in cotton and Arabidopsis thaliana. The tree was generated using the neighbor connection method of MEGA X software (1,000 bootstrap replicates). The tree was divided into three subfamilies, and the different colors show the following NPF subfamilies: yellow represents group I, green represents group II, and blue represents group III;. Group III was divided into four subgroups, in which different colors of branches represent different subgroups.





Structure and conserved motif analysis of GhNPF genes

To research the gene structure in the evolution of the G. hirsutum gene family, the structures of the GhNPF genes were obtained by analyzing the exon/intron boundaries (Figure 4A). The analysis of exon/intron structure revealed relatively high structural divergence among the GhNPF genes. The number of exons in the 98 GhNPF genes ranged from three to seven, and GhNPF81 contained the most exons (n = 7). Most of the genes in Group I contained three introns, whereas in Group II, the genes contained two and four introns. Most of the genes in Group III contained three and four introns and the genes (GhNPF81) with the most introns were also included in the Group III. A total of 54.08% of all GhNPFs (53 genes) contained three introns each, suggesting that introns were gained and lost as the GhNPF gene family evolved, which might have resulted in functional diversity among the GhNPF genes.




Figure 4 | Phylogenetic relationships, structures and motif compositions of GhNPF genes. (A) Unrooted phylogenetic tree and exon/intron structure of GhNPFs. (B) Conserved motifs of 98 GhNPF proteins. (C) Conserved repeat markers of GhNPF genes.



Ten conserved motifs were detected in most GhNPF protein sequences by the use of the online MEME program, which further the similarities and differences in motif composition (Figure 4B). The amino acid numbers of the motifs ranged from 21 to 41 (Figure 4C). The number of motifs for each GhNPF was nine to fourteen (Figures 4B, C). Motifs 1, 2, 3, 4, 5, 6, 7 and 8 were present in all the GhNPF proteins, while motif 9 was not present only in the GhNPF18 protein of Group III. Similarly, motif 10 was not present in the GhNPF14, GhNPF62, GhNPF63, GhNPF25 and GhNPF73 proteins of Group III. In contrast, motifs 1-10 were all present in all the GhNPF members of Groups I and II. In general, almost all the GhNPF proteins within the same subgroup presented very similar motif compositions, suggesting that these GhNPF proteins have similar functions.



Analysis of cis−acting elements of the GhNPF gene family

The cis-regulatory elements in the 2,000 bp upstream region of the 5’ end of the 98 GhNPF genes were identified and analyzed to reveal their potential response mechanisms (Figure 5). We identified 55 cis-regulatory elements involved in stress responsiveness, tissue-specific expression, phytohormone responsiveness and light responsiveness. Five stress-related elements were identified, namely, DREs, LTRs, MBSs, TC-rich repeats and WUN motif–containing elements. These cis-acting elements were involved in responses to low temperature, salt stress, defense and drought. There were seven cis-acting elements associated with tissue-specific expression, namely, AREs, CAT-boxes, GC-motif, GCN4_motif, HD-Zip 1s, O2-site–and RY elements. Moreover, among these elements AREs were the most common in the GhNPF gene promoters. In addition, eleven hormone-related elements, namely, ABREs, AuxRR-core–containing elements, CGTCA motif–containing elements, GARE motif–containing elements, P-boxes, SAREs, TATC-boxes, TCA elements, TGA-boxes, TGACG motif–containing elements and TGA elements, were also found. This category included abscisic acid-responsive elements (ABREs), auxin-responsive elements (AuxRR-core–containing elements, TGA-boxes and TGA motif–containing elements), methyl jasmonate (MeJA)-responsive elements (CGTCA motif–containing elements and TGACG motif–containing elements), gibberellin-responsive elements (GARE motif–containing elements, P-boxes and TATC motif–containing elements) and salicylic acid-response elements (SAREs and TCA elements). There were also 32 cis-acting elements related to the light response, including Box 4 elements, C-boxes, G-boxes, etc. Box 4 elements and G-boxes were present in relatively high numbers within the light-responsive cis-acting regulatory elements. Interestingly, we found that the GhNPF26 gene does not contain any type of cis-acting element. Taken together, these results showed that GhNPF genes might play an important role in abiotic stress responses, defense-related signal transduction, and phytohormone responses. In addition, the genes might be involved in various light responses during G. hirsutum growth.




Figure 5 | Prediction results of cis-regulatory elements in the promoter regions of GhNPF gene family members. The numbers in the cells represent the numbers of genes.





Expression patterns of GhNPF genes in different tissues and gene ontology

To analyze the expression patterns of GhNPF genes during G. hirsutum development, RNA-seq data of various G. hirsutum tissues were used in this study. The expression characteristics of all 98 GhNPF genes were determined at varying levels across different tissues and developmental stages (Figure 6). The RNA-seq data of ZJU showed that 55.1% of GhNPF genes were highly expressed in vegetative organs (roots, stems and leaves) and 65.3% of GhNPF genes were highly expressed in reproductive organs (petals, sepals, anther, pistils, ovules and fibers). In addition, according to the FPKM value of CRI’s RNA-seq data, 56 out of 98 GhNPF genes were highly expressed in vegetative organs (roots, stems and leaves), and 71 out of 98 GhNPF genes were highly expressed in reproductive organs (petals, sepals, anther, pistils, ovules and fibers). A total of 52 common genes were identified in vegetative organs from two RNA-seq datasets, which verified the reliability of the data (Figure 6C). The expression of 14 select genes in the tissues of G. hirsutum was examined via qRT−PCR, and the results were essentially consistent with the RNA-seq data (Figure 6D).




Figure 6 | Expression profiles of GhNPF genes in 9 organs of upland cotton. (A, B) The expression patterns of 98 GhNPFs in 9 G. hirsutum (TM-1) tissues were analyzed by RNA-seq at the ZJU and CRI. The red and purple colors indicate high and low expression levels, respectively. (C) Venn diagram of common highly expressed genes in the two RNA-seq datasets (ZJU and CRI). (D) Relative expression levels of 14 GhNPFs in 9 organs of G. hirsutum. The error bars represent the standard deviations of three biological replications.



To further understand the functional segregation of the identified GhNPF genes, GO was performed by DAVID based on three categories: molecular function, biological process and cellular component (Figure 7). A total of 39 GhNPF genes belonged to molecular function, including transmembrane transporter activity (GO:0022857), tripeptide transporter activity (GO:0042937), dipeptide transmembrane transporter activity (GO:0071916), symporter activity (GO:0015293), low-affinity nitrate transmembrane transporter activity (GO:0050054) and nitrate transmembrane transporter activity (GO:0015112). Twenty-six GhNPF genes were involved in nitrate transport (GO:0015706), transmembrane transport (GO:0055085), nitrate assimilation (GO:0042128), oligopeptide transport (GO:0006857), dipeptide transport (GO:0042938), tripeptide transport (GO:0042939), response to nitrate (GO:0010167), response to nematode (GO:0009624), response to wounding (GO:0009611) and response to jasmonic acid (GO:0009753) in biological process. A total of 24 genes can function as an integral component of the membrane (GO:0016021) and plasma membrane (GO:0005886) in cellular component. Interestingly, some GhNPFs exist in different cell components, participate in different biological processes, and have multiple molecular functions.




Figure 7 | Functional categorization of the GhNPF genes in G. hirsutum. Purple represents the number of genes, light green represents the number of upregulated genes, gray represents the rich factor, green represents molecular function, orange represents biological process, and light purple represents cellular component.





Expression of GhNPF genes in response to abiotic stresses

To analyze the potential functions of the GhNPF genes in response to abiotic stresses, the GhNPF expression levels were evaluated via two RNA-seq datasets (those compiled by ZJU and the ICR) corresponding to plants under salt, drought, cold and heat treatments. Analysis of the expression profiles showed that six genes, namely, GhNPF5, GhNPF16, GhNPF18, GhNPF65, GhNPF69 and GhNPF86, were not expressed in any of the four treatments; moreover, GhNPF77 and GhNPF29 were not expressed in response to temperature stress, and GhNPF88 was not expressed in response to drought and salt stress (Figure S2). The expression of several genes was significantly increased or decreased under the cold, heat, NaCl and PEG treatments compared with the control treatment, and the DEGs differed at different treatment time periods. According to the FPKM values of the ZJU RNA-seq dataset, 52, 36, 41 and 48 genes were highly expressed during at least two of the five different time periods (1 h, 3 h, 6 h, 12 h and 24 h) and stress treatment groups (heat, cold, salt and drought) (Figures S3A, C). According to the FPKM values of the CRI RNA-seq dataset, 51, 36, 51 and 31 genes were highly expressed in at least two of the five different time stress treatment groups (heat, cold, salt and drought, respectively) (Figures S3A, C). These results showed that after heat, cold, salt and drought treatment, 59 (heat and cold) and 38 (salt and drought) genes were upregulated, and according to the two datasets (Figures S3B, E), 31 genes common to the temperature (heat and cold) and saline-alkali (salt and drought) treatments could be candidate genes with resistance-related characteristics in cotton (Figure S3F). Among these candidate genes, the GhNPF6, GhNPF37 and GhNPF54 genes were all upregulated after heat and cold treatment, but the expression of the GhNPF64 and GhNPF27 genes was inhibited by the temperature treatments. In addition, the GhNPF28, GhNPF55 and GhNPF78 genes were all upregulated after NaCl and PEG treatment, while the GhNPF74 gene was upregulated only after NaCl treatment; PEG treatment inhibited the expression of the GhNPF39 gene. To further investigate the possible response of GhNPFs to abiotic stress conditions, by performing qRT−PCR, we analyzed the expression of 13 select genes from different tissues of G. hirsutum under different stresses (Figure 8). The heat treatments (at all time points) induced the expression of GhNPF13, GhNPF31, GhNPF43, GhNPF79 and GhNPF96, and cold stress exposure at all time intervals induced the expression of GhNPF15, GhNPF43 and GhNPF56. Similarly, the salinity stress treatments induced the expression of GhNPF6, GhNPF31, GhNPF54, GhNPF57 and GhNPF96 at all time intervals, and the GhNPF31, GhNPG37, GhNPF43, GhNPF79, GhNPF96 and GhNPF98 genes exhibited increased expression in response to drought stress. Taken together, the results of our abiotic stress response gene expression analysis showed that the GhNPF gene family members in upland cotton have potential regulatory roles in the response to abiotic stress.




Figure 8 | Relative expression levels of 12 GhNPFs in response to cold, salt, and drought treatments. The error bars represent the standard deviations of three biological replications. Orange represents heat stress, blue represents cold stress, green represents salt stress and yellow represents drought stress. Asterisks were used to indicate a significant degree of expression compared to the value of the control (*P < 0.05).






Discussion

N plays a substantial role in the growth and development of plants under abiotic stresses (Ercoli et al., 2010; Zhang et al., 2014; Goel and Singh, 2015; Taochy et al., 2015). NPFs are LATSs of N or NO3- and compose the largest subfamily of NO3- transporters in plants (O’Brien et al., 2016; Fan et al., 2017). The NPF family members plant species and subspecies such as Arabidopsis, Populus, rice, Brassica napus, soybean, Brassica rapa subsp. pekinensis, Populus tomentosa and P. trifoliata were identified and analyzed to determine their gene structure and transcript accumulation (Tsay et al., 2007; Bai et al., 2013; Drechsler et al., 2018; Zhang et al., 2020; You et al., 2020; Ma et al., 2021; Zhao et al., 2021; Zhao et al., 2022). In this study, 99, 52 and 51 NPF genes were identified in G. hirsutum, G. raimondii, and G. arboreum, respectively, compared to other identified plant species. Fifty-three have been identified in Arabidopsis (Tsay et al., 2007), along with 68 in Populus (Bai et al., 2013), 82 in rice (Drechsler et al., 2018), 193 in B. napus (Zhang et al., 2020), 120 in soybean (You et al., 2020), 72 in B. rapa subsp. pekinensis (Ma et al., 2021), 87 in P. tomentosa (Zhao et al., 2021) and 56 in P. trifoliata (Zhao et al., 2022). The number of genes in G. hirsutum was similar to the number of genes in P. tomentosa and was twice that in Arabidopsis. Genome-wide identification of the NPF genes in cotton was conducted to analyze the phylogenetic relationships of the NPFs between G. hirsutum and two other cotton species as well as A. thaliana. The NPF proteins could be separated into three main groups, namely, I, II, and III, according to the phylogenetic results, of which Group III could be further divided into four subgroups: III-1, III-2, III-3, and III-4. In these species, 18 pairs of paralogous genes were found: there were 15 pairs of genes in Arabidopsis, two pairs in G. hirsutum and one pair in G. raimondii. Furthermore, 86 pairs of orthologs from G. hirsutum, G. arboreum and G. raimondii were identified, suggesting that polyploidy led to the evolution of new cotton-specific ortholog clusters. During long-term natural selection, basic NPF genes were retained in the G. hirsutum genome, while others were lost, which is consistent with the findings of a study involving B. napus (Zhang et al., 2020). Other studies have shown that genes within the same taxa might have similar functions due to sequence similarity (Nan et al., 2021). Analysis of the exon/intron structure revealed a relatively high structural divergence among the GhNPF genes. The results suggested that events in which introns were lost and gained occurred during the evolution of the GhNPF gene family, which might result in functional redundancy among GhNPF genes. Therefore, cotton NPF family members might have differentiated during evolution, which might have resulted in functional differences.

Gene duplication is the main mechanism through which gene families expand. Segmental and tandem duplication are considered to be the two main causes of gene family expansion in plants (Cannon et al., 2004). The number of segmental duplication of GhNPFs in G. hirsutum was lower than that in B. napus (Zhang et al., 2020), and 84 segmentally duplicated genes were discovered in the GhNPF gene family of G. hirsutum, while the number of tandemly duplicated genes of both species was the same. Nevertheless, collinearity analysis of different species is one way to study the gene evolution and relationships (Yu et al., 2020). Therefore, the results of the intergenomic synteny analyses between G. hirsutum and the other two cotton species were compared to further understand the homologous gene functions and phylogenetic relationships of the NPF genes. The results showed that since the number of G. hirsutum genes was slightly greater than the total number of G. arboreum and G. raimondii genes, compared with those in G. hirsutum, the NPF gene duplication events and chromosomal rearrangements in G. arboreum and G. raimondii might be conserved. Likewise, duplication events in the B. napus genome might have facilitated the expansion of the NPF gene family (Zhang et al., 2020). Generally, due to the high diversity and allopolyploid characteristics of the NPF gene family, the members of the NPF gene family might have complex phylogenetic relationships in G. hirsutum. In order to investigate differentiation after gene duplication, non-synonymous substitutions (Ka) and synonymous substitutions (Ks) of replicated GhNPF genes in G. hirsutum were calculated. The present results suggested that GhNPF family genes have experienced selective pressures during evolution.

Cis-acting regulatory elements play paramount roles in regulating gene transcription by coordinating responses to developmental and environmental cues (Schmitz et al., 2022). It has been found that NPF transport is affected by nitrite, auxin, abscisic acid, jasmonoyl-isoleucine, and gibberellins, and NPF transport even participates in flowering time regulation and is negatively affected by abiotic stresses (Sugiura et al., 2007; Krouk et al., 2010; Kanno et al., 2012; Chiba et al., 2015; Goel and Singh, 2015; Saito et al., 2015; David et al., 2016; Teng et al., 2019). In this study, 55 types of cis-acting elements (stress-responsive, tissue-specific, phytohormone-responsive and light-responsive ones) were confirmed in the promoters of GhNPFs. Most GhNPF genes contained stress-responsive elements, hormone-responsive elements and light-responsive elements, which indicated that the expression and regulation of these genes were affected by stress, hormones and light. Like in the P. trifoliata study (Zhao et al., 2022), in the present study, the GhNPF promoters contained MyB-binding sites, indicating that these genes might be regulated by the same transcriptional mechanism. There is direct evidence that NPF genes are affected by salt and drought stress (Zhang et al., 2014). Furthermore, based on two RNA-seq datasets and qRT−PCR analyses, we characterized the spatial and temporal expression profiles of NPF genes and the responses of NPF genes to various stress treatments in G. hirsutum and found that a large number of GhNPF genes were highly expressed in the roots, stems and pistils, suggesting that GhNPF might be important for the functions of those organs. GhNPF37 was expressed in all the tested tissues, while GhNPF5, a member of the NPF6 family, was mainly expressed in the roots, and AtNPF6.3 was also highly expressed in the lateral roots (Guo et al., 2001). Both GhNPF56 and GhNPF13 are members of the NPF8 family and were highly expressed in the petals. However, AtNPF8.2 is mainly expressed in the pollen and ovules (Komarova et al., 2008). GhNPF family members were unevenly expressed across all the evaluated tissues, indicating that they played an important role in controlling the growth and development of G. hirsutum. Interestingly, some GhNPFs exist in different cell components, participate in different biological processes, and have multiple molecular functions. This gene family may play an important role in the growth process and environmental diversity. For example, GhNPF6 is located in the plasma membrane, has membrane boundary functions such as transmembrane transporter activity, and participates in nitrogen compound transport, response to nitrate, response to wounding and response to jasmonic acid. Research has shown that NPF genes respond specifically to abiotic and biotic stressors except N starvation (Fan et al., 2017). For example, GsNRT1.12, GsNRT1.43, GsNRT1.62, and GsNRT1.57 in soybean were shown to be rapidly upregulated after salt treatment (You et al., 2020). Phyllostachys edulis responds to cold and drought treatment through altered expression of PeNPF to a certain extent (Yuan et al., 2021). To further investigate the potential functions of GhNPFs in abiotic stress responses, we analyzed the gene expression profile data. In addition, qRT−PCR was used to analyze the expression of 13 GhNPFs under four abiotic stress conditions: salt, drought, heat and cold. Two genes (GhNPF31 and GhNPF96) were downregulated after three treatments, namely, heat, salinity and drought, and the expression of GhNPF31 was the highest after 12 h of cold treatment, while the expression of GhNPF96 was the highest after 3 h of cold treatment, the results of which implied that GhNPFs might participate in the transduction of different signaling pathways in response to abiotic stress. The expression level of PtrNPF7.3 in P. trifoliata (Zhao et al., 2022), a homologous gene of GhNPF96, was lower in the control group than in the treatment groups, but its transcript level significantly increased after salt treatment. The GhNPF6 gene was upregulated under salt, but cold, heat and drought had little effect on its expression. The expression of the GhNPF79 and GhNPF98 genes was downregulated in response to drought treatment, and their transcript levels increased after 3 h of salt treatment then began to decrease at 6 h, 12 h and 24 h. Similarly, the expression level of NRT1.1, a homolog of GhNPF79 and GhNPF98, was reduced in B. juncea and Arabidopsis after salt and drought stresses (Goel and Singh, 2015; Taochy et al., 2015). High temperature inhibited the expression of 79 genes under heat at 24 h. Interestingly, GhNPF5 was significantly expressed in the roots but not in response to the four biotic stresses, which proved that the GhNPF gene responds to specific stressors, which explains why it was not expressed under any one stress. These results suggested that NO3- uptake might increase the osmotic potential of cells in response to abiotic stress. In general, this study revealed the NPF genes in G. hirsutum and explored their expression profiles in different tissues and under different abiotic stresses, the findings of which provide a theoretical basis for further studies on the function of GhNPFs and plant N use efficiency under abiotic stress.
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Drought substantially influences crop growth and development. NAC (NAM, ATAF1/2, and CUC2) transcription factors (TFs) have received much attention for their critical roles in drought stress responses. To explore the maize NAC genes in response to drought stress, the transcriptome sequencing data of NAC TFs in two maize inbred lines, the drought tolerance line H082183 and the sensitive line Lv28, were used to screen the differentially expressed genes (DEGs). There were 129 maize NAC protein-coding genes identified, of which 15 and 20 NAC genes were differentially expressed between the two genotypes under MD and SD treatments, respectively. Meanwhile, the phylogenetic relationship of 152 non-redundant NAC family TFs in maize was generated. The maize NAC family proteins were grouped into 13 distinct subfamilies. Five drought stress–responsive NAC family members, which were designed as ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1(JUBGBRUNNEN1), and ZmNAC87, were selected for further study. The expression of ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 were significantly induced by drought, dehydration, polyethylene glycol (PEG) stress, and abscisic acid (ABA) treatments. The overexpressing Arabidopsis of these five NAC genes was generated for functional characterization, respectively. Under different concentrations of NaCl, D-mannitol stress, and ABA treatments, the sensitivity of ZmNAP-, ZmNAC19-, ZmNAC4-, ZmJUB1-, and ZmNAC87-overexpressing lines was significantly increased at the germination stage compared to the wild-type lines. The overexpression of these five NAC members significantly improved the drought stress tolerance in transgenic Arabidopsis. Yeast two-hybrid screening analysis revealed that ZmNAP may cooperatively interact with 11 proteins including ZmNAC19 to activate the drought stress response. The above results inferred that ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 may play important roles in the plant response to drought stress and may be useful in bioengineering breeding and drought tolerance improvement. 
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Introduction

Maize (Zea mays L.) is an important crop, which is widely grown as food, feed, and energy in the world. However, abiotic stresses, especially drought stresses, severely affected maize growth and yield. Therefore, mining and characterizing drought-responsive genes in maize would benefit maize breeding, reducing maize yield loss in arid areas.

Abiotic stresses seriously influence plant growth and development, causing reactive oxygen species (ROS) accumulation, stomatal closure, photosynthesis, and crop yield reduction (Gong et al., 2020). The plant has evolved complex mechanisms at physiological and biochemical levels to respond to abiotic stresses (Zhang et al., 2022). Over the past decades, a series of stress-responsive genes had been characterized in plants (Fan et al., 2018). NAC (NAM, ATAF1/2, and CUC2) proteins are plant-specific transcriptional regulators that constitute a large gene family and play vital roles in lateral root development, secondary cell wall biosynthesis, xylem development, leaf senescence, and abiotic stress resistance (Balazadeh et al., 2010; Ohashi-Ito et al., 2010; Nuoendagula et al., 2018). NAC proteins are typically characterized by a highly conserved DNA-binding domain at its N-terminus, which was recognized as the NAC domain. The NAC domain could be divided into five subdomains A, B, C, D, and E. The divergent C-terminal region was considered as the transcriptional activation domain (Tran et al., 2004). Recently, NAC proteins have received wide attention from researchers for their vital roles in the plant response to drought stress.

In recent years, a variety of abiotic stress-related NAC TFs have been identified. In Arabidopsis, the overexpression of ANAC019, ANAC055, or ANAC072 significantly improved drought stress tolerance (Tran et al., 2004). In rice, SNAC1, OsNAC5, and OsNAC10 improved the drought and salt stress responses of rice via an abscisic acid (ABA)–dependent pathway (Hu et al., 2006; Jeong et al., 2010; Takasaki et al., 2010). Rice ONAC066 activated the transcription of OsDREB2A by directly binding to a AtJUB1 binding site (JBS)-like cis-element in the promoter region, improving drought and oxidative stress responses (Yuan et al., 2019). In maize, the overexpression of ZmNAC111 in maize significantly increased water use efficiency by upregulating the expression of drought stress–responsive genes, thereby enhancing drought resistance (Mao et al., 2015). ZmSNAC13- overexpressing Arabidopsis performed enhanced drought stress tolerance via promoting the expression of PYL9 and DREB3 (Luo et al., 2022). Maize ZmNAC48, which interacted with cis-NATZmNAC48 through an siRNA-dependent mechanism, was involved in drought stress responses by regulating stomatal closure (Mao et al., 2021). Our previous study indicated that the overexpression of ZmSNAC1 significantly improved the dehydration tolerance in transgenic Arabidopsis (Lu et al., 2012). To date, only a few studies of maize NAC transcription factors (TFs) that respond to drought stress have been identified.

The maize drought–tolerant inbred lines H082183 (H) and drought-sensitive inbred lines Lv28 (L) were used in this study. Under drought stress conditions, the leaf-relative water contents of H082183 were significantly higher than those of Lv28 after a 9–44-day drought (Zhang et al., 2017). We analyzed the transcriptome data of the two genotypes under drought stress and control treatments, and five drought-responsive maize NAC genes ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 were characterized. Functional characterization indicated that the overexpression of these five maize NAC family genes performed significantly enhanced drought stress tolerance compared to the wild-type (WT) lines. Therefore, these results may lay the foundation for future studies to explore the detailed molecular mechanisms of maize NAC proteins in the drought stress response.



Methods and materials


Transcriptome analysis

To explore the expression level of NAC family TFs under drought stress treatment, the transcriptome sequencing data of NAC family TFs in two maize inbred lines: the tolerant line H082183 and the sensitive line Lv28 under well-watered conditions and natural soil drought stress were downloaded from the NCBI Sequence Read Archive (SRA, accession SRP102142). Transcriptional sequencing data were treated according to the method of Zhang et al., 2017. Clean reads were aligned to the maize reference genome B73_RefGen_v3 sequence by the Tophat2 software. The fragments per kilobase million mapped reads (FPKM) of each gene was calculated by Cuffdiff to estimate gene expression levels.



Phylogenetic analysis

There were 189 maize NAC TF sequences obtained from the Plant Transcription Factor Database (http://planttfdb.cbi.pku.edu.cn/), and ClustalW2 was used for protein sequence alignment to remove redundant sequences. The phylogenetic tree of non-redundant NAC family TFs in maize were generated by PhyML version 2.4.3 using maximum likelihood methods. The phylogenetic tree was analyzed and displayed with MEGA7 software using the neighbor-joining method (Kumar et al., 2016).



Plant materials and treatments

The seeds of the maize inbred line B73 were grown in plastic containers filled with a mixture of nutrient soil and vermiculite (1:1, v/v) and were watered suficiently before initiating the drought stress treatment experiments. The three-leaf stage maize seedlings were subjected to moderate and severe drought stress; then, water was resumed after severe drought stress. The soil moisture content and leaf relative water content were measured during drought stress. The shoots were harvested under moderate stress, severe stress, and rewatering treatments with the leaf-relative water content of 45%, 33%, and 96%, respectively, to analyze the expression patterns of NAC genes under drought stress and rewatering treatments. For the dehydration treatment, the seedlings were dried in air on Whatman filter papers. The shoots and roots were harvested at given time points (0, 1, 3, 6, 12, and 24 h) and frozen in liquid nitrogen immediately.

The seeds of a drought-sensitive inbred line Lv28 and a drought-tolerant inbred line H082183 were provided by the Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, and preserved in our laboratory. The seeds of these two maize inbred lines were sown in the soil, and the seedlings at the three-leaf stage were used for soil drought stress, dehydration, and ABA and PEG treatments. For ABA and PEG treatments, the seedlings grown in vermiculite were rinsed and immersed into the Hoagland solution supplemented with 100 μM ABA, 20% (w/v) PEG, respectively. The Hoagland solution supplemented with nothing in it was treated as the control. The shoots and roots were harvested at given time points (0, 1, 3, 6, 12, and 24 h) and frozen in liquid nitrogen immediately.



Real-time quantitative PCR analysis

Total RNAs were extracted from appropriate maize tissues using the TRIzol reagent according to the manufacturer’s specifications (TakaRa, China). The RNA samples were reverse-transcribed using the RevertAid First Strand complementary DNA (cDNA) Synthesis Kit (Thermo Scientific, USA). Gene-specific primers for maize NAC genes were designed with the Roche LCPDS2 software. The primer sequences used in the RT-qPCR are listed in Supplementary Table 1. RT-qPCR was performed using a LightCycler® 480 II Real-time PCR Instrument (Roche, Swiss) with SYBR Premix Ex TaqTM II (TakaRa, China). Each sample was run in triplicate for analysis. The maize GAPDH (NM_001111943) gene was used for RT-qPCR as an internal control for normalization, and the 2-ΔΔCt method was used to calculate the relative expressions of NAC genes under different stress treatments.



Transactivation activity assay

The full-length coding sequences (CDSs) and the truncated N- and C-terminal regions of ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 were amplified from the B73 maize inbred line by PCR and connected to the pGBKT7 vector, respectively. The constructs and the negative-control pGBKT7 were transformed into the yeast strain AH109. The transformants were spread on SD/-Trp, SD/-Trp/-His, and SD/-Trp/-His supplemented with 10, 20, and 30 mM 3-AT media to detect the transactivation activity.



Generation of overexpressing transgenic Arabidopsis

The full-length CDSs of ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 were cloned into the pCAMBIA3301 vector and transferred into Arabidopsis using the floral dip method via Agrobacterium tumefaciens GV3101 (Clough and Bent, 1998). The seeds of the positive transgenic plants were screened on the MS agar medium containing 7.5 mg/L phosphinothricin (PPT) after vernalization, and the seedlings were transplanted into the soil. The genomic DNA for each plant was extracted, and the bar and target genes were detected with PCR. Positive transgenic plants were screened according to a segregation ratio (resistant/sensitive = 3:1) and confirmed by PCR. Homozygote T3 generation plants, which are 100% resistant to PPT, were used for phenotype analysis. The RT-qPCR method was used to evaluate the transcripts of ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 in overexpressing Arabidopsis. The expression of the Actin gene (NM_112764) of Arabidopsis was used as an internal control. The relative expression levels were calculated using the relative 2-ΔΔCt method (Livak and Schmittgen, 2001). Three biological replicated assays were carried out for each experiment.



Phenotype analysis of ZmNAP-, ZmNAC19-, ZmNAC4-, ZmJUB1-, and ZmNAC87-overexpressing Arabidopsis

The seeds of each homozygous plant were sterilized and sown on an MS agar medium containing 400 mM D-Mannitol, 175 mM NaCl, and 1.5 μM ABA, respectively. The seeds were grown in a greenhouse (21°C; humidity 40%–50%; 16-h light/8-h darkness). The germination ratio was calculated daily for seven consecutive days.

Seeds of the WT and each homozygous plant were surface-sterilized with 75% (w/v) sodium hypochlorite and grown on MS media for approximately 6 days. Then, the WT and transgenic plants were transferred into the soil and grown under normal irrigation conditions for 3 weeks, the relative humidity was 20%–30%, and the temperature was 21°C. For drought stress treatment, the plants were withheld water for 2 weeks. The phenotype of the WT and transgenic plants under the drought stress treatment was measured, and the survival rate was calculated after 1 week of rewatering. Each experiment was repeated at least three times independently, and the average and standard errors were calculated.



Yeast two-hybrid screening

To screen target proteins that interacted with ZmNAP, the different truncated CDSs (1-186aa, 1-207aa, and 1-227aa) of ZmNAP were amplified and ligated into the pGBKT7 vector and transformed into Y2HGold yeast. The pGBKT7 vector was used as the negative control. All transformants were grown in SD/-Trp and SD/-Trp/X-α-Gal media to identify the self-activating activity as the bait. In yeast two-hybrid screening, the bait plasmid and the maize cDNA library plasmids were cotransformed into Y2HGold yeast. The transformants were spread and selected on the SD/-Ade/-His/-Leu/-Trp/X-α-Gal/AbA medium. The target prey plasmids were isolated using the Easy Yeast Plasmid Isolation Kit (Tiangen, Beijing, China) and interacted with a bait plasmid again in Y2HGold yeast.




Results


Identification and phylogenetic analysis of NAC family TFs in maize

To identify the NAC TF in maize, the 189 NAC protein sequence of maize was obtained from the Plant Transcription Factor Database. After removing the redundant sequence, 152 non-redundant NAC protein sequences containing 129 maize NAC protein sequences mentioned in the transcription data were obtained. Detailed information including the gene IDs of maize NAC genes are shown in Supplementary Table 2. The evolution analysis of 152 non-redundant NAC proteins was performed. As shown in Figure 1, the maize NAC family proteins were grouped into 13 distinct subfamilies, which were ONAC3, TERN, ONAC22, ATAF, OsNAC3, NAP, ONAC1, SNO, VNO, ANAC011, NAC2, NEO, and NAC1 subfamilies.




Figure 1 | Neighbor-joining tree of NAC (NAM, ATAF1/2, and CUC2) family transcription factors (TFs) in maize. The bootstrap values (1,000 replications) are presented on the relevant nodes.





Differential expression analysis of maize NAC genes under field drought conditions

To explore the response of maize NAC gene to drought stress, we downloaded the genome-wide expression data of two maize inbred lines: the tolerant line H082183 and the sensitive line Lv28 under well-watered conditions and soil drought stress. There were 129 NAC protein-coding genes obtained (Supplementary Table 3). The results of transcriptional analysis showed that 28 and 39 NAC genes were specifically upregulated; 21 and 27 NAC genes were uniquely downregulated in H082183 and Lv28 under at least one drought stress condition. There were 32 NAC genes (15 genes in MD, 20 genes in SD, and 3 genes in both MD and SD) differentially expressed in the two genotypes under at least one drought stress condition (|log2(fold change)| > 1, FDR < 0.05), respectively (Figure 2).




Figure 2 | Differential expression analysis of maize NAC genes. (A) Heat map analysis of the NAC TF expression under natural soil drought treatments in H082183 and Lv28 based on RNA-seq experiments. Red represents high expression, and green represents low expression. MD, SD, MC, and SC stand for moderate drought, severe drought, moderate drought control, and severe drought control, respectively. (B) Numbers of drought-responsive differentially expressed genes (DEGs) in H082183, compared to Lv28 under the drought stress treatment. MD, moderate drought stress treatment; SD, severe drought stress treatment. (C) Hierarchical clustering based on log2 (fold changeH082183/fold changeLv28) values of DEGs.





Transcriptional analysis of selected NAC genes involved in drought and dehydration conditions

Combined with the results of RNA-Seq analysis and phylogenetic analysis, 21 NAC genes from 13 subgroups were selected for further study. To determine the effect of drought on the expression of selected NAC genes, RT-qPCR was used to identify temporal expression patterns at the seedling stage (Figure 3A). The results showed that the expression levels of nine NAC genes (GRMZM2G163251, GRMZM2G181605, GRMZM2G347043, GRMZM2G180328, GRMZM2G430849, GRMZM2G336533_P01, GRMZM2G126936, GRMZM2G336533_P02, and GRMZM2G127379) were significantly increased under drought stress treatment (compared with normal watering, the expression fold ≥ 2 under MD and SD treatments). These NAC genes were induced by drought stress; the results were consistent with transcriptome analysis in the two genotypes.




Figure 3 | Expression levels analysis of maize NAC genes. (A) Expression analysis of 21 maize NAC genes under drought stress treatments. (B) Expression analysis of 15 maize NAC genes under dehydration treatments. Maize ZmGAPDH (NM_001111943) was used as the internal reference gene. (C) Expression patterns of ZmNAP in shoots and roots when treated with 200 mM NaCl, 100 μM abscisic acid (ABA), 20% PEG, dehydration, low temperature (4°C), drought stress, and control (Hoagland), respectively. The maize ZmGAPDH (NM_00111943) gene was used as an internal control for normalization.



Moreover, in the dehydration assays, the expression levels of 15 NAC genes in shoots and roots were detected after 0–24 h dehydration treatment (Figure 3B). Among them, GRMZM2G180328, GRMZM2G127379, and GRMZM2G163251 were induced mainly in shoots, whereas GRMZM2G104078 and GRMZM2G389557 were induced mainly in roots. GRMZM2G014653-P01, GRMZM2G336533_P01, GRMZM2G336533_P02, GRMZM2G126936, GRMZM2G347043, GRMZM2G430849, and GRMZM2G114850 were induced both in shoots and roots.



Five selected NAC genes were responsive to drought stress

Five drought-responsive maize NAC members (GRMZM2G430849, GRMZM2G336533_P01, GRMZM2G068973, GRMZM2G163251, and GRMZM2G181605) were selected, and the full-length CDSs were obtained from the maize inbred line B73, respectively. GRMZM2G430849, GRMZM2G336533_P01, GRMZM2G068973, GRMZM2G163251, and GRMZM2G181605 had the highest identity to ANAC047(AEE74033), ZmSNAC1(AEY78612), OsNAC4(BAB64820), JUB1(At2g43000), and ANAC087 (At5g18270) and were designed as ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87, respectively.

RT-qPCR showed that the expression levels of ZmNAP, ZmNAC19, ZmJUB1, and ZmNAC87 were significantly increased under drought stress in B73 (Figure 3). We further detected the expression levels of these five genes in Lv28 and H082183 under drought treatment. The expression levels of ZmNAC4 and ZmJUB1 were significantly upregulated under drought treatment in Lv28, whereas there were no significant differences in H082183. The expression level of ZmNAC19 was remarkably increased both in Lv28 and H082183 under drought treatment. Meanwhile, the expression level of ZmNAC87 was significantly upregulated in Lv28 and downregulated in H082183 under the drought (Supplementary Figure 1). The results suggested that these five NAC genes may be involved in the drought stress response in maize.



Overexpression of ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 improved sensitivity under ABA, high salt, and D-mannitol stress treatments at the germination stage

ZmNAC19 and ZmNAC4 had been proven to be strongly induced by drought, NaCl, and ABA in maize in our previous study (Lu et al., 2015). In this study, RT-qPCR showed that, ZmNAP, ZmJUB1, and ZmNAC87 were induced by drought stress, dehydration, and PEG and exogenous ABA treatments (Figures 3C, 4). To functionally characterize maize ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 under drought stress conditions, ZmNAP-, ZmNAC19-, ZmNAC4-, ZmJUB1-, and ZmNAC87- overexpressing Arabidopsis were generated, respectively. The relative expression levels of transgenic lines were evaluated, and the transgenic lines of overexpressed ZmNAP (OX-47, OX-21), ZmNAC19 (OX-15, OX-17, OX-23), ZmNAC4 (OX-22, OX-14), ZmJUB1 (OX-3, OX-7, OX-9, and OX-44), and ZmNAC87 (OX-58 and OX-60) were used for phenotypic analysis, respectively.

Compared to the WT, ZmNAP-, ZmNAC19-, ZmNAC4-, ZmJUB1-, and ZmNAC87-overexpressing lines exhibited significantly enhanced sensitivity to ABA, salt, and D-mannitol at the germination stage (Figures 5A, 6A, 7A, 8A, 9A), whereas no significant differences could be observed under normal conditions. Under 175 mM NaCl treatment, compared to the WT lines, the germination rates of ZmNAP-, ZmNAC19-, ZmNAC4-, ZmJUB1, and ZmNAC87-overexpressing lines decreased by 53.1%–65.5%, 24%–44%, 40%–60%, 15%–40%, and 18%–32%, respectively. Similarly, under 1.5 μM ABA stress treatment, the germination rates of transgenic lines decreased by 40%–48.6%, 32%–52%, 23%–43%, 9%–42%, and 6%–30%, respectively. It may be inferred that the ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 may respond to drought stress via ABA-dependent signaling pathways.




Figure 4 | Expression analysis of ZmJUB1 and ZmNAC87 under drought stress, dehydration, Hoagland, 100 μM ABA, and 20% PEG treatments in Lv28 and H082183. Maize ZmGAPDH (NM_001111943) was used as the internal reference gene. Highly significant differences (P < 0.01) were represented by **.






Figure 5 | Germination and phenotype analysis ZmNAP overexpressing Arabidopsis. (A) Germination assays of ZmNAP were performed under the presence of 1.0 μM and 1.5 μM ABA, 150 mM and 175 mM NaCl, 350 mM and 400 mM D-mannitol. Data are means ±SD of three biological replicates. (B) Performance and survival rate of the ZmNAP overexpressing lines under drought stress and re-watering treatments. Three biological replicates and calculate the average. Highly significant differences (P < 0.01) were represented by **.






Figure 6 | Germination and phenotype analysis ZmNAC19 overexpressing Arabidopsis. (A) Germination assays of ZmNAC19 were performed under the presence of 1.0 μM and 1.5 μM ABA, 150 mM and 175 mM NaCl, 350 mM and 400 mM D-mannitol. Each measurement consists of 50 seeds. Data are means ±SD of three biological replicates for 8 days. (B) Root length of the ZmNAC19 overexpressed transgenic lines in the presence of 1.5 μM ABA and 175 mM NaCl. (C) Performance and survival rate of the ZmNAC19 overexpressing lines under drought stress and re-watering treatments. Three biological replicates and calculate the average. Highly significant differences (P < 0.01) were represented by **.






Figure 7 | Germination and phenotype analysis ZmNAC4 overexpressing Arabidopsis. (A) Germination assays of ZmNAC4 were performed under the presence of 1.0 μM and 1.5 μM ABA, 150 mM and 175 mM NaCl, 350 mM and 400 mM D-mannitol. Each measurement consists of 50 seeds. (B) Performance and survival rate of the ZmNAC4 overexpressing lines under drought stress and re-watering treatments. Three biological replicates and calculate the average. Highly significant differences (P < 0.01) were represented by **.






Figure 8 | Germination and phenotype analysis ZmJUB1 overexpressing Arabidopsis. (A) Germination assays of ZmJUB1 were performed under the presence of 1.5 μM ABA and 175 mM NaCl and 400 mM D-mannitol. Each measurement consists of 50 seeds. Data are means ±SD of three biological replicates for 13 days. (B) Performance and survival rate of the ZmJUB1 overexpressing lines under drought stress and re-watering treatments. Three biological replicates and calculate the average. Highly significant differences (P < 0.01) were represented by **.






Figure 9 | Germination and phenotype analysis ZmNAC87 overexpressing Arabidopsis. (A) Germination assays of ZmNAC87 were performed under the presence of 1.0 μM ABA, 1.5 μM ABA, 150 mM NaCl, 175 mM NaCl, 350 mM D-mannitol and 400 mM D-mannitol. Each measurement consists of 50 seeds. Data are means ±SD of three biological replicates for 13 days. (B) Performance and survival rate of the ZmNAC87 overexpressing lines under drought stress and re-watering treatments. Three biological replicates and calculate the average. Highly significant differences (P < 0.01) were represented by **.





Overexpression of ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 enhanced drought stress tolerance in transgenic Arabidopsis

Drought tolerance assays were further performed to explore the biological functions of ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87. The results indicated that, compared with the WT, the survival rate of transgenic plants improved under drought stress conditions (Figures 5B, 6C, 7B, 8B, 9B). Furthermore, the survival rate of ZmNAP-, ZmNAC19-, ZmNAC4-, ZmJUB1-, and ZmNAC87- overexpressing lines improved by 65%–67%, 30%–35%, 24%–35%, 40%–97%, and 35%–95% compared with the WT, respectively. We concluded that overexpression of ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 could significantly increase transgenic plants’ drought stress tolerance. Moreover, the overexpression of ZmNAC19 significantly improved the primary root length of transgenic Arabidopsis under NaCl and ABA treatments (Figure 6B).



ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 showed transactivation activity

To examine the transactivation activity of the ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87, the constructs that recombinant pGBKT7 and the different truncations of these five NAC genes were transformed into the yeast strain AH109, respectively. The transformants of pGBKT7 connection with the full-length and C-terminal region of these five genes grew well on the SD/-Trp and SD/-Trp/-His/30 mM 3-AT media, whereas the control (pGBKT7 vector) and pGBKT7 connection with the N-terminal region of these five genes’ transformants failed to grow. The results indicated that the full-length and C-terminus of ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 had a transactivation activity in yeast. ONPG assays further confirmed that the full-length and C-terminus of ZmNAP, ZmNAC19 and ZmNAC4 have strong transactivation activity (Figure 10).




Figure 10 | Transactivation analysis of the full-length CDSs and different truncations of ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87. (A) Transactivation activity analysis of the full-length CDSs and different truncations of ZmNAP. The Recombinant plasmids pGBKT7-ZmNAP-C, pGBKT7-ZmNAP-N, pGBKT7-ZmNAPΔN-1, pGBKT7-ZmNAPΔN-2, pGBKT7-ZmNAPΔN-3, pGBKT7- ZmNAPΔN-4, pGBKT7- ZmNAPΔN-5 and prey plasmid pGBKT7 were transformed into the yeast strain AH109 and selected on the SD/-His/-Trp/3-AT medium. (B) Transactivation activity analysis of the full-length CDSs and different truncations of ZmNAC19 and ZmNAC4. The yeast transformation and screening methods are described above. (C) Transactivation activity analysis of the full-length CDSs and different truncations of ZmJUB1 and ZmNAC87. The yeast transformation and screening methods are described above. (D) β-galactosidase activity of ZmNAP, ZmNAC19, and ZmNAC4 were determined in yeast strain Y187. The pGBKT7 vector was used as a negative control.





ZmNAP interacted with 11 proteins in yeast

NAC TFs perform multiple functions by interacting with other proteins. ZmNAP, which is differently expressed in two maize inbred lines with contrasting drought tolerance, could significantly enhance drought stress tolerance. We further identified the interacting proteins of ZmNAP by yeast two-hybrid screening (Figure 11). After screening and rotation verification, 11 proteins were identified that could potentially interact with ZmNAP (Supplementary Table 4). Gene function annotations identified that the interacting protein NP_001105685.1 was associated with the synthesis of cysteine proteinase; cysteine proteases have been reported to participate in numerous developmental processes and abiotic stress (Koizumi et al., 1993; McLellan et al., 2009). AQL02257.1 is a key enzyme synthesis gene of glycolysis and involved in the process of sugar metabolism. The interacting protein NP_001145262.1 has been reported to be involved in chloroplast development. The expression of the interacting protein-coding genes in Lv28 and H082183 indicated that ACG27790.1, NP 001145262.1, NP 001149132.1, and ONM10521.1 were downregulated in Lv28 under drought stress conditions, whereas no significant differences could be detected in H082183 (Figure 12). Notably, ZmNAC19, which is one interacting protein of ZmNAP, was significantly induced by drought treatment in both Lv28 and H082183. It is speculated that ZmNAP may form a heterodimer with ZmNAC19 to increase drought resistance.




Figure 11 | Screening and identification of ZmNAP interacting proteins in Y2HGlod yeast. Three truncations of ZmNAP were ligated into the pGBKT7 vector. Recombinant vectors were transformed into Y2HGold and selected on SD/-Trp/X-α-Gal and SD/-Trp/-Leu/X-α-Gal. The pGBKT7-Lam and pGADT7-T were used as the negative control. The pGBKT7-53 and pGADT7-T were used as the positive control. Experiments were independently repeated at least three times.






Figure 12 | Expression analysis of ZmNAP interacting protein coding genes under drought stress in Lv28 and H082183. Maize ZmGAPDH (NM_001111943) was used as the internal reference gene. Highly significant differences (P < 0.01) were represented by **.






Discussions

NAC transcriptional factors constitute one of the largest TF families in plants and play vital roles in plant development and abiotic stress resistance (Olsen et al., 2005; Jensen and Skriver, 2014). So far, at least 117, 151, and 260 NAC genes have been identified in Arabidopsis, rice, and wheat (Nuruzzaman et al., 2010; Puranik et al., 2012; Mao et al., 2020). However, the characterization of the drought tolerance function of maize NACs has been limited to only a few members.

Genome-wide gene expression analysis by RNA-Seq provides a powerful method to mine drought tolerance–related genes in maize. Numerous genes responsive to drought may show a genotypic differential expression between H082183 and Lv28 with contrasting drought tolerance. In this study, we compared the transcriptional sequencing data of the NAC TFs of the two inbred lines under well-watered conditions and natural soil drought stress, to screen the NAC family genes that were specifically differentially expressed between the two genotypes under drought conditions. There were 32 NAC genes differentially expressed between the two genotypes under at least one drought stress condition. Among them, three NAC genes encoded GRMZM2G031200, GRMZM2G430849, and GRMZM2G475014 were differentially expressed in both MD and SD. The relative higher expression of these NAC genes in the drought-tolerant inbred line H082183 suggests that they may participate in drought resistance and adaptation in maize. There were 28 NAC genes upregulated in the drought-tolerant line H082183 under at least one drought stress condition, including three well-known maize drought stress–responsive genes, ZmSNAC1, ZmNAC55, and ZmNAC111, which have been reported to significantly improve plant drought tolerance (Lu et al., 2012; Mao et al., 2015; Mao et al., 2016).

By referring to the Plant Transcription Factor Database, 152 non-redundant NAC protein sequences were screened for evolution analysis. The maize NAC family proteins were grouped into 13 distinct subfamilies. A series of drought stress–responsive maize NAC members such as ZmSNAC1, ZmNAC55, ZmNAC111, ZmNAC84, ZmNAC33, and ZmSNAC13 fell into OsNAC3, ONAC3, NEO, and ATAF subfamilies (Lu et al., 2012; Mao et al., 2015; Mao et al., 2016; Zhu et al., 2016; Liu et al., 2019; Luo et al., 2022). In the present study, the RT-qPCR assay also confirmed that GRMZM2G180328, GRMZM2G127379, GRMZM2G430849, GRMZM2G163251, GRMZM2G181605, and GRMZM2G081939 belonging to these subfamilies were significantly induced by drought stress in maize B73 seedlings.

Numerous reports have indicated that the overexpression of stress-related NAC genes could improve the stress resistance of transgenic plants. For instance, the overexpression of rice OsNAC2 improved transgenic plants’ sensitivity to high salt and drought stress (Yu et al., 2021). The overexpression of ZmNAC55 enhanced drought stress tolerance in transgenic Arabidopsis (Mao et al., 2016). Maize ZmNAC33 overexpressing Arabidopsis performed improved osmotic stress tolerance and ABA sensitivity at the seed germination stage and enhanced drought stress tolerance (Liu et al., 2019). In this study, five NAC genes ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87, which were induced more than twofold by MD or SD treatments, were selected according to the transcriptome sequencing data. ZmNAP-, ZmNAC19-, ZmNAC4-, ZmJUB1-, and ZmNAC87-overexpressing lines significantly increased the germination sensitivity to various abiotic stress and ABA treatments, and the survival rates of transgenic seedlings were significantly higher than that of the WT plants under drought stress treatment. This may be inferred that ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 play critical roles in the plant response to drought stress. ZmNAC4, which was designed as ZmNAC13 in the previous study, also resulted in enhanced drought stress tolerances in Arabidopsis (Luo et al., 2021).

Generally, phylogenetically clustered genes share a higher sequence identity and have similar biological functions. Multiple sequence alignment indicated that ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 were confirmed to possess a typical NAC domain and a transactivation domain located at the C terminus (Supplementary Figure 2), which had the highest sequence identity to AtNAP, SNAC1, OsNAC4, JUB1, and ANAC087. In Arabidopsis, AtNAP and ANAC087 were induced by ABA and abiotic stress and promoted leaf senescence in Arabidopsis (Guo and Gan, 2006; Huysmans et al., 2018). JUB1 was a multifunctional member of the NAC TFs that showed to be involved in responses to abiotic stresses (Ebrahimian-Motlagh et al., 2017). OsNAC4 led to hypersensitive response (HR) programmed cell death to participate in plant immune responses (Kaneda et al., 2009). SNAC1 was a drought-inducible gene in rice and significantly improved drought and salt stress tolerance (Hu et al., 2006). In the present study, ZmNAP-, ZmNAC19-, ZmNAC4-, ZmJUB1-, and ZmNAC87-overexpressing Arabidopsis exhibited a significant enhancement of drought stress tolerance. These results inferred that ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 may play important roles in drought response regulatory networks. Furthermore, yeast two-hybrid screening suggested that ZmNAP interacts with ZmNAC19 in yeast. The dimerization of the NAC domain is common and can function in modulating the DNA-binding specificity (Müller, 2001). ZmNAP may form a heterodimer with ZmNAC19 to participate in the drought tolerance regulatory network.

ABA plays an important role in abiotic stress responses, regulating various stages of plant development, such as seed maturation, dormancy, organ abscission, and leaf senescence. NAC proteins regulate biotic and abiotic stress responses through ABA-dependent and -independent signaling pathways. ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 were induced by drought stress, dehydration, PEG and ABA treatments. Furthermore, the promoters of these five NAC genes contain several ABA responsive elements (ABREs). Our data show that ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 may respond to abiotic stresses in ABA-dependent signaling pathways.

In conclusion, in this study, five maize NAC TFs, ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87, were identified according to the transcriptome analysis. The full-length CDSs and C-terminal regions of these five NAC proteins performed the transactivation activity. Relative expression analysis revealed that ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 were strongly induced by drought stress, dehydration, and PEG and ABA treatments. The overexpression of ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 in Arabidopsis increased sensitivity to ABA, NaCl, and D-mannitol at the germination stage, and the drought tolerance of transgenic lines was significantly improved compared with WT. Moreover, ZmNAP may physically interact with 11 proteins including ZmNAC19 to activate the drought stress response. These results indicated that ZmNAP, ZmNAC19, ZmNAC4, ZmJUB1, and ZmNAC87 may activate the drought stress response via ABA-dependent signaling pathways. The data may be useful for improving maize drought stress tolerance through molecular breeding programs.
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Sexual dimorphism has commonly been found in many species. The phenotypes of Salix matsudana females and males are different under salinity stress. An F1 population was selected to compare the differences between males and females. As a result, males showed stronger roots and heavier dry weights than females. The unique molecular mechanisms of males and females under salinity stress were further analyzed based on the root transcriptome of males and females. Both males and females up-regulated systemic acquired resistance genes, such as ADH and oxygenase-related genes, to resist salt. Moreover, many other abiotic stress response genes were up-regulated in males to adjust to salinity stress, while females showed more down-regulation of nitrogen metabolism-related genes to decrease the harm from salinity stress. The research on salinity tolerance in Salix matsudana males and females would help to further understand sexual dimorphism under selection pressure and provide benefits to the ecological environment.
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Introduction

Plants have developed unique sex types to adjust to different selection pressures (Mendez and Karlsson, 2005; Olas et al., 2019). Dioecious plants have much stronger heterosis and evolutionary advantages and are more common in woody species (Barrett, 2010). Previous studies have shown that the different reproductive costs of the different sexes in dioecious plants may lead to different evolutionary directions. These evolutionary differences often lead to obvious sex differences in morphological, physiological, and ecological indicators (mainly in morphological growth, gas exchange, water use and hormone levels) and life history characteristics (Stromme et al., 2018). Sexual dimorphism has been found in Acer tegmentosum (Zhang et al., 2014), Taxus wallichiana (Zhang et al., 2009), Taxus cuspidata (Cedro and Iszkuło, 2011), Populus davidiana (Sakai and Burris, 1985) and other trees. There are significant differences between the sexes in individual survival rate, individual morphology (reproductive organs, vegetative organs, individual size, etc.), and physiological characteristics (flowering time, flowering frequency, photosynthetic characteristics, etc.).

Woody plants have to experience various abiotic stresses due to their immobility and perennial characteristics (Han et al., 2022). Sexual dimorphism is also reflected in the response to abiotic stresses (Stromme et al., 2018). Under different external conditions, plants of different sexes will appropriately adjust the allocation of resources to promote their own better development (Tonnabel et al., 2017). Previous studies have found that dioecious plants show significant sexual dimorphism in response to salt stress, drought stress, heavy metal stress, high temperature stress and low temperature stress. Populus catharensis (Chen et al., 2011) and Populus yunnanensis (Jiang et al., 2012) showed higher osmotic regulation capacity, water use efficiency, and antioxidant enzyme activity to adapt to salt stress, Populus euphratica males exhibit stronger drought and salt stress resistance than females (Yu et al., 2023). However, female Populus davidianas exhibited a taller height and more biomass accumulation than males during salt stress (Li et al., 2016). The photosynthetic rate, water use efficiency, and antioxidant enzyme activity of female Ginkgo were higher than those of male plants under salt stress, showing stronger salt tolerance (Zhou et al., 2018). Male Populus yunnanensis were more tolerant to cadmium, zinc, and lead stresses (Han et al., 2013). Male Populus cathayana showed an advantage under phosphorus deficiency, while female Populus cathayana showed an advantage under high phosphorus supply (Xia et al., 2020).

Salix matsudana Koidz is a typical dioecious tree species that has the characteristics of a wide distribution, strong adaptability, a short flowering cycle and fast growth and reproduction (Zhang et al., 2020). It has been widely planted in coastal beaches, riverbanks, mountains, and desert shelterbelts. Moreover, Salix matsudana has strong salt tolerance, which is of great significance for improving the ecological environment of saline-alkali land (Liu et al., 2021b). In this research, an F1 population of Salix matsudana was chosen to compare the salinity tolerance between Salix matsudana males and females. Moreover, the molecular mechanism of salinity stress in males and females was further discovered. Research on salinity tolerance in Salix matsudana males and females would help to further understand sexual dimorphism under selection pressure and benefit the ecological environment.



Materials and methods


Plant materials and tissue collection

An F1 individuals of Salix matsudana Koidz was produced by cross-breeding the male parent “9901” and the female parent “Yanjiang” in 2014 (Liu et al., 2021c). The branches of 30 female F1 progenies and 30 male F1 progenies were clipped at 10 cm lengths and 1 cm thicknesses and hydroponically cultured in water under two conditions, with water only (i.e., the normal condition, marked as “CK”) and with 0.5% NaCl solution (g/v) (i.e., the salinity stress condition, marked as “T”). The clipped branches were grown under each condition in three biological replications for RNA-seq at Nantong University in March 2022. After 30 days, the newly sprouted roots and shoots were collected from each replicate. The excised roots were immediately frozen in liquid nitrogen and stored at -80°C until use (Liu et al., 2021a).



RNA sequencing and library construction

The excised roots were ground in liquid nitrogen. The Plant RNA Reagent Kit (Tiangen, China) was used to extract total RNA from three replications. A Nanodrop ND 2000 spectrophotometer (NanoDrop, Thermo, Waltham, MA, USA) was then used to quantify the RNAs. The RNAs were then stored at -80°C before performing RNA sequencing. Finally, Illumina sequencing technology (Illumina, San Diego, CA, USA) was employed to perform RNA sequencing by Biomarker (Beijing, China) (Chen et al., 2020).



Analysis of sequencing data

The transcriptome reads were processed into clean, full-length reads by removing the low-quality and adapter reads (Chen et al., 2022). The assembled Salix matsudana Koidz. (“Yanjiang”) genome sequence was selected as the reference for paired-end read mapping (Zhang et al., 2020). The clean reads were aligned to genes of the reference genome using HiSAT2 software with default parameters (Kim et al., 2019). Then, StringTie2 was used to detect new transcripts (Pertea et al., 2015). RSEM was chosen to calculate the fragments per kilobase transcriptome per million mapped reads (FPKM) by normalizing to the length of the gene and to the number of mapped reads. To identify the differentially expressed genes (DEGs), DESeq2 was selected. Two standards were used to detect the DEGs: (1) the fold change should be no less than 2 between different libraries, and (2) the adjusted false discovery rate (FDR) should be less than 0.05 (Chen et al., 2020).

The identified genes were annotated by using the BLASTx search in the NCBI nonredundant protein database. Then, Gene Ontology (GO) categorization, clusters of eukaryotic orthologous groups (KOG), Cluster of Orthologous Groups of proteins (COG), and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed using BMKCloud (www.biocloud.net, version 2.0) (Liu et al., 2021a). The data that supported the findings of this study were deposited into the CNGB Sequence Archive (CNSA) of the China National GeneBank Database (CNGBdb) with accession number CNP0003818.



Measurement of male and female phenotypes

The root depth, root width, and root cap area of 30 male and 30 female progenies under normal and saline conditions in three biological replications were measured by using Win RHIZO TRON (Xu et al., 2020). Then, all seedlings were harvested and oven-dried to measure the biomass of the whole plant by using the student t test.




Results


Males of Salix matsudana have deeper and wider roots than females

The phenotype of 30 male F1 progenies and 30 female F1 progenies under normal and salinity conditions were measured. Under normal conditions, the root depth and width of male and female plants did not differ significantly (Figure 1A). In contrast, under salinity stress, the roots of male and female plants subjected to intrasexual competition were significantly different. Under salinity stress, male plants showed deeper and wider roots than female plants (Figure 1B). The root cap area of males was also higher than that of females (Figure 1C). This result means that Salix matsudana showed sexual dimorphism under salinity stress. Unlike in Populus deltoides (Li et al., 2016), male Salix matsudana have much more developed roots than females. We then measured the whole-plant dry mass, and the average biomass accumulation of males was higher than that of females, significantly (Figure 1D).




Figure 1 | Females and males showed different responses to salinity stress. (A) The root depth and width of females and males under normal condition. (B) The root depth and width of females and males under salinity stress. (C) The root cap area of females and males under salinity stress. (D) The whole-plant dry mass of females and males under salinity stress. The error bars denote the standard error (SE), The phenotypes were significantly different at  **p < 0.01.





Overview of the RNA sequencing data

To characterize the role of the response of active genes to salinity stress in males and females, deep sequencing libraries were generated using total RNA extracted from roots under normal and salinity stress conditions. After trimming off the adapter sequences and removing the low-quality reads, we obtained 19,468,575–27,771,058 clean reads for the 12 libraries; these libraries had a single read length of 90 bp and a Q30 percentage (percentage of the sequences with sequencing error rates lower than 0.1%) over 90% (Supplementary Table S1). The clean reads were then mapped onto the reference genome of S. matsudana using HISAT2. In total, 44,906 (77.64% of the 57,841 gene models in the reference genome) genes were identified as being expressed in at least one library.



Identification of differentially expressed genes that responded to salinity stress in males and females

The DEGs under normal and salinity stress conditions in males and females were identified using a threshold FDR ≤ 0.05 and an absolute value of log2-fold change ≥ 1. A total of 4906 DEGs (2604 in males and 3227 in females) were identified, (Figure 2A). More genes were identified in the response to salinity stress in females than in males. However, only approximately one-fifth (925 in 4906) of the DEGs were identified as differentially expressed in both males and females. Compared to those under the normal condition, most genes under salinity stress conditions showed low expression (Figure 2B). Only 327 and 546 DEGs showed similar expression trends in males and females, respectively. Moreover, 52 DEGs were identified as showing opposite expression trends in males and females. Thirty-seven DEGs were up-regulated in females but down-regulated in males, and 15 DEGs were up-regulated in males but down-regulated in females. The results indicate that the mechanisms of the response to salinity stress in males and females may differ.




Figure 2 | The differentially expressed genes (DEGs) of females and males response to salinity stress. (A) Venn analysis of the DEGs in females and males. (B) Venn analysis of the up- and down-regulated DEGs in females and males.





Common protein interaction networks in response to salinity stress in males and females

Weighted gene co-expression network analysis was performed to further detect common and unique salinity stress response genes in males and females. Among the 4906 DEGs, 969 could be classed into 3 modules (Figure 3A). In “MEbrown”, genes showed similar expression trends in males and females. These genes were up-regulated in both males and females under salinity stress, indicating that the regulation of these genes in males and females is similar (Figure 3B). Genes in “MEblue” showed a high correlation with female plants under normal conditions, indicating that these genes were only highly expressed in females under normal conditions and were reduced under salinity stress. In males, these genes showed similar expression levels between normal and salinity stress conditions. The genes in “MEturquoise” showed a high correlation with male plants responding to salinity stress. These genes were highly expressed in males under salinity stress and did not change much in females (Figure 3C).




Figure 3 | Weighted gene co-expression network analysis (WGCNA) of females and males response to salinity stress. (A) DEGs were classed into 3 modules. (B) The expression profile of DEGs in 3 modules, Blue, reduced expression; red, increased expression. (C) Correlation analysis of 3 modules and Salix matsudana under different conditions.



A total of 48 genes were detected in “MEbrown”, and COG enrichment analysis was performed. These genes were found to be enriched in carbohydrate transport and metabolism and secondary metabolite biosynthesis, transport and catabolism (Figure 4A). KEGG enrichment analysis showed that selenocompound metabolism was enriched at high levels (Figure 4B). GO enrichment analysis was further performed. For biological processes, the DEGs were mostly enriched in systemic acquired resistance and carbohydrate metabolic processes (Figure 4C). In contrast, for molecular functions, the DEGs were mostly enriched in nutrient reservoir activity (Figure 4E). cell wall and apoplast were detected enriched in cellular components (Figure 4D). According to the common salinity stress-induced protein interaction network, several genes encoding alcohol dehydrogenase (ADH) proteins, oxygenase-related genes, glycosyl hydrolase and ethylene synthesis genes were detected as hub genes (Figure 5A, Table S2). The up-regulation of these genes could help resist salinity stress (Zhao et al., 2019).




Figure 4 | COG, KEGG and GO analysis of salinity stress responding genes in both males and females. (A) COG enrichment analysis of salinity stress responding genes in both males and females. (B) KEGG enrichment analysis of salinity stress responding genes in both males and females. (C–E) GO enrichment analysis of salinity stress responding genes in both males and females.





Unique protein interaction networks in response to salinity stress in males and females

The genes responding to salinity stress that were unique to males or females were further detected. A total of 718 genes in “MEturquoise” were up-regulated in males under salinity stress. The COG enrichment analysis showed that these genes were enriched in carbohydrate transport and metabolism, secondary metabolite biosynthesis, transport and catabolism, signal transduction mechanisms and defense mechanisms (Figure 6A). The KEGG enrichment analysis showed that plant−pathogen interaction and starch and sucrose metabolism were significantly enriched (Figure 6B). According to the GO analysis, carbohydrate metabolic process and response to oxidative stress were enriched in biological processes (Figure 6C); membrane and extracellular region were detected in cellular components (Figure 6D); and many oxygen-related terms, i.e., peroxidase activity and oxidoreductase activity, were significantly enriched in molecular functions (Figure 6E). These results indicate that males could activate some pathways to defend against salinity stress, such as peroxidase activity, defense mechanisms, and sucrose metabolism (Jia et al., 2019). We then constructed the salinity stress-induced protein interaction network for males, and 16 hub genes were identified (Figure 5B, Table S2). These hub genes were annotated as dihydrofolate reductase (DHFR), ubiquitin, glutathione transferase (GST), and DNAJ, among others (Table S3). These genes were reported to reduce the damage caused by active oxygen.




Figure 5 | Identify of salinity stress responding protein interaction networks in Salix matsudana (Koidz) females and males. (A) Common protein interaction network in both females and males. (B) Male unique salinity stress responding protein interaction network. (C) Female unique salinity stress responding protein interaction network.






Figure 6 | COG, KEGG and GO analysis of male unique salinity stress responding genes. (A) COG enrichment analysis of male unique salinity stress responding genes. (B) KEGG enrichment analysis of male unique salinity stress responding genes. (C–E) GO enrichment analysis of male unique salinity stress responding genes.



In females, 203 DEGs in “MEblue” were down-regulated under salinity stress, which means that the expression of these genes may work to the disadvantage of females when resisting salinity stress. Secondary metabolite biosynthesis, transport and catabolism, and signal transduction mechanisms were detected in the COG enrichment analysis (Figure 7A). In the KEGG enrichment analysis, nitrogen metabolism and plant−pathogen interaction were significantly enriched (Figure 7B). The GO analysis also detected several enriched nitrogen-related terms (Figures 7C–E). These results indicate that female plants could reduce the metabolism of nitrogen to adjust to salinity stress. These genes were then used to construct the protein interaction network of females. As a result, genes encoding nitrate reductase (NR) and nitrate transporter (NRT) were detected as hub genes (Figure 5C, Table S2). Nitrate is one of the most important sources of nitrogen in plants and can affect the growth and development of plants. Researchers have already found that NRT could regulate the distribution of lateral roots. The down-regulation of nitrate-related genes reduced the metabolism of nitrogen and plant growth. These results showed that female plants could reduce their metabolism to adjust to salinity stress.




Figure 7 | COG, KEGG and GO analysis of female unique salinity stress responding genes. (A) COG enrichment analysis of female unique salinity stress responding genes. (B) KEGG enrichment analysis of female unique salinity stress responding genes. (C–E) GO enrichment analysis of female unique salinity stress responding genes.






Discussion


Male Salix matsudana plants showed higher tolerance to salinity stress than female plants

Female and male plants experience different selection pressures and have different evolutionary directions. The difference in their evolution could induce a series of morphological, physiological and ecological differences between males and females, which is called sexual dimorphism. In this research, Salix matsudana of both sexes were selected to identify their sexual dimorphisms under salinity stress. To suppress the interference of different genotypes, an F1 population was selected to perform the experiments. Males and females did not differ significantly in root depth and width under normal conditions. However, sexual dimorphism was evident under salinity stress. Male plants showed a higher tolerance to salinity stress than female plants, with deeper and wider roots and larger cap areas. Usually, males have a higher tolerance for abiotic stress because females may invest more energy into reproductive growth. Previous studies have found that under salinity stress, Populus cathayana and Populus yunnanensis males showed higher osmotic regulation ability, water use efficiency and antioxidant enzyme activity than females. This study also showed that Salix matsudana males gained an advantage under salinity stress. However, in Populus deltoides and Ginkgo, females are less sensitive to salinity stress than males. The results indicate that even within the same family or genus, sexual dimorphism may also differ. Interestingly, the sexual dimorphism under different abiotic stresses is not fixed. For example, male Populus cathayana showed an advantage under salinity (Chen et al., 2011), deficient nitrogen (Wu et al., 2021), phosphorus deficiency (Xia et al., 2020) and drought stress (Chen et al., 2014), while female Populus cathayana showed an advantage under high phosphorus supply (Xia et al., 2020). A probable reason for the changing sexual dimorphism could be that males and females have different selection pressures.



Males and females have their own mechanism regarding salinity stress

To further understand the molecular response to salinity stress in Salix matsudana males and females, we classified the DEGs into 3 module types: male-unique modules, female-unique modules, and common modules. In the common modules, most genes were annotated into the systemic acquired resistance term. ADH and oxygenase-related genes were identified as hub genes. These genes were reported to regulate plant resistance to abiotic stress. ADH has been reported to take part in abiotic stress responses, such as those to cold stress (Davik et al., 2013; Song et al., 2017), drought stress (Senthil-Kumar et al., 2010), salinity stress (Shi et al., 2017) and flooding stress (Liu and Adams, 2007; Komatsu and Ahsan, 2009; Komatsu et al., 2012). In Arabidopsis, overexpression of AtADH1 could increase the accumulation of soluble sugar and produce a stronger salt tolerance phenotype than the wild type (Shi et al., 2017).

The unique modules in males and females showed different expression trends. In males, unique response genes were up-regulated under salinity stress, while in females, most genes showed down-regulated expression trends. In males, many abiotic stress-related pathways were activated, such as starch and sucrose metabolism, peroxidase activity, and oxidoreductase activity. The hub genes, i.e., DHFR, GST, DNAJ, and ubiquitin, were annotated as being able to reduce the harm to the roots caused by oxidation. Previous studies found that DHFR could affect the content of chlorophyll (Van Wilder et al., 2009), and the suppression of DHFR could down-regulate cell proliferation and lead to cell death (Assaraf, 2007; Zheng, 2009). GST can expel oxygen free radicals from cells and reduce the damage caused by stress (Csiszar et al., 2014). In Arabidopsis, the expression of GST could increase salt tolerance and accelerate plant growth (Qi et al., 2010). In Solanum lycopersicum, DNAJ could reduce reactive oxygen species accumulation and enhance the tolerance to cold stress and heat stress (Kong et al., 2014). The overexpression of DNAJ could increase the tolerance to salt in Arabidopsis (Bekh-Ochir et al., 2013). In tobacco, the overexpression of ubiquitin could improve the resistance to cold, high salt and drought (Guo et al., 2008).

In contrast, unique genes in females were down-regulated under salinity stress. Most of these genes were enriched in nitrogen metabolism-related pathways. The hub genes were also annotated to encode nitrate reductase (NR) and nitrate transporter (NRT). The low expression of nitrogen metabolism-related genes could decrease the cell viability and growth of plants (Tabata et al., 2014). Previous studies also found that nitrate-related proteins could be involved in the plant response to salt stress. Under salt stress, the expression of NRT1.5 decreased to reduce the transport of NO3- to the bud and prevent harmful Na+ from entering the bud and causing injury to plants (Lin et al., 2008). By comparing the unique modules in males and females, we could develop a hypothesis: males preferred to activate abiotic stress response genes to adjust to salinity stress, while females preferred to reduce their basic nitrogen metabolism and regulate the transport of NO3- to decrease the harm caused by salinity stress. This hypothesis could explain the phenomenon of male Salix matsudana plants showing higher tolerance to salinity stress than female plants.




Conclusion

In this study, the sexual dimorphism of Salix matsudana under salinity stress was compared. Males showed stronger roots and heavier dry weights than females. The molecular mechanisms of males and females under salinity stress were further analyzed. As a result, both males and females upregulated systemic acquired resistance genes, such as ADH and oxygenase-related genes, to resist salt. Moreover, many abiotic stress response genes were up-regulated in males to adjust to salinity stress, while females preferred to down-regulate nitrogen metabolism-related genes to decrease the harm caused by salinity stress. The research on salinity tolerance in Salix matsudana males and females would help to further understand sexual dimorphism under selection pressure and provide benefits to the ecological environment.
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Salt stress has become one of the main limiting factors affecting the normal growth and development of tomatoes as well as fruit quality and yields. To further reveal the regulatory relationships between tomato hormones under salt stress, the interaction between hormones and TF and the genome-wide gene interaction network were analyzed and constructed. After salt treatment, the levels of ABA, SA, and JA were significantly increased, the levels of GA were decreased, and IAA and tZ showed a trend of first increasing and then decreasing. The expression patterns of hormone biosynthesis and signal transduction related genes were analyzed based on RNA-seq analysis, the co-expression network of hormones and genome-wide co-expression networks were constructed using weighted gene co-expression network analysis (WGCNA). The expression patterns of specific transcription factors under salt stress were also systematically analyzed and identified 20 hormone-related candidate genes associated with salt stress. In conclusion, we first revealed the relationship between hormones and genes in tomatoes under salt stress based on hormone and transcriptome expression profiles and constructed a gene regulatory network. A transcriptional regulation model of tomato consisted of six types of hormones was also proposed. Our study provided valuable insights into the molecular mechanisms regulating salt tolerance in tomatoes.
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1 Introduction

Tomato (Solanum lycopersicum L.) is a perennial herbaceous plant of family Solanaceae copiously cultivated over many places worldwide and occupies an important position in the agricultural economy and food security production with high economic value (Sato et al., 2012). Excessive salinity in the soil had become one of the main limiting factors for normal tomato growth and development (Cuartero et al., 2006). Hypersaline environments could affect or delay the onset of seed germination in tomatoes, but it was usually limited by the level of salinity (Cuartero et al., 2006). With the increasing development of tomato facility cultivation, the problems caused by soil salinization had become increasingly prominent. It could significantly affect nutrient and water uptake efficiency in tomatoes and thus affected the normal growth and physio-logical metabolism of tomato plants, resulting in slower growth and lower yields (Deinlein et al., 2014).

The dynamic changes in hormone had a substantial impact on the normal growth and development of plants under salt stress (Yu et al., 2020). The accumulation of ABA could regulate stomatal closure, ion homeostasis, gene expression, and metabolic changes in response to salt stress, and hence reduce the influences of salt-alkali stress (Raghavendra et al., 2010). When plants were ex-posed to salt stress, the accumulated IAA and CK in root tips could confer augmented re-sistance (Yu et al., 2020). Previous studies had found that the expression of the IAA-related genes SAUR32, SAUR36, and ARF5 and the cell division-related gene IPT5 could be significantly induced in the roots of apple rootstocks under salt stress. These genes could improve the salt tolerance by increasing the IAA and CK content in the apple rootstocks (Quint and Gray, 2006). JA could inhibit plant growth and root elongation by activating antioxidant enzymes, delay plant flowering and improve plant viability under salt stress (Ali and Baek, 2020). Additionally, SA and GA were also crucial in salt stress (Khan et al., 2019).

High-throughput RNA sequencing (RNA-seq) had become one of widespread methods for measuring transcriptional expression profiles of genes (Natukunda et al., 2022). Based on the temporal gene expression analysis, Kuang et al. had generated the gene regulatory network of fruit ripening in banana (Kuang et al., 2021). Garg et al. had constructed several regulatory networks related to chickpea development (Garg et al., 2017). Weighted gene co-expression network analysis (WGCNA) could also offer foundation for the mining of potential hub genes using hierarchical clustering (Ren et al., 2022). These findings demonstrated that the identification of regulatory networks might be effective for precisely understanding transcriptional regulatory mechanisms by using transcriptome analysis.

Wild tomatoes were originated in South America and exhibited greater salt tolerance than cultivated tomatoes under hypersaline environments. Cultivated tomatoes had gradually lost their capacity to adapt to high salt stress during the domestication process (Sato et al., 2012). At present, preliminary studies on mechanisms of salt tolerance in tomato had been reported (Yang et al., 2022), but the hormone-related regulatory network of tomato plants under salt stress remained unclear. Further studies on the regulatory networks of hormone metabolism and signal transduction might be important to precisely elucidate the salt stress mechanism of tomato plants. To analyze the temporal relationship and coordinated interactions between the metabolic regulatory networks of tomato hormones under salt stress, the hormone analysis and transcriptome profiling analysis were carried out, and the photosynthetic, physiological, and biochemical changes of tomato plants in response to abiotic stress were also studied systemically. We investigated the interaction between hormones and hormone signalling pathways and constructed a transcriptional regulation model for tomato genes under salt stress to laid the groundwork for further analyzing molecular mechanisms of salt tolerance.



2 Result


2.1 Changes in physiological and photosynthetic indicators

In recent years, salt stress had been confirmed to affect the morphological structure of plant photosynthetic organs, photosynthesis processes, antioxidant systems, and osmotic adjustment substance contents in a variety of plants (Ma et al., 2017). For our initial evaluation, physiological and photosynthetic markers were utilized to discover the reduction of Gs, Pn, Tr, and chlorophyll content and significant increasing concentration of the WUE and Ci in tomato leaves under salt stress (Figures 1A–H). The contents of CAT, MDA, POD, PPO, Pro and SOD in tomato leaves and roots also increased significantly (Figures 1I–N). But the changes in roots were significantly greater than those in leaves, which could be relevant to where the location of salt stress occurring. In summary, we evaluated the photosynthetic and physiological indicators of tomato seedlings and discovered several situations under salt stress. For instance, the photosynthetic system of tomato leaves was devastated and resulting in the inhibited photosynthetic efficiency. At the same time, the stomatal opening was inhibited and the content of protective enzymes was also increased. To further analyze its molecular mechanism and the interaction between hormones, we determined the hormone content and performed the transcriptome assays at different time points (DTP) under salt treatment.




Figure 1 | Changes in tomato photosynthesis and physiology under salt stress. (A–H) Changes in photosyn-thesis and the chlorophyll content in tomato leaves at DTP under NaCl treatment. (I–N) Changes in tomato physiological indices at DTP under salt stress. (*P-value < 0.05; **P-value < 0.01).





2.2 ABA content and transcriptional changes

The response to salt stress in plants was mainly governed by the changes in endogenous ABA levels (Quint and Gray, 2006; Khan et al., 2019). Accordingly, we first determined the content of ABA and found that it was greatly rose and peaked at 6 h (Figure 2A). By RNA-seq expression analysis, we examined the expression patterns of DEGs which involved in ABA biosynthesis pathways (Figure 2B). Among them, several CYP707A genes were highly expressed in a short period of 1 h and then gradually decreased, but the expression levels of NCED and AAO3 were elevated after 3 h under salt treatment. This suggested that the expression of CYP707As might contribute to the transient accumulation of endogenous ABA, while NCED and AAO3 might be involved in the later stages of ABA accumulation under salt stress. There-fore, we hypothesize that the interaction between NCED3, AAO3, and CYP707As could control the ABA levels in tomato plants. By analyzing the genes associated with ABA signal transduction pathways, we found that only the positive regulators ABF were differentially expressed and upregulated at DTP under salt stress (Figure 2B). These results suggested that the content of endogenous ABA in tomato plants might be mainly regulated by the expression of the AAO3, ABA2, CYP707A, NCED, VDE, and ZEP genes, while the increasing ABA content might induce ABF to regulate some physiological processes. We then selected three core genes of ABA biosynthesis and signal transduction pathways (CYP707A, NCED, and ABF) to perform qRT-PCR and found that CYP707A was significantly upregulated, except for Solyc01g108210 and Solyc08g075320 (Figures 2H–L). Apart from Solyc08g016720 and Solyc08g075490, the other NCED genes were also significantly up-regulated (Figures 2M–P). However, only Solyc09g009490 and Solyc10g076920 were significantly upregulated among the ABF genes which involved in the ABA signal transduction pathway (Figures 2C–G). These results indicated that the genes related to the ABA pathways had both positive and negative regulatory roles and also exhibited complex signaling crosstalk to control the response to salt stress in tomato plants under salt stress.




Figure 2 | The content of hormone ABA and the NaCl treatment’s effects on the expression patterns of the genes involved in ABA biosynthesis and signal transduction. (A) The level of the hormone ABA at DTP under salt stress (B) Following the NaCl treatment, the expression profiles of DEG involved in ABA biosynthesis and signal transduction at DTP (C–P) The expression patterns of CYP707A, NCED, and ABF at DTP under salt stress. (*P-value < 0.05; **P-value < 0.01).





2.3 Effects of salt stress on JA and SA biosynthesis and signal transduction

As the positive regulators of salt stress, JA and SA also played important roles in response to salt stress (Khan et al., 2019; Ali and Baek, 2020). We found that the levels of JA and JA-Ile was significantly increased at 0.5 h under salt stress (Figures 3A, B). The genes encoding the rate-limiting enzymes that were involved in JA biosynthesis, like AOC, AOS, JMT, OPCL1, and OPR were upregulated at DTP under salt stress, and these changes were more obvious along with the prolonged treatment time. In addition, only Solyc04g079730, Solyc09g098320, Solyc10g086220, and Solyc01g095580 were downregulated. These results illustrated that the levels of JA and JA-lle might be negatively regulated by the four genes (Figure 3D). However, as one of the regulators of signal transduction pathways, JAR1 reached peak expression at 12 h under salt stress, which was consistent with the change in JA content. The JA signal transduction related gene JAZ was down-regulated. This result showed that the increase in MeJA content could induce the expression of JAR1 rapidly and then promote the synthesis of JA-Ile. The expression of JAZ was also regulated to improve the salt tolerance of the tomato plants (Figure 3D). From these, it is reasonable to hypothesize the JA homeostasis in tomatoes might be related to the transcriptional regulation of ABA biosynthesis and signal transduction related genes and that elevated ABA levels could upregulate the JA levels. It was also possible that the increase in ABA content in vivo could induce the expression of JA biosynthesis related genes and thereby regulate the content of endogenous JA and MeJA in tomatoes.




Figure 3 | The contents of hormone JA and SA, and expression profiles of signal transduction genes under salt stress. (A) The content of hormone JA at DTP under salt stress (B) The level of hormone JA-Ile at DTP under salt stress (C) The content of hormone SA at DTP under salt stress (D) The ex-pression profiles of DEGs involved in JA biosynthesis and signal transduction at DTP under salt stress (E) The expression profiles of DEGs involved in SA biosynthesis and signal transduction at DTP under salt stress (**P-value < 0.01).



In plants, the changes in SA content could be regulated by signaling molecules in vivo and the external environments. The salt stress could induce marked changes in SA content (Khan et al., 2019). By the determination of SA content, we found that salt stress could result in the increasing SA content (Figure 3C). Two SA biosynthesis related genes (Solyc10g011930 and Solyc03g042560) were also found to be highly expressed and this showed that the increasing SA content was related with the inducible expression of them (Figure 3E). Five SA signal transduction related genes (Solyc02g069310, Solyc04g040220, Solyc10g079460, Solyc10g079750 and NPR1) were upregulated, while TGA transcription factors were generally showed a decreasing trend (Figure 3E). These comprehensive results suggested that salt stress treatment could promote the continuous increase in SA levels in vivo by inhibiting the expression of SA signal transduction related genes.



2.4 Effects of salt stress on IAA, GA, and tZ biosynthesis and signal transduction

The changes in IAA content during salt stress was complex (Figure 4A). Except for the 4 IPA genes (novel.3976, novel.4865, novel.6291, and Solyc06g065630), the other IAA biosynthesis related genes, like CYP717a, CYP83B1, IPA, and UTG74B1 were consistent with the trend of the IAA content. The genes involved in the IAA signal transduction pathway were all downregulated (Figure 4F). These indicated that the increase in IAA content might be due to the downregulated expression of signal transduction related genes.




Figure 4 | The changes in hormone IAA, GA, and tZ contents and expression patterns of genes involved in hormone biosynthesis and signal transduction under salt stress. (A) The hormone IAA levels at DTP under salt stress (B) The level of hormone GA at DTP under salt stress (C–E) The tZ, tZR, and tZOG hormone contents at DTP under salt stress (F) Expression patterns of DEGs involved in signal transduction and IAA production at DTP under salt stress (G) The expression profiles of DEGs involved in GA biosynthesis and signal transduction at DTP under salt stress (H) the expression profiles of DEGs involved in tZ biosynthesis and signal transduction at DTP under salt stress. (*P-value < 0.05; **P-value < 0.01).



The GA level showed a continuous decreasing trend during salt stress (Figure 4B). Except for Solyc02g084930, Solyc01g079200, and Solyc06g051360, the GA biosynthesis related genes, GA20ox, GA2ox, GA3ox, and KAO were all downregulated at 0.5 h, which coherently with the trend of GA content variation (Figures 4B, G). We focused on the GRAS family protein DELLA, a negative regulator of GA signaling. The complex expression patterns of DELLA genes contained both upregulation and downregulation (Figure 4G). The expression of the GA signal transduction related genes PIF and GID1 were also upregulated, which indicated that the reduction in endogenous GA levels in the tomato plants under salt stress was mainly regulated by the GA biosynthesis related genes. The complexity of the GA signal transduction related gene expression might be related to the signaling crosstalk between hormones and this process requires further elucidation.

Under salt stress, tZ (trans-Zeatin Riboside) content was only considerably decreased at 24 h (Figure 4C), trans-ZEATIN-O-GLUCOSIDE (tZOG) content was significantly increased at 0.5 h and significantly decreased at 24 h (Figure 4D). Moreover, the trans-Zeatin Riboside (tZR) trend was seen to closely resemble the tZOG trend (Figure 4E). We analyzed the expression patterns of the tZ biosynthesis and signal transduction related genes (Figure 4H). The biosynthetic genes AHP, CKX, CYP735A, IPT, miaA, and ZOG were downregulated, and only some ZOG genes were upregulated (Figure 4H). In addition to 8 genes (Solyc09g009160, Solyc11g070150, Solyc01g091810, Solyc04g008050, Solyc05g009720, Solyc06g048600, Solyc10g079600, and Solyc10g079700), CRE1, AHP, B-ARR, and A-ARR were all downregulated. Although the changes in endogenous tZ content were not significant, the genes related to the biosynthesis and signal transduction were significantly upregulated or downregulated, these indicated that the signaling crosstalks between hormones were very complex, and further exploration and research is needed.



2.5 Global transcriptome changes under salt stress

The correlation and PCA analysis of transcriptome data were performed to demonstrate the reliability of the transcriptome data (Figure S1). Through analyzing the differentially expressed genes between 0 h and other time points, we found 4520, 7496, 10692, 12476, and 11319 DEGs at 0.5 h, 2 h, 6 h, 12 h, and 24 h, respectively (Figures 5A, B). There were also 2746 DEGs found to be differentially expressed at all time points under salt stress and the period-specific DEGs increased with salt stress duration (Figure 5A). Through the hierarchical clustering, we also found 9 statistically significant clusters and generated several expression profiles of pulses (Figures 5C, D). Among them, Cluster 1, Cluster 2, and Cluster 3 showed the overall upregulated trends, while Cluster 4 and Cluster 7 showed the overall downregulated trends at DTP. These results illustrated that the various expression patterns of these genes might coordinate the tomato tolerance to salt stress.




Figure 5 | The results of differentially expressed analyses and cluster analyses. (A) The amount of shared and different genes that were expressed at DTP under salt stress (B) The number of DEGs at DTP under salt stress (C) The heatmap showed the distinctive expression patterns of DEGs at DTP under salt stress (D) The line graph showed the expression changing trends of genes that were contained in clusters.





2.6 Construction of the hormone-related co-expression network and TF analysis

To reveal the function of the regulatory networks rather than that of individual genes, we constructed a salt stress related co-expression network for the tomato plants by using an unsupervised network analysis approach (WGCNA), which contained the genes with similar expression patterns. The results of WGCNA of DEGs revealed 15 modules of co-expressed genes (Figure 6A and S2). We went on to further calculate the correlations between modules and hormone content, in which yellow was highly correlated with ABA and GA, blue was highly correlated with both JA and SA, while green-yellow and brown were highly correlated with IAA and SA, respectively (Figure 6B). The yellow module mainly consisted of 5 TF of five different types (AP2/ERF, bHLH, HD-ZIP, NAC, and WRKY), 119 target genes, and 5 hub genes (Figure 6C). The green-yellow module mainly consisted of 3 TFs of five different types (bHLH, COL, and GARP), 126 target genes, and 5 hub genes (Figure 6D). The blue module mainly consisted of 5 TFs of five different types (AP2/ERF, bZIP, MYB, NAC, and WRKY), 119 target genes, and 5 hub genes (Figure 6E). The brown module mainly consisted of 5 TFs of five different types (AP2/ERF, C2H2, MADS, MYB, and NAC), 126 target genes, and 5 hub genes (Figure 6F). Based on qRT-PCR results, we also revealed the expression patterns of the 20 hub genes in the modules under salt stress (Figure S3). To further study the expression patterns of transcription factors, we used RNA-seq to analyze the expression patterns of 11 TF genes which could be classified into 5 different types under salt stress (Figure S4). Altogether, we found that most genes of these 11 different transcription factor types were upregulated at 2 h under salt stress, and the expression patterns were closely matched with each other. We also identified the core genes of these four modules, which could act as potential candidates for futher mining salt tolerance related genes in tomatoes.




Figure 6 | The correlations between different gene modules and hormones, co-expression networks, and the expression profiles of major transcription factors under salt stress. (A) The division of different gene modules (B) The heatmap illustrated the relationships between modules and hormones (C–F) The gene co-expression networks consisted of transcription factors, target genes, and hub genes for the yellow, green-yellow, blue, and brown modules.





2.7 Effects of salt stress on transcription factor expression and the construction of genome-wide co-expression networks

There were 1257 transcription factors were differentially expressed and the expression profiles of them clearly distinguished the two groups: up-regulated and down-regulated (Figures 7A, B). Five transcription factor families were found to be up-regulated, including AP2/ERF, NAC, MYB, bHLH, and WRKY (Figure 7B). Simultaneously, five transcription factor families were down-regulated, including AP2/ERF, HD-ZIP, acetylene, bHLH, and MYB (Figure 7C). As TFs could mediate repression of targets, there should have a high correlation between TFs and target genes. We determined the relevance between the 13 modules which previously examined by WGCNA and treatment time points (Figure 7D). We selected the yellow, green, blue, and black modules which were significantly highly correlated with DTP under salt stress. A genome-wide co-expression network of the hormone-related genes, transcription factors, and co-regulated genes was constructed in tomato. We identified a total of 14 classes of TFs (AP2/ERF, GRAS, C2H2, MYB, C3H, bHLH, bZIP, HD-ZIP, HSF, MADS, B3, NAC, SRS, and WRKY) and 52 CO binding genes (Figure 7E). We also examined the expression patterns of 14 TFs extensively (Figure S5). In conclusion, our study provided a foundation for further research of the molecular mechanisms underlying tomato salt tolerance by revealing the regulatory network of hormone signaling pathways and gene-regulatory interactions firstly in the processes of tomatoes subjected to salt stress.




Figure 7 | The expression patterns of differentially expressed transcription factors under salt stress and the correlations between the modules and stages, as well as the genome-wide co-expression network. (A, B) The heatmaps and line charts of the differentially expressed transcription factors (C) The ratio of core up- and down-regulated transcription factors (D) A heatmap of the relationships between modules and time points, the width of lines reflected the strength of correlations (E) A genome-wide co-expression network of hormones, core transcription factors, and target genes.






3 Discussion

Excessive soil salinity was one of the primary inhibitors that restricted typical plant development and growth and plants had evolved special adaptive mechanisms to cope with salt stress (Sun et al., 2022). With the continuous increase of salt content in saline-alkali land, the increased osmolarity of soil solution could restrict the Rate of root water uptake and lead to the phenomenon of physiological drought in plants (Flowers and Colmer, 2015). Chen found that the decrease in plant osmotic potential rate was higher than that of the plant moisture content potential with increasing salt stress time (Hu et al., 2022). Earlier studies indicated that MDA could act as the main osmotic regulator and important maker of oxidant stress in plants under salt stress. Moreover, the increase in proline content could also be beneficial to improve the water retention capacity of cells under salt stress (Xu et al., 2021; Zhang et al., 2022). When tomatoes were subjected to salt stress, large amounts of reactive oxygen species (ROS) was induced to generate (Apel and Hirt, 2004; Waszczak et al., 2018), and the activity of SOD, POD, CAT and other ROS scavengers was accordingly increased to remove the excess ROS to maintain the redox equilibrium in the plant (Figure 1). The salt stress had inhibitory effects on the tomato seedlings, including significant inhibitory effects on the chlorophyll content, transpiration rate, stomatal conductance, and Ci. Whether the decreased photosynthesis rate was related to both stomatal function (opening and closing) depended on the duration of salt stress, salt concentration, and crop species (Figure 1). The effect of stomatal and nonstomatal limitation mostly contributes to the changes of net photosynthetic rates in plants (Shaki et al., 2020; Navarro-León et al., 2021). However, whether the stomatal and nonstomatal limitation could decrease the photosynthetic rate of seedlings required further investigation.

When plants are exposed to salt stress, the content of enzymes and hormones would undergo dynamic changes and thereby initiate some physiological and biochemical processes which related to stress resistance to cope with environmental stress (Raghavendra et al., 2010; Yu et al., 2020). The stimulation of salt stress could rapidly increase the endogenous ABA levels and SnRK2s was activated by the enhanced ABA signaling (Umezawa et al., 2009; Kong and Ramonell, 2022). Besides, SnRK2s could phosphorylate the AREB/ABF, which could control stomatal closure in plants (Wen et al., 2022). Photosynthesis and transpiration were coupled through stomatal regulation and ABA played an important role in this process (Yu et al., 2020). A key step toward understanding the structure of the ABA signaling network for salt tolerance systematically was to obtain a comprehensive and accurate understanding of the dynamic transcriptional reprogramming and changes in ABA content that occurred in plants upon salt stress stimulation. We found that the endogenous ABA content in tomatoes increased rapidly after the salt treatment and CYP707As played an important role in promoting ABA biosynthesis. SnRK2-related genes were not differentially expressed, while AAO3 and NCED were differentially expressed and phosphorylated ABF genes were significantly upregulated (Figure 2). This indicated that the progress in response to salt stress in tomatoes might mainly induce ABA accumulation by inducing the expression of CYP707A and NCED and then relay the signal to the ABF.

Previous studies demonstrated that SA could improve the salt tolerance of plants by increasing the photosynthesis efficiency (Jayakannan et al., 2015). In Arabidopsis thaliana, application of excessive SA (> 100 μM) could inhibite the seed germination, while exerting appropriate amount of SA (< 50 μM) could alleviate this inhibition (Lee et al., 2010). Overexpression of SA biosynthetic gene MhNPR1 could increase salt tolerance of tobacco (Zhang et al., 2014). Overexpression of AtNPR1 in rice could lead to salt sensitivity, which suggested that SA had a dose effect in regulating salt tolerance (Qiu et al., 2020). In tomatoes, the SA level increased significantly at 0.5 h under salt stress, suggesting that a larger amount of SA might be required for tomato salt tolerance (Figure 3). Previous studies of wheat and Arabidopsis thaliana had found that the enhancement of JA signal could exhibit enhanced salt tolerance (Zhao et al., 2014). In contrast, the enhancement of JA signal could exhibit greater salt tolerance in tomatoes (Figure 3) (Abouelsaad and Renault, 2018). GA could regulate growth throughout the plant life cycle (Zhou et al., 2020; UÇARLI, 2021). Therefore, according to changes in environmental conditions, the GA content was adjusted to regulate the relationship between stress and balance under salt stress conditions (Achard et al., 2006). Tomato might limit growth by reducing GA levels under salt stress. This suggested that JA and GA-mediated growth inhibition might be one of potential mechanisms for tomato salt tolerance.

The responses of single plant hormone to osmotic stress was investigated and ethylene and GA could mainly regulate the cell division and cell volume expansion, ABA could mediate the response of the mature plant cells to mild osmotic stress (Du et al., 2022). Some researchers speculated that the phytohormone signals might originate from other plant tissues rather than their own de novo synthetic pathways (Staswick, 2009). Additionally, this demonstrated that how hormone modifications were interrelated and likely affected one another. Tomatoes could establish new balance by dynamically regulating their hormone levels to adapt to salt stress (Figures 2, 4).

In tomatoes, the number of identified transcription factors that were associated with abiotic stress resistance was relatively small (Du et al., 2017; Thirumalaikumar et al., 2018; Niu et al., 2022). Furthermore, the regulatory relationship between TFs involved in the abiotic stress resistance and their target genes had yet to be explored. WGCNA has been proved to be advantageous in detecting pairs of co-expression modules and hub genes (Deng et al., 2021). By analyzing the transcriptomic and hormonal profiling of root tissues in tomatoes, we established the co-expression network of hormones, TFs, and their target genes under salt stress for the first time (Figure 7). The synergistic relationships between hormone signals under salt stress was revealed for providing valuable insights into the molecular mechanisms of salt tolerance in tomatoes.

Finally, we performed the transcriptome and WGCNA analysis and identified several genes which involved in hormone synthesis and signal transmission by utilizing the RNA-Seq and hormone data from tomato root tissues. The links between hormones and their regulatory components, as well as the correlations between hormones, were examined (Figure 8). Additionally, the gene regulatory network of salt stress-induced tomato salt tolerance was constructed and a transcriptional regulation model of salt tolerance was also proposed. It contained 6 types of hormones, 14 types of TFs, and 52 target genes. This study not only provided a comprehensive overview of the interaction network of salt stress related hormones, TFs, and genes but also provided a basis for analyzing the molecular mechanisms of salt tolerance in tomatoes.




Figure 8 | The plant hormone-mediated salt tolerance of tomato plants.





4 Materials and methods


4.1 Plant material and growing conditions

The cultivated tomato M82 was used as the experiment material for this study. Healthy and plump seeds were sown in 72-hole plug trays containing Nutrition Soil with vermiculite (soil: vermiculite, 2: 1). Similar development patterns among the seedlings were chosen, and they were then transplanted into a bucket with 12 L of 50% Hoagland solution. The plants were planted in a 12-liter bucket that had been treated with NaCl and completely filled with Hoagland solution. The photosynthetic indices were determined at 0 h, 0.5 h, 2 h, 6 h, 12 h, and 24 h after treatment, and the roots and leaves were sampled, weighed, and immediately frozen in liquid nitrogen at -80°C. Subsequently samples were utilized for physiology and biochemistry, hormone content, RNA-seq, and qRT-PCR testing and analysis.



4.2 Determination of ABA, JA, tZ, SA, IAA, and GA contents

The biological samples stored at -80°C were removed and ground with a grinder (30 Hz, 1 min) to a powder. Then, 50 mg of the ground samples were weighed, and 10 μL of the internal standard mixed solution with a concentration of 100 ng·mL-1 was added. Next, 1 mL of a 15: 4: 1 extractant (methanol, water, and formic acid) was added, mixed, and centrifuged for 5 minutes at 4°C and 12000 rpm. The tube was then reconstituted with 1 mL of an 80% methanol/water solution after concentration, put through a 0.22 m filter membrane, and placed in a sample vial. The tube was concentrated and used for liquid chromatography-tandem mass spectrometry (LC-MS/MS) to determine the amount of ABA, JA, tZ, SA, IAA, and GA.



4.3 Determination of physiological, biochemical, and photosynthetic indicators

The following settings were changed using a portable photosynthesis apparatus (CIRAS-3): CO2 was Ambient (remove chemixals), H2O was fixed of reference (100%), PAPi was 1000 umol m-2·s-1, Flow was Flow 300 (cc·min-1), leaf area was 4.5 (cm2), and the Pn, Tr, Ci, Gs, and WUE of the leaves were determined at 6 time points of salt stress treatment. Three biological duplicates of each sample were used to measure it. The cryopreserved biological samples were taken out using the Suzhou Keming Biotechnology Co., Ltd. kit’s procedure. For the physiological indicators: CAT, MDA, Pro, POD, PPO, SOD, and chlorophyll content, each indicator was determined in triplicate.



4.4 RNA-seq sequencing

The RNA-seq libraries of 18 samples were constructed using 3 biological replicates at 0 h, 0.5 h, 2 h, 6 h, 12 h, and 24 h after salt treatment, and the sequencing was performed on the Illumina HiSeq 2000 platform (Wuhan Metware Biotechnology Co., Ltd.). Data quality control and filtering were performed by fastp software (Chen et al., 2018), and the clean data were used for subsequent analysis. The tomato Heinz 1706 genome SL3.0 (https://solgenomics.net/ftp/tomato_genome/Heinz1706/) was used as the reference genome. Read alignment was carried out using HISAT2, and StringTie was used to assemble the aligned reads and estimate the transcripts abundance (Kim et al., 2015; Pertea et al., 2015).



4.5 Differential expression analysis

DESeq2 implemented in the R-project package was used to identify DEGs (Love et al., 2014). The threshold arguments of DEGs were set to padj  ≤  0.01 and FoldChange   ≥  2. The KEGG database (https://www.kegg.jp/ghostkoala/) was utilized for identifying hormone biosynthesis and signal transduction genes based on the DEGs (Kanehisa et al., 2021). All of the DEG protein sequences were uploaded to PlantTFDB (http://planttfdb.cbi.pku.edu.cn/) for TF analysis.



4.6 Construction of the co-expression network

The gene expression profiles of the DEGs were analyzed by the dynamic branch-cut method using the R package WGCNA (Langfelder and Horvath, 2008). To ensure the distribution of scale-free networks, the weighting coefficient β needs to satisfy the correlation coefficient close to 0.85 and have a certain degree of connectivity of each gene. In this study, β was set to 12. The automatic network construction function of block-wise modules was used to construct the network and multiple valid modules containing different number of genes were obtained. Min Module Size = 30 and Merge Cut Height = 0.25 were set as the standard, the modules with a similarity of 0.75 were merged. Specificity modules were screened with r > 0.80 and P-value < 0.05. Cytoscape (v3.9.1) software was used to visualize the co-expression networks (Doncheva et al., 2018).



4.7 qRT-PCR

Primer 6 software was utilized to design the phosphor quantification primers (Table S1) (Li and Brownley, 2010). Real-time PCR amplification was performed on a Roche LightCycler 96, and the reactions for each sample were carried out in triplicate. The ChamQ Universal SYBR qPCR Master Mix (Vazyme, China) kit was used to create a 20 L amplification apparatus according to kit instructions. Each cycle consisted of pre-denaturation at 94°C for 30 s, denaturation at 94°C for 5 s, annealing at 60°C for 5 s, and extension at 72°C for 34 s. A total of 40 cycles were run. The results were analyzed for relative quantification using the 2–ΔΔCt method.
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Terpene synthases (TPS) is a key enzyme in the synthesis of plant terpenoids. Studies on TPSs have not been reported in Gossypium barbadense and Gossypium arboreum. 260 TPSs were identified in Gossypium, including 71 in Gossypium hirsutum, 75 in Gossypium. barbadense, 60 in Gossypium. arboreum, and 54 in Gossypium raimondii. We systematically analyzed the TPS gene family of Gossypium from three aspects: gene structure, evolutionary process and gene function. (1) Gene structure: Based on the protein structure of two conserved domains (PF01397 and PF03936), the TPS gene family is divided into five clades: TPS -a, -b, -c, -e/f and -g. (2) Evolution: Whole genome duplication and segmental duplication are the main modes of TPS gene amplification. (3) Function: The abundance of cis-acting elements may reveal the functional diversity of TPSs in cotton. TPS gene has tissue specific expression in cotton. The hypomethylation of the exon of TPSs may help to enhance the adaptability of cotton to flooding stress. In conclusion, this study can broaden the understanding of structure-evolution-function of the TPS gene family, and provide reference for the mining and verification of new genes.




Keywords: Cotton, terpene synthases, gene family, evolution, function



Introduction

Terpenoids are the largest group metabolites in plant and respond positively to plant biotic and abiotic stresses (Cane, 2000; Yazaki et al., 2017; Huang et al., 2021).Terpenoids can be divided into broad categories according to their functions: primary metabolites and secondary metabolites. More than 55,000 members have been identified (Köksal et al., 2011). Previous work has shown that terpenoids are important in biodefense (Xiao et al., 2012; Irmisch et al., 2014; Alicandri et al., 2020; Huang et al., 2022), oxidation resistance (Xie et al., 2006), waterlogging resistance (Kuroha et al., 2018), and drought tolerance (Takahashi et al., 2018).

TPS is a critical enzyme for the production of plant terpenoids, mainly involved in the production of monoterpene, sesquiterpene and diterpene biosynthesis. Ancient TPSs originated in land plants that diverged from green algae (Jia et al., 2022). Studies have shown that TPS genes are involved in plant defense against pests and diseases and plant growth and development. OsTPS19 enhanced the resistance to rice blast (Chen et al., 2018). TPS gene was involved in floral synthesis (Gao et al., 2018). GhTPS10 was involved in the synthesis of gossypol (Huang et al., 2018). Based on the amino acid sequence and gene function of TPS, the TPS gene family was divided into seven clades: TPS-a, -b, -c, -d, -e/f, -g and -h (Chen et al., 2011). As more plant genomes are sequenced, TPS gene family members have been identified in a variety of plants. There were 29 TPSs in Solanum lycopersicum (Falara et al., 2011), 32 in Setaria italica (Karunanithi et al., 2020), 40 in Arabidopsis thaliana (Aubourg et al., 2002), 14 in Selaginella tamariscina, and 34 in Oryza sativa (Chen et al., 2011). The TPS gene family of A. thaliana was divided into five clades: TPS-A (22 TPSs), -b (6 TPSs), -c (1TPS), -e/f (2 TPSs), -g (1TPS) (Aubourg et al., 2002). At present, there were 41 and 46 TPSs in Gossypium. raimondii and Gossypium. hirsutum, respectively (Huang et al., 2018). Genome-wide identification and systematic analysis of the TPS gene family have not been reported in Gossypium. barbadense and Gossypium. arboreum.

Cotton is an important fiber crop. Flooding is a natural disaster frequently encountered during the seedling growth of cotton, which has a serious impact on cotton yield. At present, sequencing of G. hirsutum (TM-1, CRI-12), G. barbadense (Hai7124), G. arboreum and G. raimondii have been completed (Paterson et al., 2012; Du et al., 2018; Hu et al., 2019; Lu et al., 2019; Lu et al., 2022). It laid a good foundation for studying TPS gene in cotton. Studies suggested that GhTPS12 may play a key role in cotton defense against herbivores (Huang et al., 2018). GhTPS1, GhTPS2 and GhTPS3 have been identified in G. hirsutum (Yang et al., 2013). The response of TPS to flooding in cotton has not been reported. This study was to broaden the understanding of the gene structure, phylogenetic evolution and gene function of TPSs.



Materials and methods


Download of database

Gene annotations and protein files for G. arboreum (Version 1.0, CRI), G. raimondii (Version 2.0), G. hirsutum (Version 2.1, ZJU), G. barbadense (Version 1.1, ZJU), and A. thaliana (TAIR10.) were obtained from online databases (https://cottonfgd.org/, http://www.arabidopsis.org/), respectively (Zhu et al., 2017).



Identification of TPS

The Hidden Markov Model profiles for PF01397 and PF03936 can be acquired from the Pfam website. TPSs were retrieved from the cotton genome database using HMMER software. Redundant genes with e value greater than 1E-05 were deleted. TPSs with incomplete C and N terminus were deleted via the NCBI Batch CD-Search website (https://www.ncbi.nlm.nih.gov/). The transcription length and protein length of cotton TPS gene were further retrieved from CottonFGD (https://cottonfgd.org/) (Zhu et al., 2017).



Phylogenetic analysis

The amino acid sequences of TPSs in five species are showed in the Table S3. The phylogenetic tree of TPS gene family was constructed using Neighbor-Joining (NJ) by MEGA 7.0. Bootstrap value:1000. (Larkin et al., 2007; Kumar et al., 2016).



Location map of TPS

The location data of the GhTPS gene family on chromosomes were obtained from the genome annotation file. TBtools software was used to construct the map of TPS gene on chromosomes (Chen et al., 2020).



TPS gene structure and protein motifs

Phylogenetic trees, motifs and structures were mapped by TBtools software using phylogenetic files (format: nwk), genome annotation files (format: gff3), and conserved motifs (format: MAST) in G. hirsutum (Bailey et al., 2009; Chen et al., 2020). The amino acid motif in the predicted GhTPS protein sequence was analyzed using online MEME website (https://meme-suite.org/meme/tools/meme). The sequence distribution site was set to 0 or 1, the ordinal number was set to 10, and all other parameters were set to default.



TPS gene collinearity

MCScanX software was used to construct synteny relationships between duplicate gene pairs (Wang et al., 2012). We used TBtools software to display collinear maps (Chen et al., 2020).



Selective pressure analysis

Duplicate gene pairs from four cotton species were identified by TBtools. The sequence identity after alignment should be higher than 80%. The non-synonymous (Ka) and synonymous (Ks) substitution ratio of duplicate genes were analyzed by TBtools software (Chen et al., 2020).



Cis-acting elements and gene expression

PlantCARE website was used to predict the cis elements of GhTPS promoters (http://bioinformatics.psb.ugent.be/). Cis-acting elements were classified and analyzed. The RNA-Seq data was downloaded from the GRAND website (http://grand.cricaas.com.cn/home) (accession number: PRJNA490626). The relative expression patterns of GhTPS gene were analyzed at different time points (0, 1, 6 and 12 h) under PEG (200 g/liter), NaCl (0.4 M), cold (4 °C) and hot (37 °C) stress conditions (Yang et al., 2019). Methylation data download number: PRJNA856623.



qRT-PCR

The GhTPS specific expression profiles in roots, stems and leaves and the response of TPS to flooding stress were analyzed by qRT-PCR. The experimental material was watering-resistant ZNL2067, which was grown in a light incubator at 25°C until the three-leaf stage. ZNL2067 was treated with flooding (3d) and reoxygenation (3d), and tissue samples were collected (three biological replicates per treatment). Total RNA was extracted according to the EASYspin Plus Plant RNA Kit instructions, then cDNA was synthesized according to the TransStart Top Green qPCR SuperMix Instructions manual. The primer sequence of GhTPS gene was shown in Table S4. The primer sequences of GhTPSs and Actin gene were shown in Table S4. Rapid fluorescence quantitative PCR was carried out on Bio-Rad 7500. We calculated the relative expression of GhTPS gene using 2-ΔΔCt (Livak and Schmittgen, 2001).




Results


The acquisition of TPS gene members

298 TPSs were obtained from five species. 71, 75, 60, 54 and 38 TPSs were identified from G. hirsutum, G. barbadense, G. arboreum, G. raimondii and A. thaliana, respectively (Figure 1). Meanwhile, based on the physical location of TPSs on chromosomes, the four species TPSs were named as GhTPS1-GhTPS71, GbTPS1-GbTPS75, GaTPS1-GaTPS60 and GrTPS1-GrTPS54 respectively (Table S1). The TPS gene characteristics of cotton were further analyzed, including 16 indexes such as CDS length, exon number and protein length (Table S2).




Figure 1 | TPS gene family phylogenetic tree. (A) Phylogenetic relationships of 298 TPSs in five species. (B) The proportion of different cotton species in 260 TPS genes. (C) Distribution of gene number in five evolutionary clades. Different colors represent different clades.



In the model plant G. hirsutum, there were 71 TPS proteins ranging in length from 372 aa (GhTPS45) to 849 aa (GhTPS12). CDS Length (bp) ranged from 1119bp (GhTPS37) to 2550bp (GhTPS12). The isoelectric point ranged from 4.692 (GhTPS37) to 6.913 (GhTPS61). The number of exons ranged from 5 (GhTPS45) to 15 (GhTPS26). MW ranged from 43.341 (GhTPS45) kDa to 97.550 (GhTPS53) kDa.



Phylogenetic analyses

To understand the evolutionary relationships of the TPS gene family among four cotton species, we constructed rootless phylogenetic trees of 298 TPS proteins (Saitou and Nei, 1987) (Figure 1). Based on the classification method of TPS gene proteins in A. thaliana (Jiang et al., 2019), 260 TPSs were divided into five evolutionary clades in Gossypium. The evolutionary clade TPS a contained the highest proportion of TPSs (129 cotton TPSs), and the distribution of the other four clades was as follows: TPS b (95 TPSs), TPS c (12 TPSs), TPS e/f (18 TPSs) and TPS g (6 TPSs) (Figure 1C; Table S5). TPSs were distributed in each clade. The ratio of diploid cotton to allotetraploid cotton was less than 1:2 (Figure 1B). This suggests that the loss of the TPS gene occurred during the formation of allotetraploid.



Chromosomal location of TPS

To study the physical location of TPSs on chromosomes, we constructed chromosome maps of 260 TPSs (Figure 2). 251 genes were assigned to specific chromosomes (Figure 2; Table S6). Among the 71 GhTPSs in G. hirsutum, 34 and 37 TPSs were located in the At and Dt subgenome, respectively (Figure 2). For At subgenome: GHAt-11 had the most members (7 GhTPSs). For Dt subgenome: Dt-05 has 13 GhTPSs (Figure 2; Table S6). 75 TPSs were mapped to specific chromosomes in G. barbadense (Figure 2). The At and Dt subgenome contained 34 and 41 GbTPSs, respectively. For At:subgenome, At-11 had the most TPS members (8 GbTPSs). For Dt subgenome: Dt-05 had the highest number of TPS members (15 GbTPSs). G. hirsutum and G. barbadense belong to allotetraploid cotton, while G. arboreum and G. raimondii belong to diploid cotton. Interestingly, no TPS gene was found in chromosomes At/Dt-02, 03, 06, 07, and 12 in the allotetraploid cotton (Figure 2; Table S6). 51 GaTPSs were annotated onto 13 chromosomes, and 9 GaTPSs were not annotated on the chromosome in G. arboreum (Figure 2). There were 17, 8 and 7 GaTPSs on chromosomes of Chr05 (A05), Chr11 (A11) and Chr09 (A09). No GaTPSs were found on Chr03 (A03), Chr06 (A06), Chr07 (A07), and Chr12 (A12) chromosomes (Figure 2; Table S6). For G. raimondii, all 54 GrTPSs were annotated on chromosomes (Figure 2). There were more GrTPSs on chromosomes of Chr09 (D09) and Chr07 (D07), 17 and 13, respectively (Figure 2; Table S6). TPSs were unevenly distributed on chromosomes of Gossypium.




Figure 2 | Chromosomal mapping of TPS in Gossypium. The vertical bars indicate the physical location of genes and the length of chromosomes. The gene names are on the right side of chromosomes. The four colors represent the four cotton species.





Structure and protein motifs analysis of GhTPS

In order to characterize the protein motif and gene structure during the evolution of GhTPSs in G. hirsutum, we constructed a phylogenetic tree, conserved motif, and gene structure relationship map of TPSs (Figure 3). For protein motifs, GhTPS proteins had conserved motifs ranging from 5 to 10. The evolutionary clade TPS a had Motif 5, 6, 7. The evolutionary clade TPS c had Motif 2, 3, 4, 6, 9. The evolutionary clade TPS e/f had Motif 1, 2, 3, 5, 6, 8, 9. The evolutionary clade TPS g had 10 conserved motifs. The variation of the conserved motif of TPS b in the evolutionary clades suggested that it may have a wider range of biological functions. Similar protein motifs were found in the same evolutionary clade.




Figure 3 | Phylogenetic tree - motif - structure of GhTPSs. (A) Phylogenetic tree. (B) Protein motifs. (C) Gene structures.



In the GhTPS gene family, the longest gene (GhTPS6) was approximately 263107 bp in length. GhTPS43 was the shortest gene, 1839 bp. The number of exons in the GhTPS gene family was 6 ~ 15. (Figure 3). Among 71 GhTPSs, 44 genes had 7 exons. GhTPSs from the same evolutionary branch had similar genetic structure. It can be seen that the GhTPS gene family formed conserved gene structure and conserved motifs during evolution.



Analysis of collinearity of the TPS gene family

In order to explore gene amplification of the GhTPS gene family, a synteny/collinear relationship map of duplication gene pairs were constructed between the diploid ancestor A & D genome and the allotetraploid AD genome (Figures 4, 5). There were 699 duplication gene pairs obtained in Gossypium including 239 segmental duplications and 51 tandem duplications. The whole genome duplication of the remaining 409 orthologous genes was performed (Figure 4). Taking G. hirsutum and G. barbadense as examples, 389 orthologous/paralogous gene pairs were obtained. There were 234 gene pairs that underwent segmental duplication. 35 and 120 gene pairs that were subjected to tandem duplication, and whole-genome duplication, respectively. It can be seen that genome multiploidy and segmental duplication are the primary modes of the TPS gene family amplification.




Figure 4 | Syntenic relationship of 699 duplicated genes pairs in cotton. GHA, GHD, GBA, GBD, GaA and GrD represent At/Dt sub-genome of G. hirsutum, At/Dt sub-genome of G. barbadense, A genome of G. arboreum and D subgenome of G. raimondii, respectively.






Figure 5 | Collinearity between allotetraploid and its ancestral species (A) Collinearity of GhTPSs and GbTPSs compared with G arboreum. (B) Collinearity of GhGUT and GbTPSs compared with G raimondii. The blue line represents the TPS gene pair.



In order to understand the genetic amplification of A or D subgenome during evolution, we constructed collinear relationships between the GBAt-GaA-GHAt and GBDt-GrD-GHDt genomes. Chromosomes A01, A05, A11 and A13 had the most common linear genes from the A genome to the AD genome. However, D02, D07 and D09 of the D genome had a higher number of genes in common with the AtDt genome. The A genome had 58 and 76 duplicate gene pairs related to heterotetraploid AD genome, respectively. The D genome had 61 and 71 pairs of duplicated gene pairs associated with the heterotetraploid AD genome, respectively (Figures 5, S1).



Selective pressure analysis

To explore the effects of selection pressure on the evolution of TPS gene family, Ks and Ka values of orthologous/paralogous pairs of four cotton species were calculated (Figure 6; Table S7).




Figure 6 | Selection pressure of TPS gene family. (A) The number of duplicate genes with different Ka/Ks values. (B) Ka/Ks divergence values of different genomes.



There were 364 (96.81%) gene pairs with Ka/Ks < 1, 258 gene pairs with Ka/Ks < 0.5, and 106 gene pairs with Ka/Ks values ranging from 0.5 ~ 0.99. This revealed that the TPS gene family is highly conserved and has been subjected to strong purifying selection during evolution. The Ka/Ks ratio of 12(3.19%) orthologous/paralogous pairs was greater than 1, suggesting that TPS family may have experienced positive selection pressure during the process of chromosome doubling. The Ka/Ks for Ga-Ga and Gr-Gr were both less than 1, which indicated that TPS gene of diploid cotton was strongly conserved. As a result, we speculated that the cotton TPS gene family is an ancient family that has experienced strong purification selection pressure during the long evolutionary process (Figures 6A, B; Table S7).



Gene enrichment analysis

We predicted the function of 260 TPSs by gene ontology (GO) analysis in cotton. GO analysis indicated that TPSs were mainly participated in molecular functions and biological processes in cotton (Figure 7; Table S8). The 260 TPSs were involved in molecular functions including: terpene synthase activity, lyase activity, magnesium ion binding. For biological processes, TPSs were fully annotated to metabolic processes (GO:0008152). Therefore, TPSs play essential role in metabolism in cotton.




Figure 7 | GO analysis of 260 TPSs. (A–D) represents GO enrichment of G. hirsutum, G. barbadense, G.arboreum, G. raimondii, respectively.





Analysis of GhTPS cis-acting element

Prediction and analysis of promoter region cis-acting elements can infer the function of downstream genes. The types and number of cis-acting elements from the same evolutionary clade were different (Figure 8A). The number and type of cis-acting elements in the same evolutionary clade were different. DNA sequences upstream of transcription initiation sites (TTS) in 71 TPSs were analyzed. There were 23 kinds of cis-acting elements associated to light reaction. Box4, G-Box and GT1-motif accounted for 94%, 83% and 72% of the total GhTPSs, respectively (Figure 8B; Table S9). Eight cis-acting elements were identified in response to biological/abiotic stress, with ARE being the most abundant (Figure 8B; Table S9). Ten cis-acting elements, including ABRE, CGTCA-motif, and TGACG-motif, are associated with plant prohormone responses. They accounted for 83%, 63%, 63% and 51% of the total GhTPSs, respectively (Figure 8B; Table S9). Similarly, 10 cis-acting elements were related to growth and development, AT-rich elements were the most abundant, accounting for 30% of the total GhTPSs. It is speculated that the GhTPS gene family has a critical role in plant growth process and in in biotic and abiotic stress responses.




Figure 8 | Expressed genes analysis and cis-acting elements of the GhTPS gene family. (A) Phylogenetic tree of GhTPSs. (B) Cis-elements of GhTPSs. (C) Expressed analysis of GhTPSs at different time points (0, 1, 6, 12h) under cold, hot, salt, PEG (FPKM).



Based on RNA-Seq data of G. hirsutum (TM-1, accession number: PRJNA490626), we examined the specific expression pattern of GhTPS in response to NaCl (0.4 M), PEG (200 g/liter), heat (37°C) and cold (4°C) stresses (Figure 8C; Table S10). Under different abiotic stress, GhTPS54, GhTPS55, GhTPS70, GhTPS71, GhTPS12, GhTPS13, GhTPS40, GhTPS41, GhTPS42 and other genes showed different expressions. For example, GhTPS55, GhTPS70 and GhTPS71 were differentially expressed under cold stress. GhTPS 42, GhTPS55 and GhTPS70 were differentially expressed during heat treatment. Interestingly, GhTPS55 gene was highly expressed in all of the above stress situations.



Tissue-specific expression profile of GhTPS

To further understand the tissue-specific expression profile of the GhTPSs and their reaction to flooding stress, we analyzed 10 GhTPSs from five clades. The expression profile of 10 GhTPSs were different in roots, stems and leaves (Figure 9). For example, GhTPS24 was only highly expressed in leaves. GhTPS42, GhTPS62 and GhTPS63 were expressed at high levels in the stem. GhTPS37 and GhTPS62 were strongly expressed in the root (Figure 9).




Figure 9 | Tissue-specific expression of 10 GhTPSs. Error bars are the standard deviation (SD) of biological replicates. ns, p>0.05, *0.05>p>0.01, **p<0.01.





Analysis of TPSs response to flooding stress

The expression levels of GhTPSs in response to flooding stress were different (Figure 10A). For example, GhTPS36, GhTPS24 and GhTPS62 were strongly expressed during submergence. GhTPS36, GhTPS24 and GHTPS62 were expressed at high levels under submergence and reoxygenation stress. GhTPS37 was highly expressed under reoxygenation stress. There were also differences in tissue specific expression and response of GhTPSs in the same clade to flooding stress.




Figure 10 | Levels of methylation in the CG/CHG/CHH sequences and expression levels of GhTPSs. (A) The expression levels of 10 GhTPSs under submergence and reoxygenation stresses. Error bars represent SD in biological replicates. (B) Distribution of methylation levels in functional region. Different colors represent groups. ns, p>0.05, *0.05>p>0.01, **p<0.01.



Under flooding stress, the methylation levels of CG and CHG sequences decreased in the promoter and introns region, while the methylation levels of CHH sequences increased. The methylation levels of CG, CHG, and CHH sequences in the exon domain were all reduced (Figure 10B). The hypomethylation of the exon of TPSs may help to enhance the adaptability of cotton to flooding stress.



GhTPS protein interaction

Based on the homologous gene profile of A. thaliana, we predict GhTPS protein function through an interactive network using the online STRING website (https://string-db.org/) (Figure 11). In the bological process, 30 GO-terms were significantly enriched, such as plastoquinone biosynthetic process (GO:0010236), monoterpene biosynthetic process (GO:0043693), terpene biosynthetic process (GO:0046246), etc. In terms of molecular function, 20 GO-terms were significantly enriched, such as trans-octaprenyltranstransferase activity (GO: 0050347), sesquiterpene synthase activity (GO:0010334), (E)-beta-ocimene synthase activity (GO: 0034768), etc. In terms of molecular composition, chloroplast (GO:0009507), cytoplasm (GO:0005737) and cellular anatomical entity (GO:0110165) were significantly enriched in GO-terms (Table S11). In the KEGG pathway, it mainly involved monoterpenoid biosynthesis (ath00902), diterpenoid biosynthesis (ath00904), sesquiterpenoid and triterpenoid steroid biosynthesis (ath00909), terpenoid backbone biosynthesis (ath00900), steroid biosynthesis (ath00100), biosynthesis of secondary metabolites (ath01110). At the same time, we analyzed the protein interaction network of GhTPS42 gene that was significantly up-regulated under flooding treatment (Figure 11).




Figure 11 | GhTPS proteins interaction network. (A) GhTPS42 protein interaction network. (B) Interaction network of GhTPS proteins. (C) GhTPS42 gene co-expressed. (D) Gene co-expression of the GhTPS gene family. Note: The homologous gene of GhTPS42 in A thaliana is AT3G25810.






Discussion

Different plants contain different numbers of TPSs. 260 TPSs were identified in Gossypium (71 in G. hirsutum, 75 in G. barbadense, 60 in G. arboreum and 54 in G. raimondii. More TPSs were found in Gossypium than in Solanum lycopersicum (Falara et al., 2011), Setaria italica (Karunanithi et al., 2020), A. thaliana (Aubourg et al., 2002), Selaginella tamariscina, and 40 in rice (Chen et al., 2011). Previous studies identified 41 and 46 TPSs from G. raimondii and G. hirsutum, respectively (Huang et al., 2018), while we identified 54 and 71 TPSs, which were related to the different reference genomes we used. In recent years, with the increasing improvements in sequencing technology, the annotation of reference genome is more perfect, and the identification of gene family members is more accurate.


Structural analysis of TPS gene family

The physical location of a gene on a chromosome affects its biological function. We found that TPSs were not uniformly distributed in chromosomes and usually existed in the form of gene clusters. Genes in a gene cluster usually belong to the same evolutionary clade. A series of 51 tandem repeat gene pairs were discovered on this chromosome. The number and sequence of exons in a gene are associated with its biological function (Malik et al., 2020). For G. hirsutum, we found that the length of GhTPS gene varied widely, from 1839 bp to 263107 bp. The number of exons varies from 6 to 15. These indicated that the gene structure of GhTPS was diversified. At the same time, GhTPSs from the same evolutionary clade had similar gene structures and protein motifs (Figure 3).



Evolutionary analysis of the TPS gene family

To understand the changes in the TPS gene family over the long term, we analyzed the phylogenetic trees and selection pressures of TPS gene families in four cotton species. 260 TPSs were assigned to five clades, namely TPS - a, -b, -c, -e/f and -g. Previous studies have shown that TPS a is the largest clade in most dicotyledons and monocotyledons (Jiang et al., 2019). We also found that the evolutionary clade TPS a contained the largest number of TPSs (Figure 1; Table S5). TPS d is an endemic clade of gymnosperm (Bohlmann et al., 1998). The TPS h clade is identified only in the Selaginella tamariscina (Chen et al., 2011). TPS d and TPS h were not found in four cotton species.

Substantial gene amplification contributes to the formation of new species and adaptation to adversity (Hittinger and Carroll, 2007; Conant and Wolfe, 2008). Whole genome duplication, segmental duplication and tandem duplication are essential pathways for gene amplification. Cotton is one of the model crops studied for polyploidization (Li et al., 2015). A total of 699 duplicate gene pairs were obtained in Gossypium, including 409 whole genome duplication genes, 239 segmental duplication genes and 51 tandem duplication genes (Figure 4). Therefore, the three gene amplification modes played an important role in the amplification of the TPS family in Gossypium.

Previous studies have shown that heterotetraploid cotton is produced by interspecific hybridization of A and D genomes (Wendel and Cronn, 2003; Paterson et al., 2012; Li et al., 2015). The number of TPSs from allotetraploid cotton was less than twice that of diploid cotton, which might be due to gene deletions during the evolutionary process of forming allotetraploid cotton. Gene loss is also present in the evolution of the GRX, AHL and UGT gene families (Malik et al., 2020; Zhao et al., 2020; Sun et al., 2022).

When Ka/Ks>1, the TPS family was subjected to positive selection in the long-term evolution process. When Ka/Ks=1, the TPS family was subject to neutral evolution. When Ka/Ks<1, the TPS family was subjected to purify selection in the long-term evolution process. Our results showed that 96.81% of TPS gene pairs (364) had Ka/Ks values less than 1, which indicates that the TPS gene family experienced highly purified selection pressure over the long evolutionary period (Figures 6A, B; Table S7). Meanwhile, 12 (3.19%) gene pairs had Ka/Ks values greater than 1, which demonstrates that TPSs underwent positive selection pressure after gene replication.



Functional analysis of the TPS gene family

The results showed that 10 cis-acting elements were involved in cotton growth and development, and AT-rich element was the most involved. 10 cis-acting elements were related to regulate plant hormone; AT-rich elements were the most. There were also differences in the cis-acting elements of genes within the same evolutionary clade. At the same time, we found that GhTPS gene has tissue specific expression characteristics. For example, GhTPS24 was expressed at high levels in leaves, while GhTPS42, GhTPS62 and GhTPS63 were expressed at high levels in stems (Figure 9). In general, TPSs are essential in the cotton growth and development.

Eight cis-acting elements responded to biological/abiotic stress of cotton, among which ARE and LTR were more (Table S9). Under different stress treatments, not all genes had biological functions. For example, GhTPS55 gene was highly expressed in different stress situations, while many TPSs were not involved in stress response. Previous studies have also verified this conclusion. In some angiosperms and gymnosperms, not all TPSs are functional (Chen et al., 2011). Through comprehensive analysis of expression profile, cis-regulatory elements and protein interaction, TPS gene may play an important role in waterlogging stress.




Conclusion

TPS is a critical enzyme for the production of plant terpenoids, mainly involved in the production of monoterpene, sesquiterpene and diterpene biosynthesis. A total of 260 TPSs were identified, including 71 in G. hirsutum, 75 in G. barbadense, 54 in G. raimondii and 60 in G. arboreum. We systematically analyzed the TPS gene family of Gossypium from three aspects: gene structure, evolutionary process and gene function (Figure 12). (1) Gene structure analysis: Based on the protein structure of two conserved domains (PF01397 and PF03936), the TPS gene family was divided into five clades: TPS -a, -b, -c, -e/f and -g. (2) Evolution analysis: Genome multiploidy and segmental duplication are the main ways of TPS gene amplification. The TPS gene family underwent strong purification selection pressure during the long evolutionary process. (3) Function analysis: The abundance of cis-acting elements may reveal the functional diversity of TPSs in cotton. Cotton TPS gene is tissue-specific and plays an important role in stress. TPS gene has tissue specific expression in cotton and plays a key role in stress. In conclusion, this study can broaden the understanding of structure-evolution-function of the TPS gene family, and provide reference for the mining and verification of new genes.




Figure 12 | Genome-wide and systematic analysis of the TPS gene family in Gossypium.
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Cadmium (Cd) pollution is a serious threat to plant growth and human health. Although the mechanisms controlling the Cd response have been elucidated in other species, they remain unknown in Sorghum (Sorghum bicolor (L.) Moench), an important C4 cereal crop. Here, one-week-old sorghum seedlings were exposed to different concentrations (0, 10, 20, 50, 100, and 150 μM) of CdCl2 and the effects of these different concentrations on morphological responses were evaluated. Cd stress significantly decreased the activities of the enzymes peroxidase (POD), superoxide dismutase (SOD), glutathione S-transferase (GST) and catalase (CAT), and increased malondialdehyde (MDA) levels, leading to inhibition of plant height, decreases in lateral root density and plant biomass production. Based on these results, 10 μM Cd concentration was chosen for further transcription and metabolic analyses. A total of 2683 genes and 160 metabolites were found to have significant differential abundances between the control and Cd-treated groups. Multi-omics integrative analysis revealed that the flavonoid biosynthesis pathway plays a critical role in regulating Cd stress responses in sorghum. These results provide new insights into the mechanism underlying the response of sorghum to Cd.
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Introduction

Environmental pollution with heavy metals pollution, such as cadmium (Cd), lead (Pb), copper (Cu), and zinc (Zn), has rapidly increased over recent decades. This pollution not only impairs growth and development in both plants and animals, but also threatens human health, and has become a serious environmental problem (He et al., 2013; Xue et al., 2014; Mourad et al., 2021; Meng et al., 2022). Cd is highly toxic and greatly inhibits the growth and development of plant roots, stems and other organs, causing a decrease in plant yield and quality (Feng et al., 2018; Mahmud et al., 2018; Santoro et al., 2022). Remediation of cadmium-polluted soil is therefore urgent.

Hyperaccumulators are plants capable of growing in soils with high levels of contamination and able to concentrate high levels of toxins in their tissues. Cd hyperaccumulators have been used worldwide tophyto-extract the metals from the contaminated soils in an eco-friendly and green approach (Guan et al., 2019; Bai et al., 2020).

Terrestrial plants uptake Cd from the soil mainly through their roots, and during this process, the root system initially suffers from Cd stress, triggering signal transduction (Li et al., 2012; Duan et al., 2015; Abozeid et al., 2017; Meng et al., 2022). Cd toxicity in plants can lead indirectly to the formation of reactive oxygen species (ROS), which in turn leads to cellular redox imbalance, lipid peroxidation, enzyme inactivation, disruption of nutrient absorption and assimilation, and eventually leads to the death of plant cells (Gill and Tuteja, 2010; Petrov et al., 2015; Han et al., 2016). Certain plants have therefore evolved intricate Cd detoxification strategies (He et al., 2013; Yang et al., 2021). Cd can cause changes in microstructural level, subsequently altering physiological and molecular processes. In response to Cd exposure, gene expression in certain plants exhibit can change, the antioxidative system can be activated, protein abundance can be altered and certain metabolic pathways involved in Cd uptake, transport and detoxification can be activated (He et al., 2015; Corso et al., 2018; Leng et al., 2020). Such Cd response processes have been explored largely in plant species with low biomass, such as Arabidopsis thaliana (L.) Heynh. (Arabidopsis), Sedum aalfredii Hance (S.alfredii) and S olanum nigrum L(S.nigrum) (Han et al., 2016; Luo et al., 2016; Wang et al., 2022). However, a low biomass constrains the effectiveness of these plant species in phytoremediation.

Sorghum (Sorghum bicolor (L.) Moench) is a C4 model plant, and is widely grown as a food, feed and energy crop (Xin et al., 2008; Xiao et al., 2021; Shi et al., 2022). Previous studies have proposed sorghum for phytoremediation due to its high production of biomass, high tolerance to abiotic stresses and the relatively high Cd accumulation observed in some genotypes (Jia et al., 2017; Feng et al., 2018; Yuan et al., 2019; Xiao et al., 2021). Sorghum is able to remedicate Cd-contaminated soil, and the polluted plant tissues can be harvested and used in the production of ethanol gas, thereby preventing Cd pollution from re-entering the food chain. This means that sorghum could be a connection between phytoremediation and bioethanol production, achieving a win-win effect (Jia et al., 2017; Feng et al., 2018; Mishra et al., 2020). Thus, it is essential to understand Cd toxicity in this species, and its response to Cd. Hydroponics and pot experiments have been conducted to study the physiological responses of different sorghum varieties to Cd stress. Cd was found to have accumulated primarily in the roots of sorghum plants and to have been partially transferred to the above ground parts. Chlorophyll content and the activities of antioxidative enzymes were affected by Cd accumulation, and led to growth reduction (Bonfranceschi et al., 2009; Soudek et al., 2014; Jawad Hassan et al., 2020). Comparative transcription analysis experiments demonstrated that higher Cd accumulation depends on multilevel coordination of efficient Cd uptake and transport (Feng et al., 2018). However, there are only a few preliminary studies into the effects of Cd stress on the growth of sorghum, and the physiological and molecular mechanisms underlying the sorghum response to Cd stress remain elusive.

In recent years, multi-omics analysis technologies have been widely utilized to study the mechanisms underlying plant responses to abiotic stress. Transcriptomics and metabolomics represent powerful tools to comprehensively analyze the biological processes and their metabolic regulation in plants growing in stressful environments (Mishra et al., 2020; Feng et al., 2021). In this study, an integrated morpho-physiological analysis combined with transcriptomics and metabolomics was performed to gain insights into the molecular mechanisms underlying sorghum responses to Cd stress. We aimed to reveal the key responsive candidate genes and pathways that respond to Cd stress in sorghum and to provide new insights to inform the genetic engineering of new plants for use in phytoremediation.



Materials and methods


Plant material

Sorghum (Sorghum bicolor) inbred line “407B” was used in this study. Healthy seeds were immersed in distilled water and germinated in petri dishes on filter papers. Then, seedlings with uniform growth were selected and cultivated in hydroponic boxes with 1 L 1/2 Murashige and Skoog (MS) solution (pH 5.8) (Adhikari et al., 2020). All plants were cultivated in a growth room maintained at 28 ± 2°C, with a photoperiod of 16/8 (day/night). The seedlings were grown in hydroponic medium for 7 days, and then these seedlings were subjected to different concentrations of CdCl2 (0, 10, 20, 50, 100 and 150 μM) (AR, AladdinBio-Chem Technology Co., Ltd, Shanghai, China) for 3 days. After treatment, sorghum plants were collected, and the plant height, root length and lateral density were measured. All samples were ground in liquid nitrogen and stored at -80°C.



Measurement of growth index and determination of Cd concentration

The plant height, root length and the number of lateral roots were immediately measured after 3 days of growth in a Cd stress environment (Jia et al., 2017). The shoots and roots were detached and used for fresh and dry weight measurements. The shoots and roots immediately weighed to obtain the fresh weight and then dried to constant weight at 80°C to obtain the dry weight.

The Cd content in the sorghum seedlings was assayed according to a method described previously with slight modifications (Xiao et al., 2021). Briefly, roots and aboveground parts of the sorghum plants were sampled and rinsed with distilled water. Samples were then dried in an oven at 80°C until constant weight and then pulverized to a fine powder by passing through a mesh (100 mesh fractions). Afterwards, the obtained ash residues were digested using the nitric-perchloric acid (9:1, v/v) wet digestion method. The amount of Cd was measured using an atomic absorption spectrophotometer (GGX-810, Haiguang Instrument Co., Ltd, Beijing, China).



Measurement of MDA, and H2O2 levels and activities of antioxidant enzyme

Fresh roots (0.2 g) were detached from the control and Cd treatment plants. Root concentrations of the enzymes superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), glutathione S-transferase (GST), and of malondialdehyde (MDA) and hydrogen peroxide (H2O2) were analyzed using a SOD assay kit (G0101W), POD assay kit (G0107W), CAT assay kit (G0105W), GST assay kit (G0208W), MDA assay kit (G0109W) and H2O2 assay kit (G0112W), respectively, following the manufacturer’s instructions (Suzhou Grace Biotechnology Co., Ltd., Suzhou, China). The assays were performed as previously described (Jia et al., 2022). Three replicates of each treatment were used in each experiment.



Total RNA extraction, preparation of cDNA library and Illumina RNA-seq

Based on the physiological results, samples from the 0 and 10 μM CdCl2 treatments were selected for transcription and metabolic analysis. The roots of the treated and control sorghum seedlings were washed with sterilized distilled water, and were immediately frozen in liquid nitrogen. Total RNA was extracted using the NEBNext®UltraTM RNA Library Prep Kit for Illumina®(NEB, USA) following manufacturer’s recommendations. The purity, concentration and integrity of RNA were assessed using a NanoPhotometer® spectrophotometer (IMPLEN, CA, USA), Qubit® RNA Assay Kit in Qubit®2.0 Flurometer (Life Technologies, CA, USA) and RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA), respectively (Ren et al., 2022). One μg high quality RNA per sample was then used to construct the cDNA library, and was sequenced using an Illumina HiSeq sequencing platform by Metware Biotechnology Co., Ltd. (Wuhan, China). The software fastp v 0.19.3 was used to clean and trim the original data to obtain high-quality clean reads (reads with adapters were filtered out, as were paired reads were the N content exceeded 10% of the base number of the reads, or when the number of low-quality (Q ≤ 20) bases contained in the read exceeds 50% of the bases). Clean data were then mapped to the sorghum reference genome (Sbicolor_454_v3.0.1) using the HISAT v2.1.0 software. The expression abundance of reads was quantified using the fragments per kilobase of transcript per million base pairs (FPKM) value. The differentially expressed genes (DEGs) in the control and treatment groups were screened using DESeq2 v1.22.1 (Ross Ihaka, University of Auckland, New Zealand) with a threshold of |log2 Fold Change | ≥1 and False Discovery Rate (FDR)< 0.05.



Widely-targeted metabolomics analysis

The samples described above were also used in the metabolomics analysis. The extract analysis, and the identification and quantification of metabolites were performed by MetWare (Wuhan, China) using standard procedures and based on a previously published protocol (Sun et al., 2020; Ren et al., 2022). Briefly, the freeze-dried roots were crushed using a grinder (MM 400, Retsch) at 30Hz for 1.5 min. The powder was placed in 1.2 ml of 70% aqueous methanol solution (4°C) and vortexed six times, then left over night. The extracts were filtrated through a microporous membrane (0.22 μm pore size) after being centrifuged at 12,000 g for 3 min. The extracts were analyzed using an ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) system. Analysis of metabolite data was conducted with the Analyst 1.6.3 software. Metabolites with a fold change (FC) ≥ 2 and FC ≤ 0.5, and variable importance in projection (VIP) scores > 1 were considered to be differentially expressed metabolites (DEMs).



Statistical analysis

All the experimental data were expressed as mean ± standard error (SE). The SPSS 26.0 Program (SPSS Inc., Chicago, IL, USA) was used for one-way ANOVA analysis at a significance level of p< 0.05. Origin 8 (OriginLab, Northampton, Massachusetts, USA) was used for chart processing.




Results


Growth characteristics of plants in responding to Cd stress

To determine the potential effect of Cd stress on the growth of sorghum seedlings, the phenotypic and physiological characteristics of sorghum under Cd stress were analyzed and compared with a control group without Cd. The growth of the sorghum seedlings was markedly influenced by different concentrations of Cd, and the seedlings displayed visible poisoning symptoms including chlorosis both in leaves and roots, especially in the 150 μM Cd group (Figure 1A). With increasing Cd concentrations, the seedling height of the Cd-treated group was significantly reduced (14.92-47.73%) compared to that of the control group (Figure 1B). Seedlings treated with 10, 20, 50, 100 and 150 μM Cd had 12.85%, 53.28%, 63.87%, 86.13% and 88.32% fewer lateral roots, respectively (Figure 1C). Nevertheless, the length of the roots was not significantly different between these groups (Figure 1D). In addition, we monitored the plant fresh weight and dry weight of sorghum seedlings shoots and roots. Compared with the control, the fresh and dry weight of the aboveground and underground parts of sorghum seedlings under different cadmium concentrations were significantly reduced (Supplementary Figure S1). The seedlings treated with 10 μM Cd showed the minimum reduction in plant growth, and this concentration was chosen for further analysis. We calculated and compared the Cd concentrations in the shoot and root organs. We found that the Cd levels in the roots were more than 8.17 times higher than those in the shoots (Figures 1E, F). Taken together, these results suggest that Cd stress can negatively affect plant height and lateral root density in sorghum.




Figure 1 | Effect of different Cd concentrations on (A) Phenotype, (B) Plant height, (C) The number of lateral roots and (D) Root length. (E) Cadmium concentrations in sorghum roots and (F) sorghum shoots under 10 μM Cd treatments. Asterisks denote significant differences (*P< 0.05; **P< 0.01). Bars = 1 cm.





Effect of Cd on the antioxidative enzymes in sorghum root

In order to further explore the effect of Cd treatment on sorghum, we analyzed the activities of antioxidative enzymes in the roots of sorghum seedlings. Under Cd stress, the activities of the tested antioxidative enzymes in the sorghum were all inhibited by varying degrees. The activity of CAT in sorghum seedlings following Cd treatment group was 37.57% lower than of the control group (Figure 2A). Similarly, following Cd treatment, the SOD, POD and GST activities decreased by 21.56%, 10.99% and 12.59%, respectively, compared with those in the control group (Figures 2B–D). We also determined the MDA and H2O2 content in the sorghum roots. The level of MDA in Cd-treated plants was 1.33-fold that in control plants (Figure 2E), However, the H2O2 content in the roots was not significantly different, from that in the control, although it exhibited a slight increase with increasing Cd levels (Figure 2F). In general, Cd exposure causes a severe oxidative injury in plant tissues.




Figure 2 | Effect of different Cd concentrations on (A) CAT activity, (B) SOD activity, (C) POD activity, (D) GST activity, (E) MDA content and (F) H2O2 content under 0 and 10 μM Cd treatments. Data are means ± SE (n = 3). Asterisks denote significant differences (*P< 0.05; **P< 0.01).





Transcriptome analysis of sorghum roots under Cd stress

We then wanted to investigate the potential molecular mechanism underlying the phenotypes observed in sorghum seedlings under Cd stress. Cd is a kind of trace heavy metal, which can produce toxic effects on plants and human body at low doses (Haider et al., 2021). Previous studies have focused on the harm of high concentrations to plants (Leng et al., 2020; Yang et al., 2021; Wang et al., 2022), while the low dose of Cd in soil is also a common problem to be solved in human life and crop production (Kubier et al., 2019; Wang et al., 2019). Combined with our physiological data and the results of the study on cadmium tolerance in sorghum (Jia et al., 2017; Feng et al., 2018), 10μM is a suitable concentration choice, so we chose this concentration for further research Samples from the 0 and 10 μM Cd treatment groups were selected as study materials for the transcriptome and metabolome analyses. In total, 6 libraries (control and Cd treated plants, each with three biological replicates) were generated and 407,987,342 raw data were sequenced. After removing low-quality reads, a total of 397,496,580 clean reads remained. The Q20, Q30 and GC content values of the clean reads were 97.93 – 98.32%, 94.14 – 95.02% and 54.18 – 55.42%, respectively (Supplementary Table S1), indicating that the transcriptome sequencing results were reliable and could be used for further DEG analysis.

The percentage of reads that could be mapped to the sorghum reference genome was 91.86 – 93.62%, among which 89.02 – 90.76% were uniquely mapped (Supplementary Table S1), indicating that the selected reference genome was suitable. The correlation analysis revealed that treatment groups had appropriate intra - group biological repeatability (Supplementary Figure S2A). Principal component analysis (PCA) analysis demonstrated that the samples within the control and treatment groups clustered together in their respective groups, and the expression of gene clusters between the control and Cd treatment groups was clearly distinguished (Supplementary Figure S2B). Based on standard cut-offs (|fold change| > 2 and corrected p-value< 0.05), we identified the differentially expressed genes (DEGs) in sorghum roots in response to Cd stress. A total of 2683 DEGs (1812 up- and 871 down-regulated) were characterized in the control and Cd treatments (Figure 3A; Supplementary Table S2).




Figure 3 | Transcriptomic analysis of sorghum roots under 0 and 10 μM Cd treatments. (A) Volcano plots of DEGs. (B) GO classification of DEGs. (C) KEGG enrichment of DEGs.





GO and KEGG pathway analysis of DEGs

To assess the biological functions of DEGs in sorghum roots under Cd treatment, Gene Ontology (GO) and KEGG enrichment analyses of DEGs were carried out. GO classification analysis showed that the DEGs could be predominantly classified into three ontologies concerning biological process (BP), molecular function (MF) and cellular component (CC), as shown in Figure 3B. Theses DEGs could be further divided into 32 functional GO terms. In the BP group, the most abundant terms were “cellular process”, “metabolic process” and “response to stimulus”. In the MF category, “binding”, “catalytic activity”, “transcription regulator activity” and “transporter activity” were the most highly represented terms; and in the CC processes, the most abundant term was “cellular anatomical entity” (Figure 3B; Supplementary Table S3). Additionally, KEGG analysis assigned these DEGs to 120 KEGG pathways (Supplementary Table S4), of which the top 50 are given in Figure 3C. In particular, “Biosynthesis of secondary metabolites” (ko01110), “Glutathione (GSH) metabolism” (ko00480), “Flavonoid biosynthesis” (ko00941), “ATP-binding cassette (ABC) transporters” (ko02010), “Phenylpropanoid biosynthesis” (ko00940), “Metabolic pathways” (ko01100) and “Flavone and flavonol biosynthesis” (ko00944) were significantly enriched. These results indicate that sorghum roots can effectively enhance GO terms such as metabolic process, response to stimulus, catalytic activity or transporter activity to improve the Cd tolerance of plants.



Metabolomic analysis of sorghum root under Cd stress

To further elucidate the responses of sorghum roots to Cd stress, we conducted widely targeted metabolomics analyses using an UPLC-MS/MS system. PCA and orthogonal projections to latent structures-discriminant analysis (OPLS-DA) score plot results showed that different samples under the same treatment conditions clustered together, whereas samples from different treatment groups were significantly separated (Supplementary Figures S3A, B). The correlation analysis of metabolites in different samples showed biological repeatability between groups (Supplementary Figure S3C). In addition, these DEMs fell into 12 categories (Supplementary Figure S3D). The most abundant classes were flavonoids (20.84%), followed by phenolic acids (17.04%), amino acids and their derivatives (12.6%), alkaloids (10.87%), lipids (10.48%), others (9.13%), organic acids (6.56%), nucleotides and their derivatives (4.69%), lignans and coumarins (3.47%), terpenoids (3.02%), quinones (1.09%) and tannins (0.19%). A total of 1555 metabolites was detected (Supplementary Table S5). We screened the DEMs based on the selection criteria listed in the methods section above. The abundance of 160 metabolites changed differentially between the two treatment groups, and included 35 down-regulated and 125 up-regulated metabolites (Figure 4A). Detailed information regarding the 160 metabolites is given in Supplementary Table S6.




Figure 4 | Metabolite analysis of sorghum roots under 0 and 10 μM Cd treatments. (A) Volcano plots of DEMs. (B) KEGG classification of DEMs. (C) Heat map of DEGs in flavonoid biosynthesis pathway.





KEGG enrichment analysis of DEMs

To further confirm the key metabolic pathways related to sorghum root responses to Cd toxicity, we conducted KEGG enrichment pathways analysis. As shown in Figure 4B and Supplementary Table S7, KEGG pathway enrichment analysis indicated that these DEMs could be catagorized into 47 species, the most significant of which were metabolic pathways (38), biosynthesis of secondary metabolites (26), followed by flavonoid biosynthesis (13), ABC transporters (9) and others. The results of this analysis suggest that these metabolites could play a vital role in the response to Cd stress in sorghum roots.

We then constructed a heat map of flavonoid biosynthesis metabolite expression to better visualize the expression patterns of related metabolites in the control vs Cd-treated comparison groups. Thirteen DEMs including hesperetin-7-O-glucoside, butin; 7,3’,4’-trihydroxyflavanone, naringenin chalcone; 2’,4,4’,6’-tetrahydroxychalcone, 5,4’-dihydroxy-7-methoxyflavanone (sakuranetin), taxifolin (dihydroquercetin), phloretin, eriodictyol (5,7,3’,4’-tetrahydroxyflavanone), luteolin (5,7,3’,4’-tetrahydroxyflavone), 3,5,7-trihydroxyflavanone (pinobanksin), galangin (3,5,7-trihydroxyflavone), naringenin (5,7,4’-trihydroxyflavanone) and apigenin; 4’,5,7-trihydroxyflavone, were found to be related to flavonoid biosynthesis (Figure 4C). These results were essentially consistent with the transcription results.



Integrated analysis of the transcriptome and metabolome analyses

To understand the mechanisms underlying the response of sorghum to Cd stress, we then conducted an analysis of the relationship between DEMs and DEGs. The results of KEGG pathway enrichment analysis gave the number of differential metabolites and differential genes enriched in the flavonoid biosynthesis pathway, ABC transporters, flavone and flavonol biosynthesis pathway and other pathways (Figure 5A; Supplementary Table S8). As shown in Figure 5B and Supplementary Table S9, the co-expression network analysis of DEGs and DEMs in control and Cd-treated groups showed that the terms were mainly enriched in flavonoid biosynthesis-sorghum bicolor (sbi00941), isoflavonoid biosynthesis (map00943), and phenylpropanoid biosynthesis-sorghum bicolor (sbi00940 and sbi00260). The results suggest that the flavonoid biosynthesis pathway might have a crucial role in the responses of sorghum roots to Cd stress.




Figure 5 | Transcriptomic and metabolomic analysis of sorghum roots under 0 and 10 μM Cd treatments. (A) KEGG enrichment analysis histogram of the DEGs and DEMs of sorghum roots. (B) KGML network of DEGs and DEMs. The square represents the gene or gene product (red: up-regulated, green: down-regulated), and the diamond represents the pathway. (C) Parallel displays of DEGs and DEMs involved in flavonoid biosynthesis in sorghum roots in response to Cd stress. The triangle and rectangle represent the metabolites and genes regulated under Cd treatment, respectively (red, up-regulation; blue, down-regulation). The types of metabolites are distinguished by long rectangular boxes with different colors (CHS, chalcone synthase; CHI, chalcone-flavonone isomerase; FLS, flavonol synthase; F3M, flavonoid 3’-monooxygenase; F3’5’H, flavonoid 3′,5′-hydroxylase; NOMT, naringenin 7-O-methyltransferase; FLAS, flavonol synthase II).



To further investigate the effect of Cd stress on of genes and metabolites related to flavonoid biosynthesis in sorghum roots, the DEGs and DEMs related to flavonoid biosynthesis pathway were analyzed. The key genes in the flavonoid biosynthesis pathway, including NOMT (naringenin 7-O-methyltransferase), F3’5’H (flavonoid 3′,5′-hydroxylase), CHS (chalcone synthase), CHI (chalcone-flavonone isomerase) and F3M (flavonoid 3’-monooxygenase), were found to be upregulated in the Cd-treated group. The increase in naringenin coincided with the upregulation of genes encoding CHS (chalcone synthase) and CHI (chalcone-flavonone isomerase). Moreover, metabolites associated with flavonoid biosynthesis, including hesperetin-7-O-glucoside, accumulated significantly in sorghum under Cd treatment (Figure 5C; Supplementary Table S10). The integrated analysis results demonstrated that the DEGs and DEMs related to the flavonoid biosynthesis pathway were a response to Cd stress in sorghum roots. Sorghum therefore has a complex network of gene and metabolite regulation to improve its resistance to Cd.




Discussion


Effect of Cd stress on the growth phenotype and physiology of sorghum

Cd, a toxic and nonessential heavy metal, can alter plant physiological and biochemical parameters, inhibit plant growth and hinder plant yield (Li et al., 2019; Wang et al., 2022). This study explored the effects of different concentrations of Cd on the growth of sorghum seedlings. The experimental results demonstrated the negative impacts of Cd on sorghum root growth and on the enzyme activities in the roots. Sorghum leaves curled and the tips became brownish under Cd stress, and consistent with previous studies, Cd induced chlorosis and a dwarf phenotype in these plants (Roy et al., 2016). In addition, a dose-dependent decline in shoot height, number of lateral root and plant biomass production, with high levels of Cd accumulating in both roots and shoots (Figure 1). Previous studies have demonstrated that exposure of Pb in T. pratense and maize seedlings under VI conditions has toxic effects in a concentration-dependent manner, and that Pb is more toxic at high concentrations (Adhikari et al., 2020; Meng et al., 2022). We found that the growth inhibition of sorghum seedlings treated with high Cd concentrations was greater than that under lower Cd concentrations (Figures 1B, C). A similar phenomenon has been repeatedly observed in many plant species under Cd stress (Chen et al., 2020; Khan et al., 2020). Soudek et al. (2014) found that 100-500 μM Cd treated sorghum plants after 7 days, 14 days, 28 days already have a reduction in the growth of the root system. However, our findings differ from this to some degree. Different Cd concentrations higher than 10 μM significantly reduced the number of lateral roots in sorghum seedlings in our experiments, but had no effect on root length (Figure 1D). It has been suggested that Cd affects plant root development in a time and concentration-dependent manner (Abozeid et al., 2017; Zhan et al., 2017; Cao et al., 2019), so we speculate that the Cd treatment in our experiment does not affect sorghum root length due to the short treatment time. We also observed a poisoned phenotype in the leaves and roots of young sorghum seedlings under Cd stress, especially at elevated concentrations (Figure 1A). Published studies have demonstrated that Cd has a toxic effect on plant leaves because it damages the ultrastructure of chloroplasts, so that the plant leaves appear yellowish (Liu et al., 2019; Chen et al., 2021). Furthermore, the accumulation of Cd in plants also damages the mitochondria and other organelles, significantly reducing the efficiency of photosynthesis and therefore the energy supply, further inhibiting plant growth (Minkina et al., 2018; Chen et al., 2020; Yadav et al., 2021; Wang et al., 2022). In other words, the toxic effect of Cd on plants is concentration-dependent, and Cd has a greater impact on plant growth at elevated concentrations.

Heavy metal stress leads to the production of reactive oxygen species (ROS) in plants (Adhikari et al., 2020). Plants are able to protect themselves from oxidative damage caused by stress through enzymatic systems, with the POD and CAT enzymes, for example, responsible for the conversion of H2O2 to water. Another ROS scavenging enzyme, SOD, also plays an essential role in mitigating oxidative stress. SOD can modulate the amount of superoxide radicals  , which involves the dismutation of   into H2O2 and O2 under stress conditions (Liu et al., 2008; Zornoza et al., 2010). The main function of GST is considered to be detoxification, and this enzyme also plays a major role in ROS scavenging (Dixon et al., 2002; Zagorchev et al., 2013). In the current work, the activities of SOD, POD, CAT and GST in the roots of sorghum all decreased following treatment of the plants with 10 μM Cd (Figure 2). This suggests that the activities of these antioxidant enzymes in sorghum roots are suppressed under 10 μM Cd stress. Previous studies have verified that Cd-induced oxidative stress of membrane lipids, harms the thylakoid membrane structure (He et al., 2017; Saleem et al., 2020). Our results show that levels of MDA in the group treated with Cd were significantly higher than those in the control group (Figure 2E). We also found that there was no significant difference in H2O2 content between the control and Cd-treated groups, although there was a slight increase. Previous studies have shown that the accumulation of H2O2 is time-and concentration-dependent (Lv et al., 2017), so we speculate that this may be the reason why H2O2 has not changed significantly in the current experiment.(Figure 2F). From our physiological data, 10µM Cd caused damage to the growth of the sorghum seedlings. Cd stress thus caused the sorghum seedlings to suffer from oxidative stress, which then impacted the growth of the seedlings.



The transcriptomic and metabolomic analyses of sorghum roots in response to Cd toxicity

To further investigate the physiological and molecular mechanisms of the response in sorghum to Cd, the metabolomic and transcriptomic analyses of sorghum roots exposed to Cd were adopted. From the transcriptomic data, we identified 2683 DEGs among the treatment groups (Figure 3A, Supplementary Table S2). These DEGs were involved in certain biological pathways, including metabolic process, response to stimulus, catalytic activity, and transporter activity (Figure 3B), indicating that the sorghum roots could efficiently activate the defense system and induce the expression of stress-related genes to when subjected to Cd toxicity. Previous studies have shown that Cd stress enhances the levels of various metabolites related to amino acid, carbohydrate, and nucleotide biosynthesis pathways via regulation of the expression of DEGs (Singh et al., 2016; Wang et al., 2022). We identified 160 DEMs (Figure 4A). In addition, we found that some metabolic pathways were induced markedly in sorghum roots under Cd stress, including flavonoid biosynthesis, ABC transporters, flavone and flavonol biosynthesis, and other pathways (Figure 4B; Supplementary Table S7). Transcriptome and cDNA-microarray studies have found that ABC transporters were involved in the tolerance and detoxification of heavy metals in plants, and have identified a large number of ABC transporter genes that are induced or inhibited under Cd treatments (Bovet et al., 2005; Li et al., 2022a). Moreover, ABC transporters in transgenic plants have higher Cd tolerance compared to the wild type, and are thought to increase their tolerance of Cd stress by modifying the transport and distribution of Cd, for example by exporting Cd from the root cells or by forming Cd conjugates and subsequently sequestrated Cd in vacuoles via ABC transporters for detoxification (Wojas et al., 2009; Park et al., 2012; Brunetti et al., 2015; Wang et al., 2017; Fu et al., 2019). Winter et al. (2015) reported that the ABC transporter can assist the transport of Cd to the xylem through the ectoplasmic pathway to transport and fix Cd. Our results confirm the function of ABC transporters in cadmium stress, and also verify the reliability of our omic data. Previous studies have also shown that phenylpropanoid biosynthesis may play an important role in Cd resistance (Feng et al., 2018; Quan et al., 2020; Zhu et al., 2020). Furthermore, KEGG pathway analysis found that the phenylpropanoid biosynthesis pathway showed significant differences between two sorghum genotypes (one high-Cd accumulation and one low-Cd accumulation) upon Cd stress (Feng et al., 2018). In our study, the phenylpropanoid biosynthesis pathway was enriched in the KEGG pathways of the DEGs, and in the co-expression network analysis of DEGs and DEMs. However, the genotype of Cd accumulation in 407B could not be determined by our study, and needs further research.

By combining the transcriptomic and metabolic results, we identified that the flavonoid biosynthesis pathway was a crucial pathway in Cd stress responses in sorghum seedlings, and that there were several DEGs and DEMs in the sorghum roots activated in the response to Cd stress. We have provided a more complete molecular outline of sorghum resistance to Cd stress (Figure 5C, Supplementary Table S10). Flavonoids are a ubiquitous group of polyphenol compounds, belonging to non-enzymatic antioxidants and composed of flavones, flavonols, flavanones, isoflavones and anthocyanins (Nijveldt et al., 2001; Sun et al., 2020). It has been demonstrated that flavonoids play an important role in tolerance to environmental stresses, such as heavy metals and drought in plants (Meng et al., 2022). The accumulation of flavonoids is a hallmark of plant stress, and the flavonoids synthesis can be activated under oxidative injury. Recent studies have shown that flavonoids not only have apparent roles in stress protection, but also participate in regulating auxin transport and altering plant growth (Li et al., 2022b; Winkel et al., 2022). In our study, certain flavonoid metabolites accumulated under Cd stress (Figure 5). CHS catalyzes the condensation of one molecule of 4- coumaroyl-CoA and three molecules of malonyl-CoA to naringenin chalcone, which is the substrate for CHI and which is converted to naringenin, CHS and CHI are the key rate-limiting enzymes in the flavonoid biosynthesis pathway (Rani et al., 2012; Liu et al., 2021). Wang et al. (2021) have shown that there were devoid of tricin-lignin in the cell walls and depleted of flavones in CHS- and CHI-deficient rice mutants. The biosynthesis of lignin affected the growth of plant seedlings and altered plant morpho-physiological under Cd treatment (Feng et al., 2018). We screened the CHS and CHI genes, which were up-regulated following Cd treatment. We observed an accumulation of the substances involved in the flavonoid biosynthesis pathway, including naringenin chalcone and naringenin (Figure 5; Supplementary Table S10). Some secondary metabolites, including flavones, are mainly used in plants for chelating metal ions to confer Cd resistance in plants (Zhu et al., 2020; Li et al., 2022; Sharma et al., 2022). In this study, flavones, including galangin, apigenin and luteolin, accumulated during Cd stress, and the genes encoding these key enzymes in this pathway, such as FLS, F3M and FLAS, were upregulated following Cd treatment (Figure 5). Increased levels of flavonoids in plants can reduce Cd poisoning through chelation and passivation (Li et al., 2015; Cai et al., 2017). This is consistent with our experimental data. Consequently, we infer that the up-regulation of genes involved in the flavonoid synthesis pathway together with the increase in flavonoid metabolites are closely related to sorghum resistance to Cd stress. These findings confirm the importance of the flavonoid metabolic pathway, which is involved in the response of sorghum roots to Cd stress.




Conclusion

In summary, this study investigated the effects of different concentrations of Cd on the growth and physiology of sorghum seedlings. Cd toxicity significantly inhibited plant height and lateral root development, especially at high Cd concentrations. Cd stress also altered the activities of antioxidant enzymes (SOD, POD, GST, CAT) and the concentrations of MDA. Moreover, transcriptome and metabolomics analyses revealed the mechanism underlying the response of sorghum to low concentrations (10 μM) of Cd. Transcriptomic and metabolomic analyses revealed that Cd treatment induced numerous pivotal DEGs and altered certain key metabolites enriched in the flavonoid biosynthesis pathway. Our findings provide new insights into the physiological and molecular mechanisms of sorghum responses to Cd stress. In this current study, we used only a single sorghum variety and a single Cd concentration. Future research should also investigate proteomics to further explore the subtle molecular mechanisms underlying sorghum responses to Cd at different concentration.
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  Wheat (Triticum aestivum L., 2n = 6x = 42, AABBDD) is the world’s most widely cultivated crop and an important staple food for humans, accounting for one-fifth of calories consumed. Proteins encoded by the regulator of chromosome condensation 1 (RCC1) are highly conserved among eukaryotes and consist of seven repeated domains that fold into a seven-bladed propeller structure. In this study, a total of 76 RCC1 genes of bread wheat were identified via a genome-wide search, and their phylogenetic relationship, gene structure, protein-conserved domain, chromosome localization, conserved motif, and transcription factor binding sites were systematically analyzed using the bioinformatics approach to indicate the evolutionary and functional features of these genes. The expression patterns of 76 TaRCC1 family genes in wheat under various stresses were further analyzed, and RT-PCR verified that RCC1-3A (TraesCS3A02G362800), RCC1-3B (TraesCS3B02G395200), and RCC1-3D (TraesCS3D02G35650) were significantly induced by salt, cold, and drought stresses. Additionally, the co-expression network analysis and binding site prediction suggested that Myb-7B (TraesCS7B02G188000) and Myb-7D (TraesCS7D02G295400) may bind to the promoter of RCC1-3A/3B and upregulate their expression in response to abiotic stresses in wheat. The results have furthered our understanding of the wheat RCC1 family members and will provide important information for subsequent studies and the use of RCC1 genes in wheat.
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  1. Introduction.

The regulator of chromosome condensation 1 (RCC1) genes encode proteins whose sequence is highly conserved among eukaryotes and consists of seven repeated domains that fold into a seven-bladed propeller structure ( Renault et al., 1998 ). RCC1 proteins in mammals act as the guanosine nucleotide exchange factors (GEFs) for a GTPase well known as Ras-related nuclear protein (Ran) and are involved in diverse biological processes, such as spindle assembly, nuclear membrane formation, and nucleocytoplasmic transport during mitosis ( Bischoff and Ponstingl, 1991; Hutchins et al., 2004; Li and Zheng, 2004; Chen et al., 2007; Terry et al., 2007 ). RCC1 proteins are implicated in the initiation and progression of a variety of cancers by promoting nuclear entry and accumulation of β-catenin ( Brabletz et al., 2001; Polakis, 2007; Dominguez et al., 2009 ). Interestingly, several studies have reported that another class of fungal protein, latcripin, which contains the RCC1 domain, can effectively promote the apoptosis of cancer cells ( Liu et al., 2012; Ann et al., 2014; Tian et al., 2016; Wang et al., 2016 ).

 RCC1 family genes are also present in plants. However, a few plant RCC1 genes have only been identified successively in the last decade or so. RCC1 family proteins in plants can be divided into two major groups: single-domain proteins (containing only a single RCC1 repeat domain) and multi-domain proteins (containing other domains in addition to the RCC1 repeat domain) ( Sun et al., 2022 ). Single-domain RCC1 family proteins have been identified in both animals and plants, while PRAF (PH, RCC1, and FYVE) proteins, a class of typical multi-domain RCC1 family proteins, are unique to plants and contain four distinctive domains: two lipid‐binding domains, including pleckstrin homology (PH) and FYVE (Fab1, YOTB, Vac 1, and EEA1) zinc‐finger domains, the RCC1 (seven repeats of the regulator of chromosome condensation 1) or alpha‐tubulin suppressor domain1 (ATS1) motif, and a C‐terminal BRX/DZC (brevis radix/disease resistance, zinc finger, chromosome condensation) domain ( Sun et al., 2022 ). In Arabidopsis, there are 24 putative proteins containing the RCC1-like domains, but only five have been functionally studied ( Brown et al., 2005; Kuhn et al., 2011; Ji et al., 2015; Su et al., 2017; Ji et al., 2019; Duarte et al., 2021 ). Arabidopsis UV RESISTANCE LOCUS 8 (UVR8) is the first plant RCC1 family member to be identified as the only UV receptor in plants ( Kliebenstein et al., 2002; Rizzini et al., 2011; Christie et al., 2012; Wu et al., 2012; Jenkins, 2017 ). Upon absorbing UV-B radiation, UVR8 immediately switches from homodimer to monomer and then accumulates in the nucleus through interaction with constitutive photomorphogenic 1 (COP1), triggering a UV-B cascade, thus regulating the expression of downstream genes and plant responses to UV-B ( Brown et al., 2005; Kaiserli and Jenkins, 2007; Favory et al., 2009; Rizzini et al., 2011; Yin et al., 2016 ). RCC1/UVR8/GEF-like 3 (RUG3), another RCC1 family protein, interacts with ataxia–telangiectasia mutant (ATM) protein in mitochondria to synergistically regulate the splicing of nad2 mRNA and its complex function, which is necessary for reactive oxygen species homeostasis and plant development ( Kuhn et al., 2011; Su et al., 2017 ). The third characteristic protein of the RCC1 family protein in Arabidopsis is tolerant to chilling and freezing 1 (TCF1), which is located in the nuclear genome and regulates plant cold adaptation and tolerance through a chromatin-based regulation mechanism ( Ji et al., 2015 ). Under cold stress, TCF1 is upregulated rapidly and affects the expression of the blue copper-binding protein (BCB), which regulates lignin biosynthesis and subsequent cell wall remodeling ( Ji et al., 2015 ). Another RCC1 family protein, sensitive to ABA 1 (SAB1), can bind to the promoter of abscisic acid-insensitive 5 (ABI5) and inhibit its expression by increasing the level of histone H3K27me2 in the ABI5 promoter, thus negatively regulating the seed germination process ( Ji et al., 2019 ). Recent research focused on RCC1 genes in Arabidopsis revealed that another RCC1 family protein, PROTON1, regulates rosette leaf growth in response to nitrogen availability ( Duarte et al., 2021 ). In addition to Arabidopsis, a number of RCC1 genes have successively been identified in other plants. In cotton, two RCC1 family genes showed crucial roles in salt tolerance ( Liu et al., 2019 ). GmTCF1a responds specifically to cold stress and positively regulates cold tolerance in soybean ( Dong et al., 2021 ). In maize, the RCC1 family protein Dek47 can influence the assembly of the mitochondrial complex and maize seed development by regulating the splicing of the nad2 transcript (Cao et al., 2021). SaRCC1, an RCC1 family protein in Spartina alterniflora, was found to negatively regulate salt tolerance in plants by using a heterologous expression assay in Arabidopsis ( Li et al., 2022 ). In Medicago truncatula, PRAF protein MtZR1 (belonging to the multi-domain RCC1 family proteins) is a cytomembrane‐ and nuclear‐located protein that plays a key role in root development and symbiotic root nodules ( Hopkins et al., 2014 ). In rice, another PRAF family protein, OsRLR4, alters OsAUX1 promoter histone H3K4me3 levels by recruiting the histone methyltransferase OsTrx1, which promotes OsAUX1 expression, alters auxin accumulation in root tips, and ultimately affects the root apical meristem (RAM) activity ( Sun et al., 2022 ).

Wheat (Triticum aestivum L., 2n = 6x = 42, AABBDD) is the world’s most widely cultivated crop and an important staple food for humans, accounting for one-fifth of calories consumed ( International Wheat Genome Sequencing, C 2018 ). No study on the RCC1 domain proteins in wheat has been reported, mainly because of the later release of the genome than in other species. Fortunately, with the release of the high-quality reference genome and annotation of the Chinese Spring (CS, a bread wheat cultivar from China) by the Wheat Genome Sequencing Consortium (IWGSC) ( International Wheat Genome Sequencing, C 2018 ), rapid and systematic methods for understanding wheat genomics and genetics have been rapidly developed. In the present study, a total of 76 RCC1 genes of bread wheat were firstly identified with a genome-wide scan on the latest released wheat genome, and then a systematical analysis, including the gene phylogenetic relationship, gene structure, protein-conserved domain, chromosome localization, conserved motif, and transcription factor binding sites, was performed for these genes to indicate their evolutionary and functional features. The tissue-specific and stress-induced expression of these genes was also examined using public RNA-seq data and real-time quantitative PCR (qRT-PCR). The results have furthered our understanding of the wheat RCC1 family members and will provide important information for subsequent studies and use of RCC1 genes in wheat.


 2. Materials and methods.

 2.1. Identification of .RCC1s in bread wheat, emmer wheat, and Aegilops tauschii 

The hidden Markov model (HMM) profile of the RCC1 gene family (PF00415) in PFAM (http://pfam.xfam.org/) was downloaded and used to identify the RCC1 genes in the local protein database of bread wheat, emmer wheat (Triticum dicoccoides, 2n = 4x = 28, AABB) and Aegilops tauschii (2n = 2x = 14, DD) (downloaded from Ensembl Plants, http://plants.ensembl.org/index.html) with the hmmsearch tool of HMMER3.1 software (HMMER 3.1; http://hmmer.org/). To avoid missing RCC1 family members, an aligned file of a high-quality protein set (E value < 1 × 10−20) in MEGA X software ( Kumar et al., 2018 ) was used to reconstruct the new HMM profile, which was used as the query to search all the RCC1 members (E value < 0.01) in all bread wheat, emmer wheat, and Aegilops tauschii proteins, respectively. All the detected protein sequences were submitted to the PFAM (http://pfam.xfam.org/), SMART domain search (http://smart.embl.de/smart/batch.pl) ( Letunic et al., 2021 ), and NCBI Batch CD-search database (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) to confirm the structural integrity of the RCC1 domain ( Marchler-Bauer et al., 2005 ). The non-redundant, verified genes encoding proteins with RCC1 domains were assigned as members of the RCC1 gene family.


 2.2. Conserved sequence and phylogenetic analysis.

Multiple alignments of the conserved RCC1 protein sequences of bread wheat, emmer wheat, and Aegilops tauschii were performed using Clustal Omega ( Sievers et al., 2011 ) using default parameters, and a phylogenetic tree was constructed using a maximum-likelihood method with 1,000 bootstrap replications in the RaxML_NG software ( Kozlov et al., 2019 ). Figtree 1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) was used to visualize and optimize the phylogenetic tree.


 2.3. Chromosomal locations and synteny analysis.

The RCC1 gene loci of wheat and its related genome donors were extracted from the corresponding annotated gff3 file (downloaded from Ensembl Plants, http://plants.ensembl.org/index.html) using a perl script. The Multiple Collinearity Scan toolkit (MCScanX) was used to analyze the gene collinearity among wheat, emmer wheat, and Aegilops tauschii with the default parameters ( Kozlov et al., 2019 ).

Homolog analysis of RCC1 genes among the A, B, and D genomes of wheat was performed based on the aligned result. The chromosomal distribution and collinearity of RCC1 genes among the wheat and its donors and of the homoeologous RCC1 genes among A, B, and D genomes were visualized by the circle package in R ( Gu et al., 2014 ).


 2.4. Characterization of gene structure, protein domains, and motifs.

Clustal Omega ( Sievers et al., 2011 ) was used to analyze RCC1 protein sequences of wheat, and RaxML_NG ( Kozlov et al., 2019 ) was used to construct a phylogenetic tree via a maximum-likelihood method with 1000 bootstrap replications. The domains of the RCC1 gene family in wheat were verified by the SMART domain search (http://smart.embl.de/smart/batch.pl) ( Letunic et al., 2021 ) and the NCBI Batch CD-search database (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) ( Marchler-Bauer et al., 2005 ). The conserved motifs of the RCC1 gene family in wheat were determined by the online Multiple Em for Motif Elicitation (MEME) suite program (http://meme-suite.org) ( Bailey et al., 2006 ). The software TBtools ( Chen et al., 2020 ) was used to visualize the gene structure, protein domains, and motifs of the RCC1 genes according to the annotated GFF files, the genome sequence of wheat, and the protein domain file from the SMART domain search database, as well as the motif result files from the MEME suite.


 2.5. Identification of putative cis-acting regulatory elements.

The promoter sequences (2-kb upstream) of the TaRCC1 genes were extracted from the wheat reference genome (IWGSC RefSeq v1.1, International Wheat Genome Sequencing, C 2018) using the GTF/GFF3 Sequences Extract function of TBtools ( Chen et al., 2020 ), and their potential cis-acting elements were predicted by submitting to PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).


 2.6. Expression profiles of .TaRCC1 genes

To analyze the tissue-specific and stress-induced expression of TaRCC1 genes, the RNA-seq expression data of five publicly available studies ( International Wheat Genome Sequencing, C 2014; Zhang et al., 2014; Li et al., 2015; Liu et al., 2015; Zhang et al., 2016 ) were obtained from expVIP Wheat Expression Browser (http://www.wheat-expression.com/) ( Ramirez-Gonzalez et al., 2018 ) and Triticeae Multi-omics Center (http://202.194.139.32/expression/index.html) and then visualized using the pheatmap package of R software.


 2.7. Prediction of transcription factors regulating the expression of .TaRCC1 genes

A KnetMiner web application for wheat (https://knetminer.com/Triticum_aestivum/, HassaniPak and Keywan, 2017) was used to search gene-evidence networks extracted from the knowledge network and predict the transcription factors for the three TaRCC1 genes. The expression pattern of the predicted transcription factors was detected by qRT-PCR.


 2.8. Subcellular localization of .TaRCC1 

The full-length coding DNA sequences (CDS) of RCC1-3A (TraesCS3A02G362800), RCC1-3B (TraesCS3B02G395200), RCC1-3D (TraesCS3D02G356500), Myb-7B (TraesCS7B02G188000), and Myb-7D (TraesCS7D02G295400) were inserted into pCambia1300-35S-GFP, creating RCC1-3A::GFP, RCC1-3B::GFP, RCC1-3D::GFP, Myb-7B::GFP, and Myb-7D::GFP fusion vectors. The recombinant plasmids were mixed with the nuclear marker NLS-mCherry and transfected into wheat mesophyll protoplasts as previously described by Yoo et al. (2007). The transfection mixture was induced by PEG-Ca2+, and the protoplasts were cultured for 12 h at 25°C. The protoplasts were observed and photographed with a fluorescence microscope (Zeiss Imager A2, Germany).


 2.9. Plant materials and treatments.

The bread wheat cultivar, CS, was grown in a greenhouse with controlled conditions of 26°C/14 h light and 20°C/10 h dark. Three different treatments were applied, namely salt stress, cold, and drought stress induced by polyethylene glycol (PEG). During the two-leaf stage, seedlings were treated with Hoagland liquid medium containing 200 mM NaCl for 1, 3, and 6 h (salt stress), 4°C for 1, 3, and 6 h (cold stress), and 20% PEG4000 for 1, 3, and 6 h (drought stress). Seedlings grown in a normal environment without treatment were set as the control. Three biological replicates were set for all the trials.


 2.10. Total RNA isolation and gene expression by quantitative real-time PCR.

The total RNA of plant materials was extracted using the RNAprep Pure Plant Kit (polysaccharide- and polyphenolic-rich) (TIANGEN, Beijing, China), following the manufacturer’s instructions. A NanoDrop One spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and agarose gel electrophoresis were used to assess RNA quantity and purity. Complementary DNA (cDNA) was synthesized using Reverse Transcriptase M-MLV (Takara, Beijing, China) according to the manufacturer’s instructions. qRT-PCR was performed using a 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) according to the supplier’s instructions. A total of 6 L of DNase/RNase-free water, 11 μl of TB Green Real-Time PCR master mix, 2 μl of diluted cDNA product, and 1 μl of gene-specific primer was added to each reaction mixture. Three biological replicates were used for each tissue and three technical repeats for each biological replicate. The thermal cycle was set as follows: denaturing at 95°C for 30 s, then denaturing at 95°C for 15 s, and annealing and elongating at 58°C for 30 s with 45 cycles. The GAPDH gene was used as an internal reference for the normalization of the expression of the TaRCC1 genes. The relative expression levels were calculated using the 2−ΔΔCt method.



 3. Results.

 3.1. Identification of .RCC1 genes in bread wheat, emmer wheat, and Aegilops tauschii 

To identify RCC1 genes in bread wheat, emmer wheat, and Aegilops tauschii, a genome-wide search was performed by local BLASTP using HMM profiles. In total, 149 RCC1 genes, comprising 76 TaRCC1s, 49 TdRCC1s, and 24 AetRCC1, were identified and verified by detecting the RCC1-conserved domain via the Pfam (http://pfam.xfam.org/), SMART domain search (http://smart.embl.de/smart/batch.pl), and NCBI Batch CD-search database (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi). The details of the identified RCC1 genes are listed in  Supplementary Table S1 . The distribution of the RCC1 genes on chromosomes, different homoeologous groups, and sub-genomes was determined ( Figure 1 ). Emmer wheat (AABB) and Aegilops tauschii (DD) are two genome donors of bread wheat; thus, the RCC1 genes of emmer wheat and Aegilops tauschii were integrated together to compare with bread wheat. The number of RCC1 genes on chromosomes, homoeologous groups, and sub-genomes showed little difference between bread wheat and the combined data for emmer wheat and Aegilops tauschii. Most RCC1 genes were located in homoeologous groups 1, 2, and 3, while no RCC1s were detected in homoeologous group 4. Two RCC1 genes (TraesCSU02G009000LC and TraesCSU02G009100LC) on ChrUn of bread wheat were certificated to belong to Chr1B through phylogenetic and synteny analysis with the RCC1s of emmer wheat and Aegilops tauschii as follows.

 

Figure 1 | Distribution of RCC1s on chromosomes, different homoeologous groups, and sub-genomes in bread wheat, emmer wheat, and Aegilops tauschii. 




 3.2. Phylogenetic analysis of .RCC1 genes

To investigate the phylogenetic relationships and compare the evolutionary relationships of RCC1 genes among bread wheat, emmer wheat, and Aegilops tauschii, a maximum-likelihood phylogenetic tree was constructed using the protein sequences of RCC1s ( Figure 2 ). The best-fit model to construct the tree was LG+FC+G8m, and the RCC1s were classified into four subfamilies (sub. I–IV) and named RCC1 I–IV. The RCC1 I, II, III, and IV subfamilies contained 16 (nine for wheat, five for emmer wheat, and two for Aegilops tauschii), 55 (28 for wheat, 18 for emmer wheat and nine for Aegilops tauschii), 24 (12 for wheat, eight for emmer wheat and four for Aegilops tauschii), and 54 RCC1 genes (27, 18, and nine), respectively. Interestingly, in each subgroup, the number of RCC1 genes from bread wheat (AABBDD), emmer wheat (AABB), and Aegilops tauschii (DD) showed approximately a 3:2:1 ratio, which indicated that the RCC1 gene is evolutionarily conserved across the three species.

 

Figure 2 | Phylogenetic tree of the RCC1 protein sequences of bread wheat, emmer wheat, and Aegilops tauschii. The phylogenetic tree was built using the maximum-likelihood method in the RaxML_NG web server with 1,000 bootstrap replications. 




 3.3. Chromosomal locations and synteny analysis.

There are 76 wheat TaRCC1 genes mapped to 18 of the 21 wheat chromosomes, except 4A, 4B, and 4D, according to available annotation information of the wheat genome. Synteny analysis showed that most TdRCC1s (except TRIDC3AG069370.1) and all the AeRCC1s were highly collinear with the TaRCC1s, and phylogenetic analysis indicated the collinear RCC1 genes of the three species were clustered together ( Figures 2 ,  3 ;  Supplementary Table S2 ). Homologous gene analysis indicated that, except for TraesCS5D02G123500.1, most TaRCC1 genes were homoeologous to each other among the A, B, and D genomes, and clustered together ( Figures 2 ,  3 ;  Supplementary Table S3 ). It was noteworthy that two unanchored genes, TraesCSU02G009100LC.1 and TraesCSU02G009000LC.1 on ChrUn, should be anchored on chromosome 1B for their high collinearity to TraesCS1D02G073500.1 and TraesCS1A02G071100.1; therefore, we adjusted the positions of TraesCSU02G009100LC.1 and TraesCSU02G009000LC.1 on chromosome 1B for the visualization of collinearity analysis ( Figure 3 ). According to the descriptions, a chromosomal region within 200 kb containing two or more genes is defined as a tandem duplication event. The gene pairs TraesCS1A02G071100.1/TraesCS1A02G071200.1 and TraesCSU02G009000LC.1/TraesCSU02G009100LC.1 were each clustered into one tandem duplication event region on chromosomes 1A and 1B of bread wheat, respectively; moreover, no homoeologous gene on chromosome 1A was found for the two homoeologous genes TraesCS3B02G543500.1 and TraesCS3D02G489600.1. In general, the TaRCC1s, TdRCC1s, and AeRCC1s on corresponding chromosomes show high collinear with each other according to the synteny analysis ( Figure 3 ), and the number of RCC1 genes on corresponding chromosomes, homoeologous groups, and sub-genomes in bread wheat, emmer wheat, and Aegilops tauschii showed approximately a 1:1 ratio, respectively ( Figure 1 ), which indicated that RCC1 genes were highly conserved during the evolution of wheat, and the expansion of RCC1 gene family was mostly due to the genome polyploidization.

 

Figure 3 | Genomic distribution of TaRCC1 genes and gene homology analysis in wheat. The tracks toward the center of the circle display (a) the chromosome name and size of wheat (100-Mb tick size; three different colors refer to sub-genomes (a, b, d); the light and dark bars indicate the short and long chromosome arms, respectively); (b) the distribution of TdRCC1 and AeRCC1 on chromosomes (the relative positions were adjusted according to the length of the corresponding wheat chromosome; A and B genomes were from emmer wheat; the D genome was from Aegilops tauschii). (c) Collinearity of TaRCC1, TdRCC1, and AeRCC1. (d) Genomic distribution of TaRCC1 genes in the wheat genome. (e) Homoeologous genes among A, B, and D sub-genomes. 




 3.4. Gene structure, protein domains, and motif analysis of .TaRCC1s 

To further estimate the gene structure, protein-conserved domains, and motifs of wheat TaRCC1 genes, the full-length protein sequences of 76 TaRCC1s were aligned using Clustal Omega, and the phylogenetic tree was constructed using RaxML_NG ( Figure 4A ). The TaRCC1s in wheat were classified into four subfamilies named TaRCC1 I–IV. The TaRCC1 I, II, and III subfamilies contained 10, 27, and 12 genes, respectively, and carried only RCC1 domain repeats, while the remaining 27 TaRCC1s of the TaRCC1 IV subfamily contained multiple domains, including RCC1 domain repeats and PH or BRX domains ( Figure 4C ). The conserved motifs of the TaRCC1 genes were determined by the online MEME suite program (http://meme-suite.org): 20 conserved motifs with lengths from 11 to 41 amino acids were detected among the TaRCC1 genes ( Supplementary Table S4 ;  Figure 4B ). TaRCC1s in the same cluster shared similar conserved motif compositions, which again indicated that there is high conservation of the RCC1 gene family sequence in wheat. Despite the similarity of motifs among closely related genes, the size of the gene fragments varied widely (390–23,462 bp), such that the TraesCS2D02G725400LC gene fragment was much smaller than TraesCS7B02G200200. The gene structure, including the size and number of intron–exon, varies a lot among different TaRCC1s (such as the number of exons is from 1 to 17) ( Figure 4D ). It is worth noting that the closely related members, especially homologous genes, showed similar exon–intron structure, and the difference among them was the exon–intron length. The homologous genes TraesCS7A02G284800, TraesCS7B02G200200, and TraesCS7D02G282600 were similar in motif, protein domains, and exon–intron structure, while their exon–intron lengths varied greatly (10,997 bp, 23,461bp and 14,257 bp, respectively) ( Figure 4 ;  Supplementary Table S1 ).

 

Figure 4 | Phylogenetic relationship, conserved motifs, protein-conserved domains, and gene structure analysis of TaRCC1 genes. (A) Phylogenetic tree of 76 TaRCC1 proteins. (B) Conserved motifs of TaRCC1 proteins. (C) Conserved domains of TaRCC1 proteins; different domains are marked with different colors. (D) Exon–intron structures of TaRCC1 genes: exons are represented by orange boxes, introns are represented by black lines, and the upstream/downstream regions are represented by green boxes. 




 3.5. Cis-acting elements in the promoters of .TaRCC1s 

Cis-acting elements in gene promoters are crucial regions for initiating transcription at transcription factor-binding sites, which play an important role in regulating gene expression. The potential cis-acting elements on the promoter regions (2 kb upstream) of TaRCC1s were analyzed by PlantCARE to further explore their possible biological functions (details in  Supplementary Table S5 ). Various potential cis-acting regulatory elements in the promoter regions of TaRCC1 genes were predicted to be related to transcription, cell cycle, development, hormones, and response to stresses ( Figure 5 ;  Supplementary Table S5 ). All of the TaRCC1 genes contained light-responsive elements. A total of 70 and 74TaRCC1s were detected with MeJA-responsive elements and ABA-responsive elements (ABRE), respectively. In addition, many elements were predicted to be involved in various abiotic stresses, such as drought, salt, cold, and light ( Figure 5 ;  Supplementary Figure S1 ;  Supplementary Table S5 ).

 

Figure 5 | Cis-acting regulatory elements of TaRCC1 genes. The graph was generated using cis-acting element names and functions of TaRCC1 genes; four different subfamilies are represented by different colors. 




 3.6. Tissue-specific expression patterns of .TaRCC1s 

Using the available RNA-seq database of ( International Wheat Genome Sequencing, C 2014 ) obtained from the expVIP Wheat Expression Browser (http://www.wheat-expression.com/), the temporal and spatial expression patterns of 76 TaRCC1 genes in five different tissues (root, stem, leaf, spike, and grain) ( Supplementary Table S6 ) were visualized using the heatmap package of R software ( Supplementary Figure S2 ). The expression levels of TaRCC1s varied significantly among different tissues. Some TaRCC1s from the same group showed similar expression patterns, while others indicated diverse expression patterns. For example, TraesCS2B02G323100, TraesCS2A02G306400, and TraesCS2D02G304900 from TaRCC1 II were predominantly expressed in the root and stem, while the TraesCS3A02G362800, TraesCS3B02G395200, and TraesCS3D02G356500 from TaRCC1 II were most strongly expressed in the leaf, followed by the spike, root, and early stage of the stem. Similar expression patterns were observed for most homoeologous genes, although others presented diverse patterns. For instance, TraesCS6A02G153100 and TraesCS6D02G142500 were predominantly expressed in the root and stem, while the homoeologous gene TraesCS6B02G180900 presented very low expression in the five tissues. It was worth noting that, in the TaRCC1 I family, a total of four TaRCC1 genes exhibited no expression in the five tissues.


 3.7. Expression patterns of .TaRCC1s under multiple stresses

The available RNA-seq data from four studies ( Zhang et al., 2014; Li et al., 2015; Liu et al., 2015; Zhang et al., 2016 ), obtained from the expVIP Wheat Expression Browser (http://www.wheat-expression.com/) and Triticeae Multi-omics Center (http://202.194.139.32/expression/index.html), were used to study the expression of wheat RCC1s in response to salt, drought, heat, cold, and stripe rust stresses. The transcript-per-million-read (TPM) values of TaRCC1 genes are presented in  Supplementary Table S7 ; values were transformed by log2(x+1) and used for visualization with the pheatmap package of R software. The expression patterns of TaRCC1 genes varied a lot under different stresses ( Figure 6A ). Although some homoeologous genes presented diverse expression patterns, most of them exhibited similar expression patterns. The homoeologous genes TraesCS2A02G306400, TraesCS2B02G323100, and TraesCS2D02G304900 showed similar high expression trends under the four stresses and no significant differential expression under the different stresses, except for salt stress, indicating that these three genes might be induced by salt stress. The gene TraesCS2A02G456700 exhibited lower expression only under salt stress, while the homoeologous genes TraesCS2B02G478900 and TraesCS2D02G457000 presented differential expression, especially under cold stress, suggesting these two genes might participate in the cold tolerance of wheat. The homoeologous genes TraesCS3A02G362800, TraesCS3B02G395200, and TraesCS3D02G356500 showed similar and significant differential expression under the five different stresses. Under salt treatments at 6, 12, 24, and 48 h, the expression level of the three genes were higher than in the control; with drought and heat treatments, the three genes showed significantly higher expression under drought and/or heat treatments for 1 h, then decreasing after treatment for 6 h. Similar trends were detected under cold (4°C) and stripe rust pathogen stresses ( Figure 6B ). The results indicated that these three genes might be the key genes that participated in the early stress responses of wheat under stress, and might alleviate the stress injury of plants.

 

Figure 6 | Expression profiles of TaRCC1 genes under salt, drought, heat, cold and stripe rust pathogen stresses. (A) Expression heat map of 76 TaRCC1 genes. Transcript-per-million-read (TPM) values of TaRCC1 genes were transformed by log2(x+1) for visualization using the pheatmap package of R software. TPM values of the three genes were obtained from four published studies: (a) Zhang et al. (2016), (b) Liu et al. (2015), (c) Li et al. (2015), and (d) Zhang et al. (2014). (B) The expression histogram of TaRCC1-3A/B/D genes under salt, drought, heat, cold, and strip rust pathogen stresses. TPM values of the three genes were obtained from four public studies including: (a) the study of Zhang et al. (2016), (b) the study of Liu et al. (2015), (c) the study of Li et al. (2015), and (d) the study of Zhang et al. (2014). 




 3.8. .Myb-7B/7D transcription factor genes were predicted to regulate RCC1-3A/B/D 

The gene-evidence networks extracted from the knowledge network of wheat through KnetMiner showed several transcription factors for the three TaRCC1 genes ( Figure 7A ). Five genes were identified as candidates for participating in the regulation of the three TaRCC1s, among which Myb-7B (TraesCS7B02G188000) and Myb-7D (TraesCS7D02G295400) were associated with the regulation of all three TaRCC1s (RCC1-3A, RCC1-3B, and RCC1-3D), suggesting that Myb-7B and Myb-7D might be the regulators of the three TaRCC1s. Myb-7B and Myb-7D encode two Myb-like transcription factors, which were related to the terms stripe rust response and drought tolerance in the KnetMiner knowledge network ( Figure 7A ). The expression patterns of Myb-7B and Myb-7D under multiple stresses, obtained from the expVIP Wheat Expression Browser (http://www.wheat-expression.com/) and the Triticeae Multi-omics Center (http://202.194.139.32/expression/index.html), showed similar and significant differential expression under different treatments of the five stresses. For instance, the expression level of the two Myb genes was higher than in the control for salt treatments at 6 h and 12 h and lower than in the control at 24 and 48 h. Under cold (4°C) and stripe rust pathogen stresses, the genes showed a similar gene expression pattern. Under drought and heat treatments, the Myb-7B/D showed reduced expression under dr_6h, heat_6h, and dr_heat_6h treatments, compared with the control ( Figure 7B ). Myb-binding sites on the promoters of TaRCC1-3A, TaRCC1-3B, and TaRCC1-3D were predicted using the PlantRegMap software (http://plantregmap.gao-lab.org/binding_site_prediction.php). A potential Myb-binding site was found in the promoters of TaRCC1-3A (−2119 to −2133) and TaRCC1-3B (−227 to −241), but no predicted Myb-binding sites were detected immediately upstream of the transcription start site of TaRCC1-3D, indicating that TaRCC1-3A/B are most likely directly regulated by the above Myb-like transcription factor, while TaRCC1-3D might be indirectly regulated ( Figure 7C ).

 

Figure 7 | The Myb-7B/7D genes were predicted to regulate RCC1-3A/B/D. (A) Gene-evidence networks extracted from the wheat knowledge network for three TaRCC1 genes through KnetMiner. (B) Expression histogram of Myb-7B/7D genes under salt, drought, heat, cold, and stripe rust pathogen stresses. Transcript-per-million-read (TPM) values of the three genes were obtained from four published studies: (a) Zhang et al. (2016), (b) Liu et al. (2015), (c) Li et al. (2015), and (d) Zhang et al. (2014). (C) The predicted Myb-binding sites upstream of the transcription start site of TaRCC1-3A/B. 




 3.9. Subcellular localization of TaRCC1-3A/B/D and Myb-7B/D proteins.

In Arabidopsis, RCC1 family proteins, such as UVR8 and TCF1, are located in the nucleus. Similarly, subcellular localization prediction suggested that all of the TaRCC1 family proteins are located in the nucleus. Our experiments to investigate the subcellular localization of the three TaRCC1 proteins (TaRCC1-3A (TraesCS3A02G362800), TaRCC1-3B (TraesCS3B02G395200) and TaRCC1-3D (TraesCS3D02G356500) in wheat protoplasts confirmed the results as predicted and showed that these proteins are located in the nucleus ( Figure 8 ). The subcellular localization of the Myb-7B/D proteins showed that these two Myb proteins are also located in the nucleus ( Figure 8 ). The primers used are listed in  Supplementary Table S8 .

 

Figure 8 | Subcellular localization of TaRCC1-3A (TraesCS3A02G362800), TaRCC1-3B (TraesCS3B02G395200), TaRCC1-3D (TraesCS3D02G356500), Myb-7B (TraesCS7B02G188000), and Myb-7D (TraesCS7D02G295400) proteins. TaRCC1-3A, TaRCC1-3B, TaRCC1-3D, Myb-7B, and Myb-7D were fused with GFP and co-expressed with the nuclear localization signal marker (NLS-mCherry) in wheat protoplasts. Scale bar = 20 μm. 




 3.10. Expression patterns .via qRT-PCR of TaRCC1-3A/B/D and Myb-7B/D in response to salt, cold, and drought stresses

From the available RNA-seq data of several studies, the expression patterns of TaRCC1s in different tissues and multiple stresses had been analyzed, as described above ( Supplementary Figure S2 ;  Figure 6 ). The expression levels of TaRCC1s varied significantly in different tissues and under multiple stresses; several TaRCC1s were induced by different stresses. Homoeologous genes TraesCS3A02G362800, TraesCS3B02G395200, and TraesCS3D02G356500 responded to five stresses (salt, drought, heat, cold, and stripe rust pathogen). We used qRT-PCR to verify the expression patterns of the three TaRCC1s in response to salt, cold, and drought stresses ( Figure 9 ). Overall, these three TaRCC1s were induced by almost all the treatments, showing similar patterns to the RNA-seq results mentioned above. The expression of Myb-7B and Myb-7D was analyzed by qRT-PCR, and they shared a similar gene expression pattern to RCC1-3A, RCC1-3B, and RCC1-3D under salt, drought, and cold treatment ( Figure 9 ), further suggesting that Myb-7B and Myb-7D might be regulators of the three TaRCC1s above. The qRT-PCR primers for RCC1-3A, RCC1-3B, RCC1-3D, Myb-7B, and Myb-7D are listed in  Supplementary Table S9 .

 

Figure 9 | Expression pattern by qRT-PCR of RCC1-3A, RCC1-3B, RCC1-3D, Myb-7B, and Myb-7D under salt, drought, and cold stresses. (A) Salt stress, salt_1h/3h/6h: 1 h/3 h/6 h after watering with 1/2 MS liquid medium containing 200 mM NaCl. (B) Drought stress, PEG_1h/3h/6h: 1 h/3 h/6 h after watering with 1/2 MS liquid medium containing 20% PEG4000. (C) Cold stress, cold_1h/3h/6h: 1 h/3 h/6 h after watering with 1/2 MS liquid medium at 4°C. CK_1h/3h/6h in all three stress: 1 h/3 h/6 h after watering with 1/2 MS liquid medium at room temperature (control). Error bars represent the standard deviation of three biological replicates. 





 4. Discussion.

The RCC1 gene family is important in the functioning of the cell cycle. RCC1-like domains have been identified in a variety of proteins that mediate diverse biological processes ( Hadjebi et al., 2008 ). Plant RCC1 proteins can be classified into two major groups, one consisting of six or seven RCC1 repeat units, similar to human RCC1, and the other composed of multi-domains, including the RCC1 repeat domain ( Kuhn et al., 2011 ). In plants, however, the role of the RCC1 family genes is still unknown. UVR8 and TCF1 in Arabidopsis belonging to the single domain RCC1 protein have been found to be involved in the regulation of signal cascades, such as UV-B and cold-induced signaling pathways ( Heijde and Ulm, 2012; Li et al., 2013; Tilbrook et al., 2013; Jenkins, 2014; Ji et al.,2015 ). Wheat is the world’s most cultivated crop and an important staple food for humans, accounting for one-fifth of calories consumed ( Abhinandan et al., 2018 ). The release of a high-quality wheat reference genome has enabled the rapid and systematic study of the function of wheat genes to develop. Sequencing projects provide an opportunity for the isolation of gene families using a genome-wide scan. In wheat, there has been no comprehensive study focusing on the RCC1 genes, therefore, in this study, a comprehensive analysis of the TaRCC1 genes, including studies of phylogenetic relationships, gene structure, conserved motifs, chromosomal location, and expression profiles in different tissues, was performed to characterize the gene family in bread wheat. We first isolated 144 RCC1 genes, including 76 TaRCC1s, 49 TdRCC1s, and 24 AetRCC1s in wheat, emmer wheat, and Aegilops tauschii, respectively, identified from the fully annotated reference genomes. Phylogenetic analysis and synteny analysis showed that the RCC1 genes were clustered into four subfamilies (named RCC1 I–IV). Most TdRCC1s (except TRIDC3AG069370.1) and all the AeRCC1s were high-collinear with the TaRCC1s. The collinear RCC1 genes of the three species were clustered together in one clade ( Figures 2 ,  3 ), and the number of RCC1s of the three species showed an approximate 3:2:1 ratio. Because of the collinearity among the A, B, and D sub-genomes of wheat, most of the 76 TaRCC1 genes identified were triplet genes ( Figure 3 ). These results indicated that the RCC1 genes are evolutionarily conserved in bread wheat, emmer wheat, and Aegilops tauschii.

Based on phylogenetic and gene structure analyses, the 76 TaRCC1s were clustered into four subfamilies (named TaRCC1 I–IV). The TaRCC1 I, II, and III subfamilies contained 10, 27, and 12 genes, which contained only RCC1 domain repeats. The remaining 27 TaRCC1s of TaRCC1 IV contained multiple domains, including RCC1 domain repeats and PH or BRX domains ( Figure 4C ). These findings indicated that two different mechanisms might regulate genes in the TaRCC1 family. It appears that most TaRCC1 genes in a subfamily share a similar exon–intron structure, motif, and domain composition ( Figure 4 ), indicating that the evolution might not only affect gene function but also gene structure ( Babenko et al., 2004; Roy and Penny, 2007 ).

Analysis of the cis-acting regulatory elements in the promoter regions of TaRCC1 genes showed that TaRCC1s might be involved in the regulation of various biological processes, and several cis-acting regulatory elements were especially related to responses to hormones and stresses ( Figure 5 ;  Supplementary Table S5 ). Thus, we can speculate that the wheat RCC1 genes participate in specific signaling pathways that regulate growth, development, and defensive responses.

According to the publicly available transcriptome data of several studies, the expression profiles of TaRCC1 genes in wheat varied among different tissues and developmental periods, and the TaRCC1s showed different expression patterns under different stresses, namely salt, drought, heat, cold, and stripe rust. Three homologous TaRCC1s (TraesCS3A02G362800, TraesCS3B02G395200, and TraesCS3D02G356500) were proved to respond to all five different stresses; the genes were induced by almost all the treatments, suggesting that they might participate in regulating the plant responses to numerous stresses. The RCC1 proteins in plants have been implicated in regulating gene expression via epigenetic mechanisms ( Ji et al., 2015 ; Ji et al., 2019 ; Jiang et al., 2021 ; Sun et al., 2022 ). Therefore, we determined whether the three TaRCC1 proteins above were located in the nucleus to investigate the possibility of their involvement in the regulation of downstream gene expression. Our results demonstrated that RCC1-3A, RCC1-3B, and RCC1-3D are all nuclear-localized proteins ( Figure 9 ). At the same time, the green fluorescent protein (GFP) signals in wheat protoplasts were also obtained outside the nucleus. These results revealed the ability of RCC1-3A, RCC1-3B, and RCC1-3D proteins to migrate within cells, as has been reported for the UV-B receptor UVR8 ( Kaiserli and Jenkins, 2007 ; Yin et al., 2016 ). Moreover, two Myb transcription factor genes (Myb-7B and Myb-7D) that co-expressed with RCC1-3A, RCC1-3B, and RCC1-3D were identified by co-expression and bioinformatics analysis ( Figure 7C ), which suggested that Myb-7B and Myb-7D might bind to the promoters of RCC1-3A/3B and upregulate their expression in response to abiotic stresses. The roles of RCC1-3A/3B/3D, and their interaction with Myb-7B/D, need to be investigated further by mechanistic studies, for example using transgenic and yeast single hybrid experiments.


 5. Conclusions.

From the fully annotated reference genomes, 149 RCC1 genes comprising 76 TaRCC1s, 49 TdRCC1s, and 24 AetRCC1s were identified in wheat, emmer wheat, and Aegilops tauschii, respectively. The 76 TaRCC1s in wheat were comprehensively analyzed in terms of gene structure, chromosome distribution, conserved domains, collinearity, phylogenetic relationship, and expression patterns in different tissues and in response to stresses. The expression patterns of 76 TaRCC1s in wheat under various stresses were further analyzed: qRT-PCR verified that RCC1-3A (TraesCS3A02G362800), RCC1-3B (TraesCS3B02G395200), and RCC1-3D (TraesCS3D02G35650) were significantly induced by salt, cold, and drought stresses. Co-expression network analysis and binding site predictions suggested that transcription factors encoded by Myb-7B (TraesCS7B02G188000) and Myb-7D (TraesCS7D02G295400) bind to the promoter of RCC1-3A/3B and upregulate gene expression in response to abiotic stresses in wheat. Our results provide valuable reference data for further study of RCC1 genes in wheat.
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  Sandalwood (Santalum album) is a high-value multifunctional tree species that is rich in aromatic substances and is used in medicine and global cosmetics. Due to the scarcity of land resources in tropical and subtropical regions, land in temperate regions is a potential resource for the development of S. album plantations in order to meet the needs of S. album production and medicine. The R2R3-MYB transcription factor family is one of the largest in plants and plays an important role in the response to various abiotic stresses. However, the R2R3-MYB gene family of S. album has not been studied. In this study, 144 R2R3-MYB genes were successfully identified in the assembly genome sequence, and their characteristics and expression patterns were investigated under various durations of low temperature stress. According to the findings, 31 of the 114 R2R3-MYB genes showed significant differences in expression after cold treatment. Combining transcriptome and weighted gene co-expression network analysis (WGCNA) revealed three key candidate genes (SaMYB098, SaMYB015, and SaMYB068) to be significantly involved in the regulation of cold resistance in S. album. The structural characteristics, evolution, and expression pattern of the R2R3-MYB gene in S. album were systematically examined at the whole genome level for the first time in this study. It will provide important information for future research into the function of the R2R3-MYB genes and the mechanism of cold stress response in S. album.
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  1. Introduction.

 Santalum album L., an important plant belonging to the Class Magnoliopsida, is well known for its medicinal value and valuable carving wood. Unfortunately, owing to its high commercial value and applications in cosmetics, religion, and medicine, the population of S. album is gradually declining from overharvesting and illegal trading. This worrisome decline in its population underscores the need for effective in situ and ex situ conservation strategies. However, owing to the influence of temperature and climate, the natural distribution of sandalwood ranges from 30° north latitude to 40° south latitude, starting from Indonesia in the east, reaching Juan Fernandez Islands in the west, Hawaii Islands in the north, and New Zealand in the south (Kumar et al., 2012). Low temperature is one of the main abiotic factors that hinder the growth and geographical distribution of S. album. However, there are very few studies on the mechanisms of environmental adaptation of S. album, especially on its mechanisms of adaptation to low temperatures. Therefore, it is of great significance to explore the molecular genetic mechanisms of cold stress for the protection and utilization of S. album.

The effects of low-temperature stress on plants are mainly reflected in enzyme activity, membrane system, and cell dehydration that lead to disorders in cell metabolism and even cell death. The response of plants to cold stress at the molecular level is primarily mediated through changes in gene expression, protein levels, and metabolites (Li et al., 2018). The molecular mechanism of cold tolerance has been studied in the model plant, Arabidopsis thaliana, and other crop plants, such as maize, rice, wheat, tomato, and barley (Sanghera et al., 2011; Jeon and Kim, 2013). The MYB transcription factors (TFs), which are related to c-Myb, are involved in plant growth and development, metabolism, responses to biotic and abiotic stress, and other biological processes through interaction with the basic helix-loop-helix (bHLH) TFs (Stracke et al., 2001). The MYB TF MdMYB308L in apple was found to positively regulate cold tolerance and anthocyanin accumulation by interacting with MdbHLH33 and enhancing its binding to the promoters of MdCBF2 and MdDFR (An et al., 2020). In A. thaliana, the overexpression of the Mallus baccata MYB4 (MbMYB4) gene enhanced the tolerance of the transgenic plants to cold and drought stress and cold resistance-related traits, such as the proline and chlorophyll content, and the activity of peroxidase (POD) and catalase (CAT) increased significantly in the transgenic plants (Yao et al., 2022a). Many studies have shown that the MYB gene family is significantly associated with cold stress and cold resistance (Wu et al., 2021; Dar et al., 2022; Yao et al., 2022b). In A. thaliana, AtMYB15 negatively regulates the expression of the c-repeat binding factor (CBF) gene, leading to reduced cold resistance (Agarwal et al., 2006). Although considerable progress has been made in research on cold stress in S. album, the research has mainly focused on the physiological and phenotypic responses, and studies on the molecular mechanisms are limited (Zhang et al., 2017; Yan et al., 2019). Specifically, whole-genome identification of the MYB gene family and its expression pattern under cold stress has not yet been reported in S. album.

The MYB gene family plays an important role in plant evolution. Generally, a gene family consists of a group of genes from a common ancestor whose members share > 50% pairwise amino acid sequence similarity and contain a common functional domain (Thornton and DeSalle, 2000). The MYB gene family constitutes one of the largest TF families in plants. The members of this family contain a unique conserved MYB domain, which is composed of 1–4 tandem and non-repetitive R motifs. Based on the number of MYB domains, the MYB genes can be classified into four categories: 1R-MYB/MYB-related (1R motif), R2R3-MYB (2R motifs), 3R-MYB (3R motifs), and 4R-MYB (4R motifs) (Dubos et al., 2010). R2R3-MYB genes are the most abundant subtype in plants; they contain two R structures (R2R3) at the N-terminal and generally contain a transcriptional activation domain at the C-terminal. They are involved in cell differentiation, hormone response, secondary metabolism, and environmental stress. Yao et al. performed genome-wide analysis of the R2R3-MYB gene family members in ginger (Zingiber officinale Roscoe) and identified 120 segmental duplications in R2R3-MYB using gene duplication analysis. Ten of the R2R3-MYB genes were significantly differentially expressed under abscisic acid (ABA) and low-temperature stress in ginger leaves (Yao et al., 2022). Zhang et al. identified 69 R2R3-MYB proteins containing a conserved functional domain in Cyclocarya paliurus, four of which were found to respond to salt stress by regulating plant hormone signals (Zhang et al., 2022). Yuan et al. (2021) identified 202 R2R3-MYB genes in the polyploid Saccharum spontaneum genome sequence. They used collinearity analysis and found that 70% of the genes had experienced duplication events, suggesting the contributors to the MYB gene family expansion. Four of these R2R3-MYB genes actively responded to drought treatment in stress expression analysis (Yuan et al., 2021). However, genome-wide identification of 2R3R-MYB genes and their responses to stress have not yet been reported in S. album.

Weighted gene co-expression network analysis (WGCNA) is a data mining method used to analyze the gene expression patterns in multiple samples, which can be used to analyzing the correlation between genes, identifying modules with high phenotypic correlation, and identifying hub genes in different modules (Langfelder et al., 2008). Sharma et al. performed meta-analysis and WGCNA on 390 samples from 29 studies in A. thaliana and identified 6,120 and 7,079 differentially expressed genes (DEGs) under drought and cold stress, respectively. They also found that 28% of the DEGs were common to both drought and cold stress, and most of them showed a similar expression pattern (Sharma et al., 2018). Using WGCNA at the transcriptome level, Zeng et al. provided a potential regulatory mechanism for cold stress and recovery of rice cultivars and identified key candidate genes involved in cold tolerance, which provided valuable information for cultivating rice strains with high cold tolerance in the future (Zeng et al., 2022). Li et al. used time-lag initiation of the two pathways and WGCNA in Arabidopsis to demonstrate that vernalization was independent of cold acclimation. WGCNA revealed three main networks involving response of ethylene and jasmonic acid, chromatin modification, and cold adaptation in response to prolonged cold exposure, which provided a comprehensive overview of the global changes mediated by cold stress and vernalization in Arabidopsis (Li et al., 2021). In the National Center for Biotechnology Information (NCBI) database, transcriptome datasets for 41 samples involving different tissues and abiotic stress were found for S. album. However, because the quality of the reference genome was not optimal, these datasets have not been used effectively at present, especially for WGCNA analysis and identification of related functional genes. Re-mining these important data will help to identify the molecular genetic basis of cold tolerance in S. album.

In this study, we performed whole-genome identification and characterization of the R2R3-MYB gene family in S. album and revealed the classification and evolution of 75 plants. Furthermore, we performed transcriptome analysis and WGCNA of the RNA-seq data under cold stress at four time points and identified key R2R3-MYB genes responsive to cold stress. Our study provides a genome-wide overview, identifies the expression pattern of R2R3-MYB genes under cold treatment, and reveals the identity of key genes for improving cold resistance and ex situ protection of S. album.


 2. Materials and methods.

 2.1. Data sources.

We obtained a chromosome-level reference genome sequence of S. album. The reference genome size was 236.49 million bases (Mb) and included 28,665 coded proteins. For genes with multiple transcripts, the longest transcript was selected for subsequent analysis. The transcriptome and phenotypic data following cold treatments for 0, 12, 24, and 48h were obtained from a published article (Zhang et al., 2017). A total of 12 RNA-seq datasets were collected from the NCBI database under BioProject accession number PRJNA320980, which comprised three replicates of four time points of 0, 12, 24, and 48h at 4°C. The consistency of three replicability at the same time point was acceptable as shown in the previous research article (Zhang et al., 2017).


 2.2. Identification of R2R3-MYB genes in .S. album 

Genome sequence and gene annotation information for S. album were acquired by our research group (unpublished data). The hidden Markov model (HMM) of the MYB domain was downloaded from the Pfam database (PF00249), and the S. album MYB genes were searched in the protein database via an HMM search using HMM files (E < 1 × 10−5) (Finn et al., 2011). Candidate MYB protein sequences, CDS, and conserved domain sequences were extracted using a Perl script ( Supplementary File S1 ). The candidate protein sequences were aligned with Pfam (http://pfam.xfam.org/), SMART (http://smart.embl.de/smart/batch.pl), and CDD (https://www.ncbi.nlm.nih.gov/cdd/) databases to predict the conserved domains. There is a conserved DNA binding domain (DBD) in MYB proteins, made up of 1–4 imperfect amino acid sequence repeats “R.” There are approximately 52 amino acids in each “R”, forming every similar folding architecture with three well-defined α-helixes. The helix-turn-helix hydrophobic core was formed by the second and third helices of each “R” with three regularly spaced tryptophans (W) or other hydrophobic residues. MYB superfamily is divided into four subfamilies based on the number of “R” in MYB DBD: MYB-related subfamily gene with a single or partial “R”, R2R3-MYB subfamily gene with “R2” and “R3”, 3R-MYB subfamily gene with “R1”, “R2”, and “R3” as well as 4R-MYB subfamily gene with four “R1/R2” A total of 154 MYB genes were ultimately identified in S. album, of which 31 were clustered into 1R-MYB type, 114 into R2R3-MYB type, two into 3R-MYB type, and the remaining seven genes could not be clustered in any group with certainty. The online tool ExPASy (https://web.expasy.org/protparam/) was used to analyze the amino acid number, isoelectric point (pI), and molecular weight of the R2R3-MYB proteins. Plant-mPLoc (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/) predictor was used to predict the subcellular localization of the R2R3-MYB proteins.


 2.3. Phylogenetic analysis, classification of R2R3-MYB genes, and gene duplication analyses.

Multiple alignments of R2R3-MYB amino acids were conducted using ClustalW with the default parameters. A phylogenetic tree containing MYB proteins of S. album and 75 other plants was constructed using the maximum likelihood (ML) method in MEGA7.0 (Kumar et al., 2016). The parameters were as follows: Poisson model, pairwise deletion, and 1,000 bootstrap replications (Edgar, 2004). The R2R3-MYB family of genes from 75 plants was used as a reference for the classification of R2R3-MYB family members in S. album.

Conserved motifs in the R2R3-MYB proteins from S. album were analyzed using the online tool MEME (http://meme-suite.org/) with the following parameters: maximum number of motifs = 20 and optimum width = 6–100 residues (Bailey et al., 2009). Finally, the conserved motifs and domains were visualized using the TBtools software (Chen et al., 2020). The distribution of 114 R2R3-MYB genes identified in the reference genome annotation information of S. album was mapped to chromosomes and visualized using the software MG2C (Chao et al., 2021). MCScanX is used to analyze tandem and segmental gene duplications (Wang et al., 2012). All R2R3-MYB protein sequences of S. album were compared against themselves using BLASTP, with tabular output format (-m 8) and an e value of < 1e −10. The BLASTP tabular file and a simplified S. album gene location file served as inputs for MCScanX to identify duplication types using default settings (Tang et al., 2014). Values of nonsynonymous (Ka) and synonymous (Ks) substitution rates were calculated using KaKs_Calculator software (Zhang et al., 2006).


 2.4. Expression pattern of R2R3-MYB genes.

All RNA sequence datasets from S. album leaves at the four cold treatment time points were filtered using Fastp with default parameters (Chen et al., 2018). The total filtered high-quality clean RNA-seq data were mapped to the reference genome of S. album (not officially published) using Hisat2 with default parameters (Kim et al., 2019). The mapped reads with mapping quality (MQ) ≤ 30 were filtered using Samtools, and BAM files were sorted. StringTie (Pertea et al., 2015) was used to count unique and normalized mapped reads as fragments per kilobase per million (FPKM) mapped reads for each gene with the parameter of “-B -e -G.” Transcriptome gene expression data were visualized using ImageGP software (Chen et al., 2022). The R2R3-MYB gene expression data are listed in  Supplementary Table S2 .


 2.5. WGCNA analysis and prediction of the three-dimensional structure of key genes.

To identify the core gene modules and the hub genes within the modules related to cold stress, we performed a WGCNA (Langfelder and Horvath, 2008). We evaluated 10,483 genes after filtering total FPKM ≤ 100 at the four time points and three biological replicates to test their availability and used the R package termed “WGCNA” to construct a gene co-expression network. Candidate power values were set from 1 to 30. The threshold for scale-free topology model fit was set at 0.8. Subsequently, we constructed an adjacency matrix to describe the correlation strength between the modules and cold resistance-related traits, which were malondialdehyde (MDA), superoxide dismutase (SOD), peroxidase (POD) activity, soluble sugar content, intercellular CO2 concentration, and respiration rate. These phenotypic data were collected from the previous research article (Zhang et al., 2017). Correlations between modules and cold stress-related traits were calculated using a function in “moduleTraitCor.” Finally, the genes in the modules with high correlation with cold stress-related traits were extracted and compared with the significant DEGs under different cold treatments. Genes present in both DEGs and modules were considered as the key genes associated with cold stress in S. album.

The spatial structure of genes determines their functions. The functions and three-dimensional (3D) structures of the key genes were predicted using the Swiss-Model website. From the database, sequences with coverage greater than 50% were selected as templates for structural prediction. The qualitative model energy analysis (QMEAN) values of > 0.6 for predicted structures was considered reliable.



 3. Results.

 3.1. Identification and analysis of physicochemical properties of R2R3-MYB genes.

Genome sequence and gene annotation information for S. album were obtained by our research group (unpublished). To determine the conserved sequence of the MYB protein in S. album, the conserved domains of the MYB genes in S. album were identified through alignment based on the classical HMM (PF00249). Two comparison searches were performed and online sites such as Simple Modular Architecture Research Tool (SMART), Pfam, and National Center for Biotechnology Information-Conserved Domains Database (NCBI-CDD) were used to verify the structures of the conserved domains in the candidate genes. The remaining seven MYB genes could not be classified with certainty. A total of 114 R2R3-MYB genes were named based on their subfamilies as SaMYB001–SaMYB114 ( Supplementary Table S1 ;  Supplementary File S2 ). These genes were distributed across 10 chromosomes. The physicochemical properties of the MYB proteins were analyzed online using the ExPaSy tool. The results showed that the 114 MYB proteins contained 169–1452 amino acids, with a molecular weight of 18.36–159.44 kDa. SaMYB087 contained the lowest number of amino acids (169 aa) and consequently had the least molecular weight (18.36 kDa). The mean theoretical pI of all the R2R3-MYB genes was 7.03 (range: 4.71–9.58). The theoretical pI of 64 R2R3-MYB proteins was < 7, indicating that these proteins were acidic, whereas that of the remaining 50 R2R3-MYB proteins was > 7, indicating that these were alkaline. The predicted subcellular localization of all the proteins was nuclear, and only SaMYB049 was distributed in the chloroplast and nucleus ( Supplementary Table S1 ).


 3.2. Phylogenetic analysis and characterization of R2R3-MYB genes in S. album.

The R2R3-MYB protein sequences of S. album and 75 other plants (Wu et al., 2022) were aligned using ClustalW program and a phylogenetic evolution tree was constructed. Toward subfamily classification of the R2R3-MYB proteins (Wu et al., 2022), the 114 MYB proteins in S. album were divided into 40 categories ( Figure 1 ;  Supplementary Table S1 ): the S21 category in watchet, with the largest number of eight R2R3-YMB genes in S. album and the S22 category in cyan, with the second largest number of seven R2R3-MYB genes in S. album. The number of SaR2R3-MYB genes in each subgroup was close to that of R2R3-MYB genes in A. thaliana. Interestingly, all genes in subfamily A were R2R3-MYB genes in S. album, and no genes from any other species were clustered with them, which indicates that Subfamily A may be unique to S. album. Genes of the same subfamily exhibit high homology and sequence similarity and may have similar gene functions. The S21 subfamily harboring eight R2R3-MYB genes in S. album is related to specialized metabolic processes, such as cell wall thickening, seed oil accumulation, and phenylpropanoid metabolism. The S22 subfamily, harboring seven R2R3-MYB genes in S. album, is related to abiotic stress. The genes in the S1 and S2 subfamilies were related to abiotic stress, such as salt tolerance, drought stress, and cold tolerance.

 

Figure 1 | Result of phylogenetic analysis of R2R3-MYB proteins in S. album. Same color font of genes represent that they were in common subfamilies. 



MEGA7 and WEBLOGO softwares were used to conduct multiple sequence alignments and to characterize the conserved regions in the 114 R2R3-MYB proteins in S. album.  Figure 2  shows that the R2 structure contains three very conserved tryptophan (W) residues, and every two W residues are separated by 19 amino acids. The R3 structure contains two very conserved W residues: The first W is replaced by phenylalanine (F), isoleucine (I), and leucine (L) and the second and third W residues are separated by 18 amino acids. The online software MEME was used to analyze the conserved domains in R2R3-MYB proteins ( Figure 3 ). Analysis of the conserved motifs revealed that all R2R3-MYB proteins harbored motif 1 (green box), motif 2 (yellow box), and motif 3 (pink box), as shown in  Figure 3A . All R2R3-MYB proteins in S. album contained conserved MYB DNA-binding domains ( Figure 3B ). These conserved amino acids and structures indicate that the R2R3-MYB genes identified in our study are reliable.

 

Figure 2 | Results of conserved motifs and sequence alignment analyses of 114 R2R3-MYB proteins in S.album. 



 

Figure 3 | Conserved motif analyses of the 114 R2R3-MYB genes in S. album. (A) The left panel shows the results of conserved motif analysis. A total of 20 predicted motifs are represented by different colored boxes. (B) The right panel shows the conserved domains in the 114 R2R3-MYB genes with different colors representing the different types of domains. 




 3.3. Gene duplication and chromosomal location of R2R3-MYBs in .S. album 

The location of the R2R3-MYB genes was extracted from the gene annotation general feature format (gff) file of S. album. The results indicated that the 114 R2R3-MYB genes were unevenly distributed on ten chromosomes ( Figure 4 ): six genes in chromosome 01 (5.26% of the total); 14 genes in chromosome 02 (12.30%); 16 genes in chromosome 03 (14.04%) with the most genes; 13 genes each in chromosome 04, chromosome 05, chromosome 06, and chromosome 07 (11.40%); 10 genes in chromosome 08 (8.77%); and eight genes each in chromosome 09 and chromosome 10 (7.02%).

 

Figure 4 | Chromosomal locations of the 114 R2R3-MYB genes in S. album. The ruler on the left indicates the physical position of reference genome. The pair of tandem duplicated genes is shown in red font. 



On one of the aforementioned ten chromosomes was a pair of tandem duplicate genes, specifically distributed in chromosome 04 (SaMYB109 and SaMYB110). The two genes belong to Subfamily A, and the distance between them was 8116 bp. Their nonsynonymous rate (Ka) and synonymous rate (Ks) substitution rates were analyzed, the non-synonymous mutation rate was 0.39, and the synonymous mutation rate was 1.75. The Ka/Ks ratio was found to be 0.22 ( Table 1 ), which was less than 1, indicating negative selection pressure. In addition to tandem duplication, MCScanX was used to analyze fragment duplication events in the R2R3-MYB gene family. The results showed that 33.33% (38/114) of the R2R3-MYB members showed segmental duplication. The Ka/Ks values of SaMYB103 and SaMYB017 were > 1 (1.17), implying that they evolved under positive selection pressure. The Ka/Ks value of the remaining gene pairs was < 1, indicating that they evolved under the effect of purifying selection ( Table 1 ). Thus, the analysis of duplication events in the R2R3-MYB genes suggests that some genes were produced by tandem and segmental duplication, and these gene duplication events may be among the driving forces of gene evolution.

 Table 1 | Ka, Ks and Ka/Ks of replication pairs of R2R3-MYB gene family in S. album. 




 3.4. SaMYB gene expression pattern under cold stress.

We collected transcriptome datasets corresponding to 6-month-old S. album seedling leaves subjected to 4°C treatment for 0 (0h), 12 (12h), 24 (24h), and 48 (48h) using three biological replicates from the NCBI database generated in a previous study (Zhang et al., 2017). After quality control assessments, a total of 7.62 Gb clean data was retained, Q30 of which accounted for over 91.25%. We used the Hisat2 alignment program to map the qualified RNA-sequencing data on our reference genome (unofficially published). The mapping rate ranged from 93.85 to 95.81%, with an average of 95.11%, which indicated that these RNA-sequence data were reliable to quantify the global abundance of R2R3-MYB gene expression following cold treatment. The square of the Pearson’s correlation coefficient (r) was > 0.91 among the three biological replicates at each time point, indicating both operational stability and reliability of the experimental results. Of the 114 R2R3-MYB genes, 89 were found to be expressed at least once time. The expression patterns of the R2R3-MYB genes in S. album under different cold-stress conditions were visualized using heatmap analysis. The results showed that the expression levels of 31 R2R3-MYB genes were significantly up-regulated (log2[fold change] > 1) at least one time point of cold stress ( Figure 5 ;  Supplementary Table S2 ), whereas that of 13 R2R3-MYB genes were significantly down-regulated at least one time point of cold treatment. SaMYB078 and SaMYB100 were not expressed at 0h at 4°C. However, they were expressed at 12, 24, and 48h after cold treatment, which indicated that the two genes may be involved in cold-stress resistance. Five genes (SaMYB031, SaMYB068, SaMYB069, SaMYB004, and SaMYB015) were highly expressed following cold treatment at three different time points, whereas SaMYB114 and SaMYB058 were down-regulated at three time points of cold treatment ( Figure 5 ;  Supplementary Table S2 ).

 

Figure 5 | R2R3-MYB gene expression levels determined by RNA-seq at the four time points of cold (4°C) treatment. Expression profiles were normalized to log10(FPKM). The color scale represents relative expression level from low (green) to high (red) values. 




 3.5. Identification of key R2R3-MYB genes related to cold stress based on WGCNA.

WGCNA can be used to identify modules of highly correlated genes, to summarize such clusters using the module eigengene or an intramodular hub gene, and to relate modules to one another and to external sample traits. Here, we used WGCNA to identify the hub R2R3-MYB genes associated with cold stress. After removing genes with a total FPKM ≤ 100 at four time points and three biological replicates, a total of 10,483 genes were reserved for WGCNA. Correlation coefficient cluster analysis of the expression levels of 12 samples revealed that the clustering among samples was acceptable and there were no outliers ( Figure 6A ). Twenty candidate power values from 1 to 30 were set for model fitting. The results showed that, when the power value was 20, there was an obvious inflection point where the topology model fit value was 0.8 and stable ( Figure 6B ). Therefore, we chose a power value of 20 for module construction and clustering. Based on correlation analysis and clustering according to the FPKM value of different genes, the genes with high correlation were allocated to the same module. Different genes were divided into 17 modules according to their co-expression patterns, with different colors representing the different modules ( Figure 6C ;  Supplementary Table S3 ). For correlation analysis between the trends in gene expression modules and cold stress-related traits, the Pearson correlation coefficient (r > 0.5) and P < 0.05 were set as thresholds. The MEred and MEgreen modules were found to significantly positively correlate with changes in malondialdehyde (MDA), superoxide dismutase (SOD), peroxidase (POD) activity, soluble sugar content, and intercellular CO2 concentration in response to cold stress, whereas they negatively correlated with photosynthetic rate, conductance to H2O, and respiration rate. MEblue was most significantly positively correlated with the photosynthetic rate, conductance to H2O, and respiration rate; the correlation coefficients were up to 0.9. The MEblue module was most significantly negatively correlated with MDA, SOD, POD activity, soluble sugar content, and intercellular CO2 concentration. This indicated that the genes in these significantly correlated modules were the core genes involved in cold-stress response.

 

Figure 6 | Results of WGCNA based on the gene expression level and phenotypic data. (A) Results of sample clustering; (B) results of scale independence, candidate power was from 1 to 30; (C) relationship of different modules and cold resistance-related traits. Numbers in the box represent the correlation coefficient, and the number in the brackets represent the corresponding p-value. The color scale represents correlation coefficient from 1 (red) to -1 (blue). 



Further analysis revealed that the MEblue module contained three (SaMYB014, SaMYB084, and SaMYB059), MEbrown module contained one (SaMYB098), and MEred module contained three R2R3-MYB genes (SaMYB015, SaMYB030, and SaMYB081). The MEturquoise module contained five R2R3-MYB genes (SaMYB068, SaMYB085, SaMYB083, SaMYB050, and SaMYB091). Combined with the expression levels of these genes at different durations of cold stress, the expression levels of three core genes were significantly different under cold stress treatment. The expression level of SaMYB098 was 85.49 at 0h cold treatment, but decreased to 26.55 at 12h cold treatment, and further decreased to 9.32 after 48h cold stress, indicating that SaMYB098 may be negatively regulated to cold stress. The expression of SaMYB015 in the MEred module was low at 0h (FPKM = 3.18); however, it increased progressively after cold stress treatment, and the expression levels at 12, 24, and 48h were 7.73, 12.87, and 18.18, respectively. The expression level of SaMYB068 in the MEturquoise module was similar to that of SaMYB015 ( Figure 7A ). The 3D structure prediction analyses of the three important genes using the Swiss-Model online tool revealed that, although their structures were different at the 3D level ( Figures 7B–D , QMEAN Z-scores > 0.65), they all harbored a classical R2R3-MYB binding domain. Therefore, it is suggested that these three genes may participate in cold stress in different ways. Overall, using a combination of gene family identification, transcriptome data, and WGCNA analysis, three core genes with differential expression significantly related to cold stress were identified, which can provide important information for the genetic improvement of S. album under cold stress.

 

Figure 7 | The expression patterns of module genes and the protein structure prediction results of the three important genes. (A) color of the text in the x-axis represents the corresponding module in same color in  Figure 6 . The y-axis represents the gene expression level; (B) the prediction result of protein spatial structure of SaMYB098; (C) the prediction result of protein spatial structure of SaMYB01; (D) the prediction result of protein spatial structure of SaMYB068. 





 4. Discussion.

Among the many transcription factor families in plants, the MYB family constitutes one of the largest transcription factor families. MYB proteins regulate plant growth and development, primary and secondary metabolism, and response to various abiotic stresses, such as drought, cold, and salt (Dubos et al., 2010; Chen et al., 2019; Millard et al., 2019). Genome-wide identification of the MYB gene family has been performed in various plants, such as Arabidopsis (Matus et al., 2008), Cucumis sativus (Li et al., 2012), maize (Dias et al., 2003), and wheat (Gao et al., 2016). The members of the plant MYB gene family contain 1–4 incomplete MYB repeat sequences and can be divided into four subfamilies based on the number of repeat sequences: 1R-MYB type (containing one or two separate repeat sequences), R2R3-MYB type (containing two adjacent repeat sequences), and 3R-MYB type and 4R-MYB type (containing three and four adjacent repeat sequences, respectively). Among these, the R2R3-MYB gene family is most abundant in Plants (Jiang and Rao, 2020; Tombuloglu, 2020). However, the whole-genome MYB gene family has not yet been identified in S. album. In this study, the MYB gene family in S. album was identified at the whole-genome level. The physical and chemical properties, physical tree, preserved motifs, and gene duplications were systematically analyzed. Consequently, 154 MYB genes in S. album were identified, 114 of which were classified as R2R3-MYB genes. The R2R3-MYB gene family in plants contains two R structures at the N-terminal. The number of R2R3 genes in S. album was similar to that in other plants, such as 125 in Arabidopsis (Stracke et al., 2001), 119 in pea (Yang et al., 2022), 114 in moso bamboo (Hou et al., 2018), and 133 in white clover (Ma et al., 2022), indicating that the results for the R2R3 gene family in S. album were reliable. The functions of R2R3 MYBs can be divided into three main processes: development and cell differentiation, specialized metabolism, and stress response. Du et al. classified the gene family into 73 subfamilies based on their highly conserved domain and motif composition (Du et al., 2015; Wu et al., 2022). Through multiple sequence alignment and evolutionary analysis, the 114 S. album MYB proteins were divided into 40 categories ( Figure 1 ;  Supplementary Table S1 ). Thirty-nine of the 40 subfamilies could be clustered with the corresponding subfamilies of other plants. Only Subfamily A contained six genes (SaMYB108, SaMYB109, SaMYB110 SaMYB111, SaMYB112, and SaMYB113), indicating that these genes may participate in specific biological processes in S. album.

Gene duplication occurs through various mechanisms, such as tandem duplication, gene transformation, horizontal transfer and other translocations, hybridization, duplication, and doubling of the whole segment of the chromosome during the recombination process, resulting in effective doubling of the large-scale genome sequence (Sankoff, 2001). Regardless of the origin, duplication of genes in a genome can lead to increased expression of the gene. Differentiation of duplicated genes may be subject to sub-functionalization and produce neo-functionalization to enhance the ability of plants to adapt to the environment and respond to various stresses (Liu and Adams, 2007; Airoldi and Davies, 2012). In this study, a pair of tandem duplicated genes was identified in the R2R3-MYB gene family in S. album. About one-third of R2R3-MYB genes have replication events, indicating that these genes may participate in special biological processes in S. album. Nonsynonymous (Ka) and synonymous (Ks) substitution rates are important indicators for studying the pressures of gene selection, identifying deviations from neutrality, and estimating the occurrence time of replication events (Hurst, 2002; Echave et al., 2016). A comparative analysis of the positively and negatively selected genes was performed based on Ka and Ks, and artificial selection was found to be a major factor affecting the gene evolutionary rate, compactness, expression level, and genetic diversity in barley (Tao et al., 2022). Song et al. compared negatively and positively selected genes in Arachis duranensis and Arachis ipaënsis and found Ks to be a determining factor that affected the selection pressure (Song et al., 2018). In 22 pairs of duplicate genes in our study (excluding one pair [SaMYB110 and SaMYB109] with Ka/Ks value > 1), the Ka/Ks value of the duplicated genes was < 1 (range: 0.11–0.83), which indicates that most of the R2R3-MYB genes in S. album were subjected to purifying selection.

Although the non-MYB regions diverged in different plant species, the two conserved MYB structures are a signature feature of R2R3-MYB genes and include two main functional parts: a DNA-binding domain at the N-terminal and a regulatory region at the C-terminal (Wu et al., 2022). In this study, 114 R2R3-MYB genes harboring highly conserved R2R3 sequences were identified in S. album ( Figures 2 ,  3 ), and the subcellular localization results showed that all of them localized to the nucleus excepting SaMYB049 distributed in the chloroplast and nucleus. These results are consistent with those reported for other plants (Stracke et al., 2001; Wilkins et al., 2009), indicating that the R2R3-MYB genes identified in this study are reliable. Although the R2R3-MYB genes have highly conserved sequences, they are functionally distinct. Some of them are essential for plant development and cell differentiation (Oshima et al., 2013; Liu et al., 2015), whereas some serve as key regulators of responses to diverse environmental stresses (abiotic and biotic stresses), such as drought, temperature, and salinity (Li et al., 2015). Some of them play an important role in specialized metabolic biosynthesis pathways (Stracke et al., 2001; Dubos et al., 2010). In this study, three key candidate genes that are significantly related to cold stress were identified through genome-wide identification of the R2R3-MYB gene family, transcriptome analysis, and WGCNA. Comparison of the 3D structure prediction revealed that they were significantly different in their spatial structure (except for the conserved R2R3-MYB domain) and expression pattern, which indicates that they may respond to cold stress in different ways. These three key candidate genes may provide important information for genetic improvement and research on cold tolerance in S. album.


 5. Conclusion.

R2R3-MYB genes play important roles in the growth and development and abiotic stress of plants; however, there is no relevant report in S. album yet. In our study, the R2R3-MYB gene family of S. album was identified at the whole-genome pattern, and its characteristics were analyzed and its expression pattern under cold stress was studied. Three important candidate genes significantly related to cold resistance were found by combining transcriptome results and WGCNA results. These results fill in the gap of R2R3-MYB gene family of S. album and provide great significance for genetic improvement and molecular mechanism research to cold resistance in S. album 
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Cotton (Gossypium hirsutum L.) is the world’s most economically valuable textile crop. However, cotton plants are often subjected to numerous abiotic stresses that can dramatically limit yield. Trihelix transcription factors (TTFs) play important roles in abiotic stress responses in many plant species, and efforts to better understand their roles in cotton abiotic stress responses are ongoing. In this study, a member of the cotton TTF family (GhGT23) was functionally characterized. This protein contains a SANT domain and is a member of the SIP subfamily of TTF proteins. GhGT23 was significantly (p < 0.05) and highly expressed in cotton fiber compared to relatively low expression in other tissues. A significant (p < 0.05) increase in GhGT23 expression occurred in cotton seedlings within 12 hours of drought, salt, and ABA exposure. The GhGT23 protein localized in the nucleus but exhibited no signs of transactivation activity. GhGT23 overexpression in Arabidopsis conferred enhanced drought and salt stress tolerance. The expression of stress-related genes was higher in transgenic Arabidopsis expressing GhGT23 than in wild-type plants subjected to salt stress. The results of electrophoretic mobility shift assay revealed that GhGT23 could bind to the GT cis-elements GT-1Box (Box II), GT2-Box, GT3-Box, GT-3a (Site1-type), GT-3b, and Box as well as the MYB cis-elements MBS1 and MRE4. Our results demonstrate that GhGT23 positively regulates salt and drought stress responses, possibly by enhancing the expression of stress-related genes.
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Introduction

Plant growth and crop production are constantly challenged by dynamic abiotic and biotic stresses in the environment. Some of the most common abiotic stresses that plants are subjected to are high salt, low temperature, and drought. These abiotic stresses can limit crop productivity and reduce average crop yields by more than 50% (Lesk et al., 2016). Plant cells perceive environmental stress through sensors that trigger signaling pathways upon stress perception. These signaling pathways often include phosphorylation cascades that culminate in the activation of stress-responsive transcription factors (TFs). Upon activation, TFs translocate into the nucleus where they bind to cis-regulatory elements in the promoter regions of several stress-related genes (Zhu, 2016). In this way, TFs play a critical role in translating the initial perception of stress by the plant into physiological changes that result in tolerance to the stress (Basu et al., 2016). Of the more than 64 transcription factor families identified in plants, the NAC, C2H2 zinc finger, bZIP, and WRKY families are the most studied and most widely involved in abiotic stress responses (Olsen et al., 2005; Pérez-Rodríguez et al., 2010; Llorca et al., 2014). Because of their documented roles in plant stress tolerance, TFs have become key targets for genetic engineering efforts to improve plant stress tolerance.

Trihelix transcription factors (TTFs) are a small family of plant-specific TFs that are present in diverse plant species (Luo et al., 2012). Chrysanthemum, tomato, rice, Arabidopsis, poplar, soybean, and maize each have 20, 36, 31, 28, 56, 63, and 59 TTF genes, respectively (Fang et al., 2010; Osorio et al., 2012; Yu et al., 2015; Du et al., 2016; Erum et al., 2016; Song et al., 2016; Wang et al., 2016). Members of the TTF family are also known as GT factors, because they can bind to the GT element found in the promoter of some genes regulated by light (Zhou, 1999). The first GT element was identified in the rbcS-3A gene promoter from pea in 1987 (Green et al., 1987). Since then, GT elements have been identified in soybean, maize, spinach, Arabidopsis, and rice genes (Dehesh et al., 1990; Lawton et al., 1991; Dehesh et al., 1992; Kuhn et al., 1993; Villain et al., 1994; Eyal et al., 1995; Villain et al., 1996; Ayadi et al., 2004; Park et al., 2004).

The DNA-binding domains of TTFs are rich in proline as well as basic and acidic amino acids. They also contain three tandem helices, namely, the helix-loop-helix-loop-helix (Dehesh et al., 1992; Kuhn et al., 1993; Wang et al., 2014). The internal hydrophobic region of each helix contains regularly spaced repeats typically containing three tryptophan residues separated by a non-tryptophan residue (W-X-W-X-W). The third tryptophan residue is less conserved and is sometimes replaced with a phenylalanine or isoleucine residue (Kaplan-Levy et al., 2012). TTFs contain one or two trihelix DNA-binding domains at the N- or C-terminus that specifically bind to GT-elements (Dehesh et al., 1992; Zhou, 1999). The Arabidopsis TTF family is divided into five subfamilies, namely, GT-1, GT-2, GTγ, SH4, and SIP1 (Kaplan-Levy et al., 2012). Most subfamilies contain only one DNA-binding domain, but members of the GT-2 subfamily contain a DNA-binding domain at both the N- and C-terminus. The five subfamilies are further differentiated by the composition of the tryptophan repeats in each helix. Helixes in members of the GT-1 and SH4 subfamily, as well as the C-terminal DNA-binding domain of GT-2 subfamily members, contain a tryptophan residue at the end of the repeat (W-X-W-X-W). On the other hand, members of the GTγ subfamily, and the N-terminal DNA-binding domain of GT-2 subfamily members, contain a phenylalanine residue at the end of the repeat (W-X-W-X-F), whereas members of the SIP1 subfamily contain an isoleucine residue at the terminal position (W-X-W-X-I) (Kaplan-Levy et al., 2012).

Numerous plant TTFs, and the GT elements that they bind, have been reported to regulate responses to light, growth, and a variety of developmental processes such as morphogenesis of perianth organs, formation of trichomes and stomata, seed oil accumulation and abscission, kernel development, and late embryogenesis development (Willmann et al., 2011; Kaplan-Levy et al., 2012; Kaplan-Levy et al., 2014; Wan et al., 2015; Li et al., 2021; Yang et al., 2022). Recent studies on TTF family members in Arabidopsis, rice, soybean, wheat, tomato, chrysanthemum, and poplar have revealed that they are widely involved in plant responses to abiotic stress (Lu et al., 2019). Transgenic Arabidopsis overexpressing GT-4 (Wang et al., 2014), AST1 (Xu et al., 2018), or AtGTL1 (Yoo et al., 2010) exhibited improved salt and drought stress tolerance, whereas GmGT2A and GmGT2B expression was induced by high salinity, drought, cold, and abscisic acid (ABA) in soybean, and heterologous overexpression of these two genes in Arabidopsis improved salt, cold, and drought stress tolerance (Xie et al., 2009). Furthermore, overexpression of the rice genes OsGT-1 and OsGTgamma-2 in rice confered enhanced resistance to salt stress (Fang et al., 2010; Liu et al., 2020). Heterologous expression of wheat TaGT2L1D in Arabidopsis can suppress the expression of AtSDD1, a positive regulator of drought tolerance, by binding directly to the GT3 box in its promoter (Zheng et al., 2016). Overexpression of the sorghum TTF genes sb06g023980 and sb06g024110 significantly enhanced tolerance of low temperature, high salt, and drought (Qin et al., 2014), whereas transgenic tomatoes overexpressing ShCIGT gained tolerance of low temperature and drought (Yu et al., 2018). Expression of poplar PtaGTL1 in Arabidopsis reduced stomatal conductance and leaf transpiration, which led to enhanced drought tolerance and water use efficiency (Weng et al., 2012). Taken collectively, these studies demonstrate a conserved role for TTF family members in diverse abiotic stress responses.

Cotton (Gossypium hirsutum L.) is an economically important textile fiber crop that is cultivated worldwide. Abiotic stress has become a major environmental factor limiting cotton cultivation and production due to global climate change and environmental pollution (Naeem et al., 2021; Saleem et al., 2021). Despite the economic ramifications of abiotic stress on cotton production, little is known about the mechanisms of abiotic stress tolerance in cotton compared to other agricultural crops. The obvious importance of the TTF family in abiotic stress responses in other crop species led us to hypothesize that this family of genes plays a similar role in cotton. We previously analyzed the expression of 24 cotton TTF genes in response to diverse abiotic stimuli to identify genes that were differentially expressed and involved in abiotic stress responses in cotton (Li et al., 2013). Of the 24 TFF genes analyzed, GhGT23 was one of three that was differentially expressed in response to all of the abiotic stress treatments we tested. In this study, we further characterize the function of GhGT23, which belongs to the SIP subfamily of TFFs. The expression of GhGT23 was analyzed in response to salt stress, drought stress, cold stress, and ABA treatment in cotton. Heterologous overexpression of GhGT23 in Arabidopsis led to improved tolerance of salt and drought in seedlings, which was positively correlated with an increase in the expression of stress-related genes. Furthermore, GhGT23 could directly bind to multiple GT motifs and MYB elements. Our results further highlight the importance of TTF family members in plant abiotic stress responses and specifically provide key insights into the function of GhGT23 in salt and drought tolerance in cotton.



Materials and methods


Plant material, growth conditions, and treatments

Seeds of the cotton (G.hirsutum) cultivar ‘Xinluzao 26’ were evenly distributed in a pot containing vermiculite and raised in a greenhouse at a temperature of 25 ± 2 °C with a 16-h/8-h light/dark cycle and a relative humidity of 65%. Fifteen days after planting, seedlings were treated with drought, NaCl, cold, or ABA (100 μmol/L) according to previously published methods (Li et al., 2022). Seedlings planted at the same time were also left untreated to serve as controls. Leaves were harvested at 1, 3, 6, and 12 h post-treatment. Tissue from roots, stems, and leaves of 15-day-old seedlings were collected for RNA isolation to assess tissue-specific gene expression. RNA was also isolated from flowers and ovules at 0 days post-anthesis (DPA) and cotton fibers at 12 DPA. All harvested tissue was immediately frozen in liquid nitrogen and stored at -70 °C for subsequent experiments. Each treatment was performed at least three independent times.



Gene cloning and sequence analysis

Primers GhGT23F and GhGT23R were used to amplify the CDS of GhGT23 from cotton leaf cDNA as described previously (Li et al., 2022). The amplified GhGT23 fragment was subcloned into pEASY-T1 (TransGen Biotech, Beijing, China), thereby creating pEASY-T1::GhGT23. Flanking BamHI and SalI restriction sites were then used to cut GhGT23 from pEASY-T1::GhGT23, followed by ligation into the pBI21, pBin438, pGAL4 DBD, and pGEX6p-1 expression vectors. The primers used for PCR are listed in Table S1. The ORF of GhGT23 was translated using DNAStar, and ProtParam (http://web.expasy.org/cgi-bin/protparam/protparam) was used to estimate the protein molecular mass and isoelectric point. DNAMAN (V6.0) was used to align the GhGT23 protein sequence with homologs from Gossypium hirsutum and other species obtained from the NCBI database. Phylogenetic analyses were performed using MEGAX (http://www.megasoftware.net/) and ClustalX. SMART (http://smart.embl-heidelberg.de/) was used to predict conserved domains in GhGT23. Psort (http://www.psort.org/) was used to predict the subcellular localization of GhGT23.



Subcellular localization of GhGT23

The cauliflower mosaic virus (CaMV) 35S promoter in pBI221 (Chen et al., 2003) was used to drive the expression of GhGT23 fused in-frame with the 3’ end of GFP. The resulting construct, pBI221::GFP : GhGT23, was transfected into Arabidopsis protoplasts by the PEG4000-mediated method described previously by Yoo et al. (2007). Arabidopsis protoplasts were isolated by following the previously published method by Wu et al. (2009). A Leica model TCS SP5 laser scanning confocal microscope (leica Microsystems CMS GmbH, Mannheim, Germany) was used to observe GFP fluorescence in protoplasts to determine the subcellular localization of GhGT23.



Transformation of Arabidopsis plants

The expression plasmid pBin::GhGT23 was transformed into Agrobacterium strain GV3101 using the electroporation method (Mersereau et al., 1990) and transformed into Arabidopsis using the floral dip method (Clough and Bent, 2010). Transgenic seedlings were screened for resistance to kanamycin (50 μg/mL) and cephamycin (25 μg/mL) on 1/2 MS agar medium, and gene insertion was confirmed by PCR. Three homozygous T3 plants with the highest transgene expression were kept for subsequent experiments.



RNA extraction and quantitative real-time PCR

Total RNA was extracted from cotton plant tissues using the Biospin plant total RNA extraction kit (Bioer, Hangzhou, China). TRIzol reagent (Transgen, Beijing, China) was used to extract total RNA from transgenic Arabidopsis plants according to the manufacturer’s instructions. The quality and quantity of RNA were evaluated using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). RNA integrity was determined by electrophoresis on 1.2% agarose gels stained with ethidium bromide. First-strand cDNA was synthesized from total RNA (4 µg) using M-MLV reverse transcriptase and an oligo (dT) primer according to the manufacturer’s instructions (Promega, Madison, WI, USA). Relative gene expression levels were calculated using the 2−ΔΔCT formula (Livak and Schmittgen, 2001). in triplicate using independent cDNA samples. All gene information and primers used in the qPCR analysis are listed in Supplementary Table S1.



Transcriptional activation assay in Arabidopsis protoplasts

GhGT23 was cloned in-frame with the DNA-binding domain of Gal4 in pGAL4 DBD to create pGAL4 DBD : GhGT23 (Hao et al., 2010). Plasmid pGAL4 DBD : GhGT23 was co-transfected with reporter GAL4::Luc into Arabidopsis protoplasts by PEG-mediated transformation. Luminescence from luciferase was detected using the Dual-Luciferase Reporter® assay system (Promega) and GloMax 20/20 microplate luminometer (Promega). The VP16 activation domain in pBD was used as a positive control, and GAL4 DBD was used as a negative control.



Electrophoretic mobility shift assay (EMSA)

GhGT23 was cloned in-frame with the glutathione S-transferase (GST) tag in pGEX6p-1. The resulting plasmid was then transformed into Escherichia coli BL21 (DE3) cells to express the GST-GhGT23 fusion protein. The GST-GhGT23 protein was purified by glutathione Sepharose 4B affinity chromatography (GE Healthcare, Chicago, IL, USA). All double-stranded DNA fragments used in the EMSA were synthesized as single-stranded oligonucleotides in complementary pairs by TakaRa (Da Lian). Single-stranded oligonucleotides were annealed to form double-stranded DNA by mixing in equal ratios (4 μM each) in 50 mM NaCl buffer, heating to 70 °C for 5 min, and slowly cooling to room temperature. The EMSA was performed using digoxigenin-labeled probes as previously described, whereas the competitor control consisted of double-stranded DNA without digoxigenin-labeling (Song et al., 2013). All oligonucleotide sequences are presented in Figure 1A.




Figure 1 | In vitro DNA-binding activity of GhGT23. (A) Sequences of the GT and MYB elements used in the electrophoretic mobility shift assay (EMSA) are shown. (B) Recombinant GhGT23 protein was incubated with the DNA probes listed in (A) in the presence or absence of a competitor. The red arrows indicate the band corresponding to the GhGT23/DNA complex.





Analysis of transgenic plants under salt and drought conditions

Seeds from the three homozygous T3 lines overexpressing GhGT23 (L24, L29, and L36) and Arabidopsis ecotype Columbia (WT) were used for phenotypic analyses. For salt stress assays using green seedlings, seeds were plated on 1/2 MS medium containing 150 mM NaCl. The plates were stratified at 4°C for 3 days before being placed in a growth chamber set to 23°C with a 16-h/8-h light/dark cycle. The effects on seedling morphogenesis were observed after 16 days of growth, and the percentage of green seedlings was determined. For salt treatment, 12-day-old seedlings were transferred into 100% vermiculite saturated with 200 mM NaCl. After 12 days, seedlings were transferred into vermiculite without NaCl to recover from the salt stress. The survival rates of WT and transgenic plants were recorded after three days of recovery. Drought treatment was conducted by transferring 5-day-old seedlings to 1/2 MS medium supplemented with 300 mM mannitol. Treated and non-treated seedlings were transferred to vermiculite after 20 days to recover before determining the plant survival rate. Drought stress was administered by withholding water from 12-day-old seedlings for 30 days. Images of the plants were taken, and the survival rate was calculated, after re-watering for 3 days.

Root growth in response to salt and drought stress was assessed by germinating seeds on 1/2 MS medium and transferring 4-day-old seedlings to 1/2 MS medium supplemented with 135 mM NaCl or 300 mM mannitol. Seedlings were placed vertically in a growth chamber set to 23°C with a 16-h/8-h light/dark cycle. Images of the plants were taken after 15 days, and the primary root length was measured. Each sample contained eight seedlings, and the experiments were repeated three times with consistent results.



Statistical analysis

Microsoft Excel 2020 and SPSS v18.0 software were used for data analysis. Differences between groups were tested using one-way analysis of variance (ANOVA), followed by Duncan’s multiple comparison test at p < 0.05.




Results


Phylogenetic and sequence analysis of GhGT23

GhGT23 (GenBank accession number: JQ013095) was PCR-amplified from a cDNA library created from RNA collected from cotton cotyledons. The coding sequence (CDS) lengths of GhGT23 were 1125 bp. The GhGT23 protein consisted of 375 amino acids, with a molecular weight of 40.90 kDa and an isoelectric point of 9.42. SMART analysis revealed the presence of one SANT (Swi3, Ada2, N-Cor, and TFIIB) domain between amino acids 47 and 113 of GhGT23 (Figure 2A). A phylogenetic tree was constructed using GhGT23 and its homologs from cotton, soybean, Arabidopsis, and rice. The phylogenetic tree revealed that GhGT23 falls into the SIP subfamily of TTFs and is most closely related to Arabidopsis AtASIL1 and AtASIL1 (Figure 2B). Multiple sequence alignment between the same proteins used in the phylogenetic analysis confirmed that the SANT domain of GhGT23 is rich in basic, acidic, and proline residues within the tandem helices (Figure 2C). The conserved residues that were part of the tryptophan repeat within the tandem helices consisted of W-L-W-E-V, which is expected for SIP subfamily members. These results suggest that GhGT23 is a member of the SIP subfamily of TTFs.




Figure 2 | Schematic representation, phylogenetic analysis, and amino acid sequence alignment of GhGT23. (A) Schematic diagram of the GhGT23 protein with the SANT domain highlighted between residues 47 and 113. (B) Phylogenetic analysis of GhGT23 with other TTFs. The analysis was performed using MEGA 6.0 with the neighbor joining method and 1000 replicates. Numbers on the figure are bootstrap values. The sequences are from rice (Oryza sativa), soybean (Glycine max), and Arabidopsis (Arabidopsis thaliana) plants. GT-1 clade: AtGT-1 (At1g13450), AtGT-4 (At3g25990), OsRML1 (AL627350); GT-2 clade: AtGT-2 (At1g76890), AtGTL1 (At1g33240), AtGT2L (At5g28300), AtPTL (At5g03680), GmGT-2A (EF221753), GmGT-2B (EF221754), PtaGTL1 (JN113092); SH4 clade: AtSH4-like1 (At2g35640), AtSH4-like2 (At1g31310); GT clade: OsGT-1 (Os02g33770), OsGT-2 (Os11g06410), OsGT-3 (Os12g06640); and SIP clade: AtASIL1 (At1g54060), AtASIL2(At3g14180), GhGT23. (C) Multiple sequence alignment of the SANT domain from the TTFs in (B). * indicates a completely conserved amino acid residue; indicates a partially conserved amino acid. The dotted line denotes helices in the trihelix DNA-binding domain.





GhGT23 is highly expressed in cotton fibers and is influenced by abiotic stress

GhGT23 expression was monitored over time using qRT-PCR in cotton plants subjected to salt stress, drought stress, cold stress, and ABA treatment. The results were shown in Figure 3A, for all treatments, GhGT23 expression decreased within the first hour after the treatment was administered. Plants subjected to salt and drought stress had peak GhGT23 expression at 3 h, followed by a gradual decline. GhGT23 expression remained relatively unchanged in plants exposed to 1 h of cold stress, which never reached the 0-h expression level. Plants treated with ABA recovered the GhGT23 expression level and even exceeded the 0-h expression level at 12 h. Although GhGT23 was expressed in all cotton plant tissues, it was substantially higher in cotton fibers at 12 DPA than in the other tissues sampled (Figure 3B).




Figure 3 | The expression of the GhGT23 gene in response to different stresses and ABA treatment as well as in different tissue types. (A) Expression of GhGT23 in cotton seedlings in response to ABA treatment and different stresses. The 0-h expression level was artificially set to 1. (B) GhGT23 expression in various cotton plant tissues. The expression of GhGT23 in the root was artificially set to 1. DPA, days post-anthesis. Different letters indicate significant differences (p < 0.05) determined using ANOVA, followed by Duncan’s multiple comparison test.





GhGT23 is localized to the nucleus

The subcellular localization for GhGT23 was predicted using Psort (http://www.psort.org/), which was anticipated as it is a TTF family member. The subcellular localization was confirmed by fusing GhGT23 to the 5’-end of GFP in the pBI221 vector and using confocal laser scanning microscopy to observe GFP fluorescence in Arabidopsis protoplasts (Figure 4A). Approximately 17 h post-transfection, green fluorescence was observed in the nucleus and cytoplasm of protoplasts expressing the free GFP control, whereas fluorescence in protoplasts expressing GhGT23:GFP was restricted to the nucleus (Figure 4B). These results indicate that GhGT23 is localized to the nucleus, which is consistent with the prediction from Psort and its predicted role as a TTF.




Figure 4 | The subcellular localization of GhGT23 in Arabidopsis protoplasts. (A) Diagram of the GFP-fusion vector (35S::GhGT23:GFP) and control construct (35S::GFP) used in Arabidopsis protoplast transfections. (B) Transient expression of 35S::GhGT23:GFP and free 35S::GFP in Arabidopsis protoplasts. Green fluorescence from free GFP and GhGT23:GFP protein accumulation can be seen in the nucleus and cytoplasm of protoplasts. Chlorophyll autofluorescence is shown in red, and the periphery of the protoplasts can be seen in the brightfield images. Images were taken using a laser scanning confocal microscope with the following filters: GFP (excitation 488 nm; emission 509 nm) and chlorophyll autofluorescence (excitation 448 nm; emission 647 nm). Bars = 10 μm.





GhGT23 overexpression confers enhanced salt stress tolerance in Arabidopsis

Three independent T3 transgenic Arabidopsis lines with the highest expression of GhGT23 (L24, L29, and L36) were subjected to 150 mM NaCl to determine if GhGT23 overexpression could enhance salt stress tolerance (Figures 5A, B). Seeds from WT, L24, L29, and L36 plants were sown on 1/2 MS agar plates with and without 150 mM NaCl. After 16 days of growth, plants were phenotyped and green seedlings were counted. No differences in growth were observed between WT and transgenic plants in the absence of NaCl. However, transgenic seedlings were much greener than WT seedlings in the presence of 150 mM NaCl (Figure 5C). The percentage of seedlings that were still green following salt stress were 77.78%, 95.19%, 93.46%, and 52.10% in L24, L29, L36, and WT lines, respectively (Figure 5D).




Figure 5 | The survival rate of Arabidopsis GhGT23-overexpressing lines exposed to 150 mM NaCl on 1/2 MS agar plates. (A) Diagram of the GhGT23-overexpression cassette. (B) Quantification of GhGT23 transgene expression in Arabidopsis transgenic lines. (C) Quantification of the seedling survival rate in WT and transgenic lines after 16 days of growth on 1/2 MS agar supplemented with 150 mM NaCl. Error bars indicate standard deviation and different letters indicate significant differences (p < 0.05), which were determined using ANOVA, followed by Duncan’s multiple comparison test. (D) Images of WT and transgenic lines taken after 16 days of growth on 1/2 MS agar with and without 150 mM NaCl.



To better replicate real-world salt stress, 12-day-old seedlings were transplanted into vermiculite saturated with 200 mM NaCl. Seedlings were removed after 12 days and transplanted in soil lacking NaCl to recover. The survival rate of WT and transgenic plants was assessed after a 3-day recovery period. No significant difference was observed between WT and transgenic plants under normal conditions (Figure 6A). However, the survival rates of the transgenic lines were approximately 3-4 times longer than the WT line when plants were treated with 200 mM NaCl (Figure 6B). Taken collectively, these results demonstrate that GhGT23 overexpression in Arabidopsis conferred enhanced salt stress tolerance in vitro and in vivo.




Figure 6 | The survival rate of Arabidopsis GhGT23-overexpressing lines exposed to 200 mM NaCl in vermiculite. (A) Images of WT and transgenic lines taken after 12 days of growth in vermiculite with and without 200 mM NaCl. (B) Quantification of the survival rates of WT and transgenic lines in panel (A). Each bar represents the average of three experiments with 36 plants used in each experiment. Error bars indicate standard deviation and different letters indicate significant differences (p < 0.05) which were determined using ANOVA, followed by Duncan’s multiple comparison test.





GhGT23 overexpression confers enhanced drought tolerance in Arabidopsis

Drought tolerance in the GhGT23 transgenic lines was assessed by plating 5-day-old seedlings on 1/2 MS agar with and without 300 mM mannitol. No differences in growth were observed between WT and transgenic plants in the absence of mannitol. After 20 days of growth on media containing mannitol, WT and transgenic plants were smaller with brown and yellow leaves compared to the non-treated plants. These phenotypes were more severe in WT plants (Figure 7A). Treated and non-treated seedlings were transferred into pots containing vermiculite without mannitol to allow surviving plants to recover (Figure 7B). The survival rate of the WT and transgenic lines was assessed after a 20-day recovery period. Wild-type Arabidopsis plants had a 20.83% survival rate, whereas L24, L29, and L36 had survival rates of 45.14%, 42.36%, and 46.53%, respectively (Figure 7C). These results indicate that overexpression of GhGT23 in Arabidopsis confers enhanced drought stress tolerance.




Figure 7 | The effect of GhGT23 overexpression on Arabidopsis in response to drought-simulating mannitol treatment. (A) Images of WT and transgenic Arabidopsis plants overexpressing GhGT23 (L24, L29, and L36) 12-days after being transferred to 1/2 MS agar with and without 300 mM mannitol.  (B) Images of WT and transgenic Arabidopsis plants treated with 300 mM mannitol, followed by a 20-day recovery period in vermiculite. (C) Survival rates of WT and transgenic plants after a 20-day recovery period from mannitol treatment. Each bar represents the average of three experiments with 36 plants used in each experiment. Error bars indicate standard deviation and different letters indicate significant differences (p < 0.05), which were determined using ANOVA, followed by Duncan’s multiple comparison test.



To better simulate real-world drought stress, 12-day-old seedlings were not watered for 30 days. At the end of the 30-day drought period, plants were watered, and images were taken after 3 days to assess plant survival. No difference between the WT and transgenic plants was observed in the absence of drought, but all plants were severely dwarfed and wilted at the end of the 30-day drought period (Figure 8A). However, these phenotypes were less severe in the transgenic lines, and 3 days after watering, the transgenic lines completely recovered, while only 60% of the WT plants survived (Figures 8A, B). These results show that overexpressing the cotton GhGT23 gene in transgenic Arabidopsis plants increases drought tolerance.




Figure 8 | The effect of GhGT23 overexpression on Arabidopsis in response to 30-day drought treatment. (A) Images of WT and transgenic Arabidopsis plants overexpressing GhGT23 (L24, L29, and L36) 30 days after a normal watering schedule (control) and drought. Plants were also imaged 3 days after being watered at the end of the drought period. (B) Survival rates of WT and transgenic plants after a 3-day recovery period from drought treatment. Each bar represents the average of three experiments with 64 plants used in each experiment. Error bars indicate standard deviation and different letters indicate significant differences (p < 0.05), which were determined using ANOVA, followed by Duncan’s multiple comparison test.





GhGT23 overexpression sustains root growth in Arabidopsis upon salt and drought stress

In addition to the effects of salt and drought stress on shoot development, these stresses can also adversely affect root development. We sought to determine if the roots of transgenic GhGT23-expressing Arabidopsis seedlings were more resistant to NaCl and mannitol than WT plants. In the absence of either stress, the root lengths of WT and transgenic plants were the same, but when plants were raised on 1/2 MS agar containing 135 mM NaCl or 300 mM mannitol the root lengths of all lines decreased significantly (Figure 9). However, root length reduction in the presence of these stresses was significantly less severe in the transgenic plants (Figure 9). These results largely mirror the effects of salt and drought stress on shoots and provide additional evidence that overexpression of GhGT23 in Arabidopsis confers enhanced tolerance against these stresses.




Figure 9 | The effects of salt and mannitol stress on root length in Arabidopsis GhGT23-overexpressing lines. (A) Root images from plants growing on 1/2 MS agar, 1/2 MS agar supplemented with 135 mM NaCl, and 1/2 MS agar supplemented with 300 mM mannitol. (B) Quantification of primary root lengths from plants growing on 1/2 MS agar with and without 135 mM NaCl and 300 mM mannitol. Each bar represents the average of three experiments with 24 plants used in each experiment. Error bars indicate standard deviation and different letters indicate significant differences (p < 0.05) which were determined using ANOVA, followed by Duncan’s multiple comparison test. Each data point is the average of three experiments, with each experiment consisting of 48 plants.





Stress-responsive genes are upregulated in GhGT23-transgenic plants

Plants have evolved a variety of regulatory mechanisms for drought adaptation, and the regulation of hormones, especially abscisic acid (ABA), is one of the most important strategies (Drake et al., 2013) When plants are subjected to drought stress, ABA levels increase with the severity of drought stress (Bhusal et al., 2019). We hypothesized that GhGT23 may promote salt and drought tolerance in transgenic Arabidopsis plants by regulating genes involved in plant stress responses. To test this hypothesis, we analyzed the expression levels of ABA-responsive, cold and drought stress-tolerance-related genes.The expression levels of 11 abiotic stress-responsive genes: DREB1B, COR6.6, COR47, RD22, SAP18, COR15A, DREB2A, DREB2B, STZ, AP2, and DREB2C were higher in transgenic plants overexpressing GhGT23 than in WT plants (Figure 10).




Figure 10 | The expression of stress-related genes in WT and transgenic Arabidopsis lines overexpressing GhGT23. Each bar represents the average of three experiments with 12 plants used in each experiment. The expression of stress-related genes in WT plant was set to 1 as control. Different letters indicate significant differences between the control plants and transgenic lines from the same gene which were determined using ANOVA, followed by Duncan’s multiple comparison test (p < 0.05).





GhGT23 has no transcriptional activation activity as revealed by dual-luciferase assay

Transcription factors can activate or repress the expression of the genes that they regulate. To determine if GhGT23 can activate transcription, we performed a dual-luciferase reporter assay in Arabidopsis protoplasts. Firefly luciferase expression was regulated by a promoter consisting of five tandem GAL4 binding sites and the minimal TATA region of the cauliflower mosaic virus (CaMV) 35S promoter (Figure 11A). GhGT23 was expressed downstream and in-frame with the yeast GAL4 DNA-binding domain (GAL4DBD) and expression of the GhGT23:GAL4DBD fusion gene was driven by a 35S promoter (Figure 11A). Expression of GAL4DBD alone served as a negative control, whereas VP16 served as a positive control for the activation of luciferase expression. Renilla luciferase expression driven by a 35S promoter served as an internal control. The GAL4 reporter vector and Renilla luciferase internal control vector were co-transfected with each of the three effector vectors into Arabidopsis protoplasts. Interestingly, we found that GhGT23:GAL4DBD expression did not activate luciferase expression, suggesting that GhGT23 is a TTF that may lack transcriptional activation activity (Figure 11B).




Figure 11 | Assessing the transcriptional activity of GhGT23 with a dual-luciferase reporter assay. (A) Diagram of the reporter and effector constructs used in the dual-luciferase reporter assay to assess the transcriptional activity of GhGT23. The GAL4 reporter was co-transfected with Renilla luciferase and each of the three effectors. (B) Luminescence from luciferase was quantified to assess the transcriptional activity of GhGT23. Each bar represents the average of three experiments. Error bars indicate standard deviation and different letters indicate significant differences (p < 0.05) which were determined using ANOVA, followed by Duncan’s multiple comparison test.





GhGT23 binds GT and MYB promoter elements in vitro

TTFs bind GT cis-elements in the promoters of target genes to activate or repress gene expression. Variations exist in the sequences of GT elements, and each TTF subfamily has a preference for the specific GT element that they bind. The GT-1 and GT-3 subfamilies have a single DNA-binding domain that specifically binds the Box II element (5’-GTGTGGTTAATATG-3’) and 5’-GTTAC-3’ motif. Members of the GT-2 subfamily have two DNA-binding domains that can bind to GT2-Box (5’-GCGGTAATTAA-3’) and GT3-Box (5’-GAGGTAAATCCGCGA-3’) elements (Xie et al., 2009; Kaplan-Levy et al., 2012). An electrophoretic mobility shift assay (EMSA) was performed to determine if GhGT23 could bind to several known GT and MYB elements (Figure 1A). We found that the GhGT23 protein could bind to the GT elements GT-1Box (Box II), GT2-Box, GT3-Box, Box, GT-3a (Site1-type), and GT-3b and the MYB elements MBS1 and MRE4 (Figure 1B). Although GhGT23 could bind to every GT element and two of the MYB elements tested, we did not observe binding to the MYB elements MRE1 and MRE3. These results are interesting because they suggest that GhGT23 is more promiscuous than most TTFs in its ability to bind diverse GT and MYB elements.




Discussion

Due to the reduction of arable land worldwide, cotton production has had to compete with grain production over shrinking sources of quality farmland. One strategy for the sustained production of cotton is to develop varieties that can grow in saline-alkali soil that is unsuitable for grain production. Current research efforts are focused on improving abiotic stress tolerance in cotton through genetic engineering of key regulators in stress response pathways. Common targets for engineering are key transcription factors that regulate the expression of downstream stress-response genes (Liu et al., 2022; Zhang et al., 2022). Recent studies of TTF family members in diverse plant species have revealed that these transcription factors are involved in plant responses to abiotic stresses such as salt and drought. A previous study by our lab identified GhGT23 as a TTF in cotton that is differentially expressed in response to multiple abiotic stresses (Li et al., 2013). In this study, we further characterize the function of GhGT23 in salt and drought stress in transgenic Arabidopsis lines overexpressing GhGT23.

GhGT23 was cloned from upland cotton, and a SMART analysis of the protein sequence identified a single SANT domain (Figure 2A). The SANT domain is multifunctional and participates in both protein-protein and protein-DNA interactions; it is closely related to enzymatic activity and substrate affinity (Boyer et al., 2002; Boyer et al., 2004; Engel et al., 2018). Phylogenetic analysis revealed that GhGT23 falls within the SIP subfamily of TTFs along with Arabidopsis AtASIL1 and AtASIL2 (Figure 2B). AtSIL1 and AtSIL2 are involved in stem cell regulation, embryo patterning, and the transition from vegetative to reproductive growth in Arabidopsis, but no role in abiotic stress tolerance has been described for these TTFs (Willmann et al., 2011; Luo et al., 2012). Members of other TTF subfamilies, such as Arabidopsis AST1 and Brassica napus BnSIP1-1, do regulate the expression of downstream genes that promote enhanced tolerance to salt, osmotic, and drought stress (Luo et al., 2017; Xu et al., 2018). We demonstrated that GhGT23 expression was affected by salt, drought, cold, and ABA treatments, and GhGT23 was highly expressed under non-stressed conditions in cotton fibers (Figures 3A, B). The nuclear localization of GhGT23 we observed in Arabidopsis protoplasts provided additional evidence that this is a novel cotton TTF in the SIP subfamily that may regulate abiotic stress responses through an ABA-dependent signaling pathway (Figure 4).

Generating stable transgenic cotton plants is challenging due to cost, time, and technical difficulties. As a cheaper, quicker, and easier alternative, TTFs from soybean and poplar have been successfully expressed in Arabidopsis to study their role in abiotic stress responses (Xie et al., 2009; Weng et al., 2012). We generated stable transgenic Arabidopsis lines overexpressing GhGT23 to gain further insight into the biological function of this TTF. These transgenic Arabidopsis lines had enhanced above-ground tolerance to salt and drought stress in both in vivo and in vitro assays (Figures 5–8). Additionally, the primary roots of Arabidopsis expressing GhGT23 were longer than those of WT plants upon salt and drought stress (Figure 9). These results demonstrate that overexpression of GhGT23 confers enhanced salt and drought stress tolerance in a heterologous system.

To gain further insight into the molecular mechanism underlying improved salt and drought tolerance in the GhGT23-overexpressing Arabidopsis lines, we selected some stress marker genes in Arabidopsis and monitored their expression in WT and transgenic lines after 7-day salt exposure. We noticed a significant increase in the expression of DREB1B, COR6.6, COR47, RD22, SAP18, COR15A, DREB2A, DREB2B, STZ, AP2, and DREB2C (Figure 10). Dehydration-responsive element-binding (DREB) proteins are transcription factors involved in cold, drought, and salt stress response pathways (Maruyama et al., 2004; Lee et al., 2005; Oh et al., 2005; Matsukura et al., 2010; Lei et al., 2016). The Arabidopsis DREB-like transcription factors have been shown to regulate the expression of downstream stress-related genes including HsfA3, rd29A/cor78, kin1, kin2, cor6.6/kin2, cor15a, cor47/rd17, and erd10 to improve the tolerance of multiple stresses in transgenic plants (Liu et al., 1998; Seki et al., 2001; Maruyama et al., 2004; Zhao et al., 2007). Part of their function is to regulate the expression of cold-responsive genes that are involved in stress tolerance. AtSTZ is a positive regulator of salt stress tolerance, whereas AtSAP18 is a negative regulator of drought and salt stress tolerance in Arabidopsis (Sakamoto et al., 2000; Sakamoto et al., 2004). These results demonstrate that overexpression of GhGT23 in Arabidopsis broadly affects the expression of many genes involved in plant abiotic stress tolerance.

The results of the dual-luciferase reporter assay indicated that GhGT23 does not have the ability to activate transcription on its own in Arabidopsis protoplasts (Figure 11). However, our EMSA results demonstrated that GhGT23 can bind all six of the GT elements tested and two out of four MYB elements tested (Figure 1). This was an unexpected discovery because TTFs are typically very selective for the cis-elements that they bind. These results also raise an interesting question regarding the function of GhGT23. If GhGT23 is not a transcriptional activator, what purpose does it have in binding GT and MYB elements? It is possible that GhGT23 is a transcriptional repressor or perhaps a transcriptional activator that requires other proteins in cotton that are not conserved in Arabidopsis.



Conclusions

In this study, we cloned and characterized GhGT23, a novel TTF in cotton and a member of the SIP subfamily. We observed that the expression of GhGT23 is influenced by drought, salt, cold, and ABA treatments. Remarkably, Arabidopsis transgenic lines overexpressing GhGT23 exhibit enhanced tolerance of salt and drought stress, which results in better above-ground and below-ground growth in the presence of these stresses. We also found that GhGT23 overexpression increases the expression of multiple downstream stress-related genes in Arabidopsis, and the GhGT23 protein binds to diverse GT and MYB cis-elements. Interestingly, GhGT23 does not exhibit transcriptional activation activity, which brings into question the biological significance of GhGT23 binding to GT and MYB cis-elements. It is possible that GhGT23 functions as a transcriptional repressor or requires post-translational modifications performed by proteins in cotton that are not conserved in Arabidopsis. Future studies addressing these questions will reveal more about the molecular mechanism through which GhGT23, and possibly other SIP subfamily members, regulate plant stress responses.
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Trihelix transcription factors (TTF) are a class of light-responsive proteins with a typical triple-helix structure (helix-loop-helix-loop-helix). Members of this gene family play an important role in plant growth and development, especially in various abiotic stress responses. Salix matsudana Koidz is an allotetraploid ornamental forest tree that is widely planted for its excellent resistance to stress, but no studies on its Trihelix gene family have been reported. In this study, the Trihelix gene family was analyzed at the genome-wide level in S. matsudana. A total of 78 S. matsudana Trihelix transcription factors (SmTTFs) were identified, distributed on 29 chromosomes, and classified into four subfamilies (GT-1, GT-2, SH4, SIP1) based on their structural features. The gene structures and conserved functional domains of these Trihelix genes are similar in the same subfamily and differ between subfamilies. The presence of multiple stress-responsive cis-elements on the promoter of the S. matsudana Trihelix gene suggests that the S. matsudana Trihelix gene may respond to abiotic stresses. Expression pattern analysis revealed that Trihelix genes have different functions during flooding stress, salt stress, drought stress and low temperature stress in S. matsudana. Given that SmTTF30, as a differentially expressed gene, has a faster response to flooding stress, we selected SmTTF30 for functional studies. Overexpression of SmTTF30 in Arabidopsis thaliana (Arabidopsis) enhances its tolerance to flooding stress. Under flooding stress, the leaf cell activity and peroxidase activity (POD) of the overexpression strain were significantly higher than the leaf cell activity and POD of the wild type, and the malondialdehyde (MDA) content was significantly lower than the MDA content of the wild type. Thus, these results suggest that SmTTF30 enhances plant flooding tolerance and plays a positive regulatory role in plant flooding tolerance.




Keywords: genome-wide characterization, Trihelix family, Salix matsudana, submergence stress, RNA-Seq





Introduction

Trihelix transcription factors are a small family of transcription factors in plants, named because they contain three tandem helix structures (helix-loop-helix-loop-helix) in the DNA-binding structural domain. This domain specifically binds to the GT element, a light-response element on the DNA sequence, so the family is also known as the GT factor family (Green et al., 1987; Zhou, 1999). Generally, there are 1 or 2 domains present in the N-terminus or C-terminus of Trihelix proteins, which have highly consistent amino acid sequences and are strongly conserved among different member families. The Trihelix family is divided into five subfamilies in Arabidopsis: GT-1, GT-2, GTγ, SH4 and SIP1(Kaplan-Levy et al., 2012). The SH4 subfamily has a longer domain than the other subfamilies, but all other subfamily proteins have a 4th alpha helix structure downstream of the conserved functional structural domain. In addition, the GT-2 subfamily contains a central α-helix domain, while the other subfamilies contain only a C-terminal α-helix domain (Kuhn et al., 1993; Ayadi et al., 2004; Xie et al., 2009). The conserved domain of the Trihelix transcription factor was found to overlap and be similar to the helix-turned-angle helix structure of the MYB transcription factor. Therefore, the domain of the Trihelix transcription factor contains the main features of the Myb transcription factor (Nagano, 2000; Song et al., 2021). The differences in structure may be related to the binding of target gene sequences, which also leads to functional differences in different subfamily genes of Trihelix.

Previous studies suggested that Trihelix proteins are plant-specific, but subsequent homologous sequence analysis revealed that Trihelix transcription factors are also present in the intestinal cavity of animals and insects (Dehesh et al., 1992). Currently, Trihelix transcription factor studies are reported mainly in plants. Compared with other gene families in plants, the Trihelix family is not large, with the number of members ranging from 30-60 in most species and approximately 100 in individual polyploid species. For example, there are 29 members of Trihelix in Arabidopsis, 41 in rice, 20 in chrysanthemums, 56 in black cottonwood, and 94 in hexaploid wheat (Jin et al., 2014; Song et al., 2016; Wang et al., 2016; Li et al., 2019; Xiao et al., 2019). Different members play important roles in plant growth and development, light regulation, and plant morphogenesis (Kaplan-Levy et al., 2012). Previous research has confirmed the role of Trihelix transcription factors in plant development. Arabidopsis ASIL2 and rice LOC-Os02g3610 genes are involved in regulating early embryo development. AtASIL1 has a negative regulatory effect on seedling embryo shape and can maintain temporal control of seed germination(Willmann et al., 2011; Barr et al., 2012; Wan et al., 2015). Deletion of Arabidopsis PTL results in reduced petal number(Quon et al., 2017). Tomato SlGT11 plays a role in the typing of floral organs and maintenance of floral characteristics (Yu et al., 2018). Populus PtaGTL1 regulates stomatal development and plant water absorption (Yoo et al., 2019).

Trihelix family genes have received increasing attention from botanists for their important and critical role in abiotic stresses. The Trihelix family of transcription factors has been shown to play an important role in abiotic stresses such as salt stress, drought stress, cold stress and flooding stress (Kaplan-Levy et al., 2012). The Arabidopsis SIP1 subfamily member gene AtAST1 produces physiological changes by regulating stress-responsive genes, ultimately improving salt and osmotic tolerance in transgenic plants (Xu et al., 2018). CsGT-3b in the cucumber and BvM14-GT-3b in the sugar beet both showed significant upregulation after salt stress (Wu et al., 2013; Wang et al., 2017). Two Trihelix family gene members of soybean, GmGT-2A and GmGT-2B, improved plant tolerance to salt, freezing and drought stresses (Xie et al., 2009). ShCIGT, a new member of the GT-1 subfamily, was identified in wild tomato, and overexpression lines showed better cold tolerance after cold stress. Phenotypic and physiological indicators suggest that ShCIGT improves tolerance by reducing cell membrane damage caused by cold stress (Yu et al., 2018). Seven members of the Trihelix transcription factor family were screened in maize as candidate genes for waterlogging tolerance and drought tolerance(Du et al., 2016). In addition, members of the Trihelix transcription factor SIP1 subfamily, AtVFP3 and AtVFP5, were identified in A. thaliana to interact with Agrobacterium oncogenes to enhance plant tolerance to tumor growth (García-Cano et al., 2015).

Salix matsudana Koidz is an allotetraploid tree species of the genus Salix, which is widely planted in China because of its high resistance and adaptability to biotic and abiotic stresses and is known as the “Chinese willow” (Hou et al., 2019; Zhang et al., 2020; Liu et al., 2021). S. matsudana can be widely planted as a salt-tolerant species in areas with high soil water content, such as coastal mudflat wetlands, which also indicates that Willow has strong tolerance to survival in wetlands for a long time (Zhang et al., 2017). However, in its long life cycle, S. matsudana faces several challenges, including pests and diseases, salt stress, low temperature stress, drought stress, flooding and other stresses. Studies have been carried out to determine salt tolerance and Cd-resistence in S. matsudana, to identify salt tolerance genes (Yang et al., 2015; Yuan et al., 2019; Zhang et al., 2021; Chen et al., 2022a). However, there are currently few reports on the response of S. matsudana to flooding stress, the existence of submergence tolerant varieties, and genetic resources that could be used to improve flooding stress tolerance during the breeding program. Willows respond phenotypically and physiologically to flooding, yet the molecular mechanisms underlying their response remain unknown. In this study, we systematically analyzed the molecular evolution, gene structure, cis-elements, conserved motifs and expression patterns of Trihelix gene family members in S. matsudana. Then, we proximally characterized the function of SmTTF30 under flooding stress. These results indicate that SmTTF30 enhances plant submergence tolerance, which helps us to elucidate the response and regulatory mechanism of S. matsudana to submergence stress and provide a theoretical basis for molecular breeding.





Materials and methods




Plant material, growth conditions and treatment

The plant materials in this study included the arbor willow ‘Suliu 795’ (Salix × jiangsuensis ‘J795’) and two genotypes of Arabidopsis, Col-0 (WT) and SmTTF30/WT (OE). All Arabidopsis lines were germinated on half-strength Murashige and Skoog media supplied with 2% sucrose (1/2 MS) for 10-14 days, and then the seedlings were planted on mixed soil (50% peat soil and 50% vermiculite). One-year-old stem cuttings (length, 8-10 cm; coarse, 2-3 cm) of ‘suliu 795’ were immersed in water, which was collected from the botany garden of Nantong University (Nantong, China). All materials were grown in an artificial climate chamber (16 h day/8 h night, 22°C day/18°C night). Five-week-old Arabidopsis plants were subjected to flooding treatment with the water surface 3 cm above the plants. After treatment for 0, 4 h, 12 h, 24 h, 48 h, 3 days, 5 days, recovery 4 h and 24 h, and leaves were collected. Two-week-old willows were incubated with 20% PEG6000, 200 mM mannitol solutions and low temperature (4°C). After treatment for 0, 4 h, 12 h, 24 h, and 48 h, adventitious roots were collected. This experiment was independently repeated three times. All samples were subsequently frozen and stored at -80°C for RNA extraction. Flooding stress transcriptome data are under 4 h, 12 h, 24 h and 48 h of flooding treatment, and salt stress transcriptome data are after 0 h, 4 h, 8 h and 12 h of 200 mM NaCl treatment.





Identification and characterization of SmTTF

Sequences of Arabidopsis thaliana, Oryza sativa, Populus trichocarpa, and Salix purpurea were downloaded from JGI (https://www.phytozome.net/). S. matsudana sequences were obtained from our sequencing, and assembly results were obtained by Roche/454 and Illumina/HiSeq-2000 sequencing technologies(Zhang et al., 2020). Arabidopsis trihelix family member sequences were downloaded from the Plant Transcription Factor Database PlantTFDB (http://planttfdb.gao-lab.org/) (Zhang et al., 2011). The P. trichocarpa Trihelix gene sequence was obtained from the article(Wang et al., 2016). Based on two BLASTp methods, the 34 triheix protein sequences of Arabidopsis retrieved from the Plant Transcription Factor Database (PlantTFDB) were used as queries to obtain the possible Trihelix proteins in the S. matsudana genome by BLASTp search with a cutoff E-value of 1.0×10-10. All the trihelix candidate proteins were checked using the Conserved Domain Database (CDD) of NCBI and SMART database (Lu et al., 2020). ExPASy was used to determine the basic physical and chemical characteristics of 78 trihelix proteins, such as the molecular weight (MW), isoelectric point (pI) and amino acid sequence length (Wilkins et al., 1999). Cell-PLoc was used to predict subcellular localization (Chou and Shen, 2008). DEGs were obtained from the results of transcriptome data. DEGs were identified using the DEGseq R package with filtering criteria of false discovery rate (FDR)<0.01 and fold-change ≥2. Then we entered the gene names of TTFs to search among all DEGs.





Phylogenetic analysis and classification of SmTTF genes

Arabidopsis and Populus Trihelix genes were extracted from their genomes according to previous reports. The amino acid sequences of the Trihelix gene from three plants were used to construct a neighbor-joining (NJ) phylogenetic tree by MEGA X software with default parameters (Kumar et al., 2018). The bootstrap value was set to 1,000. The tree was embellished by web-based software ChiPlot(https://www.chiplot.online/tvbot.html).





Gene structure, conserved motif structure and promoter cis-element analysis

The intron-exon structures of SmTTFs were obtained based on the gene annotation Gff3 files we assembled. To characterize the structure of SmTTF proteins, the conserved motifs were analyzed using the online tool MEME with the following parameters: motif 10 and width between 6-50 amino acid residues (Bailey and Elkan, 1994). Cis-elements on the promoter (-2,000 bp upstream ATG) were predicted on the PlantCARE website. Graphics of structures were drawn using TBtools software (Chen et al., 2020).





Gene position on chromosomes and collinearity analysis

Location and chromosome length information of every SmTTF gene was obtained from the gene annotation Gff3 file. TBools software was used to draw the chromosomal distribution image of SmTTF genes. The detection and identification of gene duplication events in SmTTF genes were performed using multiple collinear scanning toolkits (MCScanX) with default parameters. MCScanX was also used with default settings to analyze the syntenic relationship of the trihelix family genes among the S. matsudana, A. thaliana, O. sativa, P. trichocarpa, and S. purpurea genomes. After obtaining duplicated gene pairs, the synonymous substitution rate (Ks) and nonsynonymous substitution rate (Ka) of gene pairs were calculated using the ‘Simple Ka/Ks Calculator’ of TBtools.





RNA extraction and real-time quantitative PCR

RNA from the plant tissue of all stress-treated materials was extracted using the RNAprep Pure Plant Plus Kit (TIANGEN, DP441, Beijing, China). The RNA was used to synthesize first-strand cDNA with the PrimeScript RT Reagent Kit (Takara, RR037Q, Beijing, China). The primers used for qRT-PCR are listed in Supplementary Table 2. The program was performed using ABI7500 according to the manufacturer’s instructions. PCR mixes were made following the protocols of the UltraSYBR Mixture(CWBIO, CW2601S, Taizhou, China). The expression levels were calculated using 2-ΔΔCt and compared to the internal control and CK sample (Livak and Schmittgen, 2001).





Cloning of SmTTF30, vector construction and transformation of A. thaliana

Leaf RNA of S. matsudana and first-strand cDNA were obtained using the methods described above. SmTTF30 was amplified by 2×Es Taq MasterMix (CWBIO, CW0690L, Taizhou, China) using the primers listed in Supplementary Table 2. The PCR products were cloned into a PMD18-T vector (Takara, 6011, Beijing, China) according to the manufacturer’s protocols. pWM101-35S:SmTTF30 was constructed using an infusion strategy (ClonExpress II One Step Cloning Kit, C112-01, Vazyme, Nanjing, China). The pWM101-35S:SmTTF30 construct was first transformed into Arabidopsis WT (Col-0) through the agrobacterium-mediated (GV3101) floral dip method reported previously (Clough and Bent, 1998). The positive SmTTF30/WT(OE) T1 plants were screened using half strength (1/2) MS with 20 mg/L hygromycin and genomic PCR with SmTTF30-specific primers (Supplementary Table 2).





Evans blue stain and detection of physiological paramenters

Leaves of WT and three independent SmTTF30 lines were immersed in 0.25% Evans Blue solution, rinsed with water and placed in anhydrous ethanol for decolorization (Jacyn Baker and Mock, 1994). The leaves were laid flat and scanned with a scanner. All leaves were homogenized using liquid nitrogen. The activity of peroxidase (POD, A084-3-1, NJJCBIO, Nanjing, China) and the content of malondialdehyde (MDA, A003-3-1, NJJCBIO, Nanjing, China) were detected using the respective kits according to the manufacturer’s instructions. All treatments were applied to at least three replicates.





Data analysis

Origin 2018 (Originlab, MA, USA) was used to construct graphs of the data. SPSS version 25 statistical software (SPSS, NY, USA) was used to detect statistically significant differences.






Results




Identification, phylogenetic analysis and classification of SmTTFs

In this study, 78 Trihelix family members were identified in the S. matsudana genome with reference to known Trihelix protein sequences in Arabidopsis, and every gene was confirmed to contain the Trihelix structural domain. The 78 Trihelix genes were named SmTTF01-SmTTF78 according to their position on the chromosome. Among the 78 members identified, the SmTTF gene encoded proteins with lengths ranging from 206 aa to 769 aa, molecular weights ranging from 24.48 kDa to 83.64 kDa, and isoelectric points ranging from 4.55 to 10.1, with the smallest being SmTTF34 and the largest being SmTTF70. The subcellular localization prediction results showed that all proteins could localize to the nucleus, and five proteins localized to chloroplasts, SmTTF05, SmTTF39, SmTTF40, SmTTF55 and SmTTF78, which may be related to photosynthesis. SmTTF40 and SmTTF68 were also localized to the peroxisome, and we speculated that those proteins are related to photosynthesis, metabolism and developmental processes. Supplementary Table 1 listed basic information about all Trihelix members in S. matsudana.

To investigate the phylogenetic relationships among the Trihelix proteins in Arabidopsis, poplar and salix, a neighbor-joining phylogenetic tree was constructed using 168 Tihelix sequences, including 34, 56 and 78 sequences from Arabidopsis, poplar and salix, respectively (Figure 1). Among these species, GT-2, with 28 SmTTF family members, was the largest subfamily, whereas SH4 was the smallest clade, with 13 SmTTF family members. The SIP1 and GT-1 clusters contained 23 and 14 SmTTF members, respectively. There was no GTγ family member in S. matsudana; therefore, we hypothesized that S. matsudana is conservative in evolution, which also indicated evolutionary differences between S. matsudana and other species. The phylogenetic tree showed that the evolutionary relationship between GTγ, GT1 and GT2 was relatively close and intermediate, indicating that GTγ evolved from GT1 and GT2, and the functions of the three subfamily genes were similar.




Figure 1 | Phylogenetic tree of trihelix proteins in S. matsudana, A. thaliana and P. trichocarpa. Different colored branches represent different subfamilies. S. matsudana, A. thaliana and P. trichocarpa are marked as triangles, circles and squares, respectively.







Gene structure and conserved motifs in S. matsudana

The conserved motifs of the Trihelix gene of S. matsudana were analyzed by the MEME Suite tool, and a total of 10 conserved motifs were identified. The visualization results were shown in Figures 2A, B, where the conserved structural domains of the same subfamilies were similarly distributed. All genes contained Motif1, which was annotated as a Myb/SANT-like DNA-binding domain because of its overlap and similarity to the helix-turned-angle helix structure of the MYB transcription factor. GT-1 and SIP1 subfamily genes all contained Motif1 and Motif2, located at the 5’ end. The GT-1 subfamily of genes also included motifs 3, 5, 6, and 10. In the SIP1 subfamily, motifs 1, 2 and 10 were located at the 5’ end, and motif 8 is located at the 3’ end. The SH4 subfamily genes also contained motifs 3, 6, 7, and 9, with motif 7 located at the 5’ end and motif 9 at an intermediate position. The GT-2 subfamily genes also included motifs 2, 3, 4, 5, 6, 7, and 9, with motifs 2 and 4 concentrated at the 5’ end, motifs 3 and 7 concentrated at the 3’ end, and motifs 5, 6, and 9 concentrated at the intermediate position.




Figure 2 | Structures and conserved motifs of SmTTF genes. (A) The phylogenetic tree was constructed based on the amino acid sequences of S. matsudana trihelix proteins. Different colored branches represent different subfamilies. (B) The motif compositions of S. matsudana Trihelix proteins. Motifs 1-10 are marked in different colored boxes. (C) Gene structure of the S. matsudana trihelix family. CDS, introns, and untranslated regions are marked by green boxes, gray lines, and yellow boxes, respectively.



The structure of these Trihelix genes was further analyzed to characterize the S. matsudana Trihelix gene family (Figure 2C). The number of exons of the Trihelix gene in S. matsudana was distributed between 1 and 6, with the highest average number of exons in the GT-1 and GT-2 subfamilies and the lowest in the SIP1 subfamily. We found that the SIP1 gene had only 1-2 exons, 5 of the 13 genes in the SH4 subfamily had 3 exons, and 3 genes had more than 3 exons. Nine and 19 genes in the GT-1 and GT-2 subfamilies, respectively, contained two exons, five of the GT-1 genes had 5-6 exons, seven of the GT-2 genes contained three exons, and one had four more exons. Members of the same subfamily were observed to share a similar genetic structure.





Chromosome distribution, evolutionary and collinearity analysis of the SmTTFs

Chromosomal localization of the identified Trihelix genes was performed (Figure 3), and 68 of the 78 SmTTF genes were distributed on 29 of the 38 chromosomes of S. matsudana. Chromosomes 11 and 21 contained the highest number of genes with six genes, and chromosomes 2, 8, 9, 12, 13, 14, 15, 19, 23, 24, 25, 30, 35, 36, 37, and 38 all had only one gene distribution. Trihelix genes from different subfamilies were mostly randomly distributed; for example, 11 of the 13 SH4 subfamily genes were located on Chr10, Chr11, Chr12, Chr18, Chr21, Chr30, Chr33, Chr35, and Chr36. The analysis identified 111 pairs of duplicated genes, including three pairs of tandem repeats, SmTTF07 and SmTTF10, SmTTF48 and SmTTF50, and SmTTF62 and SmTTF63 tandem repeats. Intragenomic covariance analysis identified the remaining 108 pairs as segmental repeats (Figure 4). The Ka/Ks of all duplicated gene pairs were less than 1 (Supplementary Table 3), indicating that these genes may have experienced strong purifying selection pressure during evolution.




Figure 3 | Chromosomal locations and tandem duplication of S. matsudana trihelix genes. The black lines indicate tandem duplicated trihelix gene pairs. The chromosome number is indicated to the left of each chromosome.






Figure 4 | Schematic representations of the segmental duplication and interchromosomal relationships of SmTTF genes. Gray lines indicate all syntenic gene pairs in the S. matsudana genome, and red lines indicate syntenic relationships between SmTTF genes. Gene density across chromosomes is indicated by a hot map (inner circle) and column map (medium circles), and the outer circle shows the length of chromosomes.



To gain a closer understanding of the replication mechanism of TriHelix gene family members in S. matsudana, we constructed covariance maps of S. matsudana and A. thaliana, O. sativa, P. trichocarpa and S. purpurea (Figure 5). The results of covariance analysis showed that 37 SmTTF genes in S. matsudana showed covariance with 16 genes in Arabidopsis (Figure 5A). Twenty SmTTF genes showed covariance with 9 genes in rice (Figure 5B). Sixty-four SmTTF genes showed collinearity with 40 genes in poplar and 41 genes in S. purpurea with 65 SmTTF genes (Figures 5C, D). The homologous gene pairs of S. matsudana with A. thaliana, O. sativa, P. trichocarpa and S. purpurea were 45, 35, 142 and 147, respectively, indicating a high species affinity between S. matsudana and P. trichocarpa and S. purpurea.




Figure 5 | Synteny analysis of SmTTF genes between S. matsudana and four related species, A. thaliana, O. sativa, P. trichocarpa and S. purpurea. (A) Synteny analysis of SmTTF genes between S. matsudana and A. thaliana. (B) Synteny analysis of SmTTF genes between S. matsudana and O. sativa. (C) Synteny analysis of SmTTF genes between S. matsudana and P. trichocarpa, (D) Synteny analysis of SmTTF genes between S. matsudana and S. purpurea. Gray lines in the background indicate the collinear blocks within S. matsudana and other plant genomes, whereas red lines highlight syntenic SmTTS gene pairs.







Cis-elements on the promoter of SmTTFs

To more closely analyze the functions of the Trihelix gene in S. matsudana that have diverged during evolution, especially the plant response to abiotic stresses. We submitted a 2000 bp sequence upstream of each SmTTF translation start site to the PlantCARE database to search for specific cis-acting elements. All Trihelix genes in S. matsudana contained at least 10 cis-acting elements related to the light response, which was also consistent with the light response properties of the Trihelix transcription factor family (Figure 6)(Kaplan-Levy et al., 2012). We also identified cis-elements associated with abiotic stress. The hypothermia response element, drought response element, and hypoxia response element were present in 30, 27, and 69 gene promoter regions, respectively. Hormone-related regulatory elements were also identified, including those related to auxin, gibberellin, abscisic acid and salicylic acid, of which 77 genes contained at least one hormone-related gene.




Figure 6 | Distribution of predicted cis-acting elements in the promoter region. Elements are indicated as rectangles, and other sequences are indicated as lines.







Different SmTTFs respond to abiotic stresses differently

To investigate the role of Trihelix genes in abiotic stress, we analyzed the expression pattern of SmTTFs from submergence stress and salt stress transcriptome data. A total of 25 and 32 SmTTF genes were identified as differentially expressed genes under flooding stress and salt stress, respectively, using fold change ≥ 2 and FDR < 0.01 as screening criteria. FPKM values of these genes were entered using TBtools software to construct heatmaps showing gene expression patterns under flooding stress (Figures 7A, B). The A-plot showed the expression pattern of 78 SmTTF genes under flooding stress, with 25 differentially expressed genes (* labeled). Fourteen genes in the GT-2 subfamily were differentially expressed genes, seven differentially expressed genes in the GT-1 subfamily, and three and one in the SIP1 and SH4 subfamilies, respectively. The GT-1 subfamily genes SmTTF02, 06, 19, 30, 37, 47, and 59 had the highest gene expression levels after 4 h of submergence. Five of the GT-2 subfamily genes were downregulated after flooding (SmTTF03, 05, 48, 62, 63), and differentially expressed genes in the SIP1 and SH4 subfamilies were also downregulated after flooding and upregulated again at 48 h of flooding.




Figure 7 | Heatmap of the expression profiles of Salix matsudana trihelix genes under submergence stress and salt stress. (A) Expression profiles of trihelix genes under flooding stress. (B) Expression profiles of trihelix genes under salinity stress. Differentially expressed genes are marked with *. The expression values (Fragments per kilobase for a million reads, FPKM) for each gene were log2 transformed before generating the heatmap.



Panel B showed the expression pattern of SmTTF genes under salt stress, with 17 differentially expressed genes in the GT-2 subfamily, seven DEGs in both the GT-1 and SIP1 subfamilies, and only one DEG in the SH4 subfamily. The differentially expressed gene SmTTF38 in the SH4 subfamily had the highest expression at 4 h of stress, followed by a gradual decrease in expression. The differentially expressed genes SmTTF15, 21, 35, 53, and 70 in the SIP1 subfamily had downregulated gene expression after salt stress, whereas SmTTF16 and 36 had upregulated expression at 4 h and subsequently downregulated expression. The differentially expressed genes in the GT-1 subfamily were upregulated after salt stress and remained relatively stable from 4-12 h. SmTTF01, 03, 31, 42 and 74 in the GT-2 subfamily were upregulated in the gene table at 8 h of stress, whereas the remaining differentially expressed genes were, in contrast, downregulated in expression after salt stress. The expression changes in these genes at different times may had direct or indirect regulatory relationships with other genes. Transcriptomes suggested that most Trihelix family genes play different roles at specific times during the response of willow to submergence stress and salt stress.

We treated 3-week-old cuttings of Suliu 795 with 200 mM mannitol, 20% PEG6000 and 4°C low temperature stress and selected 20 genes of different subfamilies for analysis (Figure 8). This result indicated that the expression levels of response members differ under different abiotic stresses. SmTTF genes showed upregulated expression at 4-24 h under mannitol and low temperature treatment, while SmTTF59 of the GT-1 subfamily and SmTTF69 of the SH4 subfamily showed the highest expression at 48 h of treatment under mannitol treatment. The expression of SmTTF14 and 28 of the GT-2 subfamily and SmTTF18, 20 and 39 of the SH4 subfamily were gradually reduced under low temperature treatment. Under PEG treatment, all of the SmTTF genes, except SmTTF59 and SmTTF42, were determined to show the highest expression at 4 h of submergence, followed by a gradual decrease in expression. The results showed that SmTTF genes can respond to submergence stress, salt stress, drought stress and low temperature stress, and the potential functions of this gene family in responding to and regulating abiotic stresses were valuable for further study.




Figure 8 | The expression profiles of 20 selected trihelix genes in S. matsudana under other abiotic stresses by qRT-PCR. (A) The expression profiles under 200 mM mannitol solutions. (B) The expression profiles under 20% PEG6000. (C) The expression profiles under 4°C. All roots from plants were treated for 4 h, 12 h, 24 h and 48 h. The fold change in expression level is depicted by a heatmap. Data are average values ± SD (n = 3) calculated from three independent experiments. Asterisks indicate significant differences from WT (*p < 0.05, **p < 0.01 by Student’s t-test).







SmTTF30 enhances flooding tolerance in A. thaliana

Transcriptome and qRT-PCR data showed that SmTTF30 responded significantly to a variety of abiotic stresses. Our previous study showed that SmTTF30 of the S. matsudana Trihelix gene family was identified as a flooding tolerance hub gene, and analysis of transcriptomic data revealed that the gene was significantly induced at 4 h of flooding (Chen et al., 2022b). Evolutionary tree analysis revealed that this gene is closely related to Arabidopsis HRA1 (At3g10040), and the study demonstrated that HRA1 can be involved in Arabidopsis in response to flooding stress(Giuntoli et al., 2014). To investigate whether SmTTF was involved in flooding stress, we constructed the structure of 35S:SmTTF30 and transformed it into Arabidopsis WT (Col-0). Overexpression lines were successfully obtained by genotypic identification and expression analysis of the transformed lines. Five-week-old plants of wild-type and three transgenic lines were subjected to 5 days of submergence stress. After flooding stress, the gene expression of the overexpression lines was significantly upregulated, and the gene expression pattern showed a gradual upregulation after flooding, reaching the highest level at 12 h, followed by a gradual downregulation and then a significant upregulation after reoxygenation (Figure 9C). Under normal conditions, there was no difference in growth between the transgenic lines and the wild-type plants. On Day 5 of submergence, wild-type Arabidopsis leaves showed significant yellowing and hyalinization with curled leaf edges, whereas the overexpression lines grew well (Figure 9A). Immediately after reoxygenation, the overexpression lines grew in a better state than the wild type after 4 h and 24 h of reoxygenation. The results of Evans blue staining showed that at 5 days of flooding, the blue area of wild-type Arabidopsis leaves was larger than the blue area of the overexpression lines, and the leaf cell activity was reduced and cell death occurred, while the overexpression lines had less cell damage in the leaves (Figure 9B). In addition, the malondialdehyde content increased after flooding stress, and the MDA content was significantly higher in the WT than in the OE lines (Figure 9D). The POD content also increased after flooding and was significantly higher in the OE than in the WT lines (Figure 9E). In addition, we determined the expression levels of hypoxia-responsive genes. The expression levels of ADH1, PCO2, SUS1, and SUS4 in the overexpression strain were significantly higher than those of the wild type after 5 days of inundation (Figure S1). Taken together, these results suggested that SmTTF30 overexpression in Arabidopsis can improve plant tolerance to flooding stress.




Figure 9 | Submergence tolerance assay of SmTTF30 overexpression lines (Line1, Line3, Line5) and wild type (WT). (A) Five-week-old plants were subjected to submergence stress for 6 days. (B) Evans blue staining. (C) qRT-PCR analysis of transgenic and wild-type plants. (D) MDA content. (E) POD activity. The mean value and standard deviation were obtained from three independent experiments. The data represent the mean ± SD of three biological repeats with three measurements per sample. Data were analyzed by one-way analysis of variance followed by Duncan’s test. Different letters represent statistically significant differences (p < 0.05).








Discussion

An increasing number of studies have demonstrated that Trihelix genes play an important role in different growth and developmental processes such as flowering, stomatal, epidermal hair, embryo and seed development in plants, as well as in abiotic stress responses such as disease, salt stress, drought stress and cold stress (Kaplan-Levy et al., 2012). In this study, we obtained 78 members of the Trihelix gene family by using two BLASTp methods, using the members of the Trihelix gene family as a reference. This number is greater than the number of Trihelix genes reported in the literature for A. thaliana, O. sativa and P. trichocarpa (34, 31, 56), which echoes S. matsudana as an allotetraploid species. We identified a total of 111 pairs of duplicated genes, of which 3 pairs (SmTTF07/10, SmTTF48/50, SmTTF62/63) were tandem repeats and the remaining 108 pairs were segmental repeats. The results indicated that SmTTF is highly conserved and that most of the genes may come from the same ancestor. The generation of tandem repeats and segmental repeats was considered to be one of the central mechanisms for the origin of new genes, which also ensured that plants can have a high tolerance to biotic and abiotic stresses (Ober, 2010; Erthmann et al., 2018). The subcellular localization results showed that most of the 78 genes were located in the nucleus, among which SmTTF05, SmTTF39, SmTTF40, SmTTF55 and SmTTF78 were located in the chloroplast, and SmTTF40 and SmTTF68 were also located in the peroxisome. This implied that SmTTF family members may be involved in a variety of biological processes.

We performed a phylogenetic analysis to elucidate the evolutionary relationships between S. matsudana and the Trihelix gene family of other species. The 78 Trihelix gene family members of S. matsudana were divided into four subfamilies, GT-1, GT-2, SH4 and SIP1, consistent with the results in species such as Arabidopsis (Breuer et al., 2009), moso bamboo (Cheng et al., 2019), wheat (Xiao et al., 2019) and Medicago truncatula(Liu et al., 2020a). In contrast to the closely related species poplar, the S. matsudana Trihelix genes do not belong to the GTγ subfamily. Studies on the GTγ subfamily genes of rice and Arabidopsis revealed that the subfamily genes were mainly involved in the response to stress, with the Arabidopsis GTγ subfamily gene HRA1 responding to submerged dioxygen stress and OsGTγ1 and OsGTγ2 both enhancing the tolerance to salt stress in rice (Fang et al., 2010; Giuntoli et al., 2014). In addition, members of the GT-1 and GT-2 subfamilies also exhibited responses to biotic and abiotic stresses. Within the same subfamily, the type and number of motifs of the S. matsudana Trihelix proteins are usually similar. In addition, members of the same subfamily usually have similar gene structures and exon numbers. There were differences in gene structure and exon numbers between different subfamilies, with SmTTF29, 40, 64, 67 and 78 in the GT-1 subfamily containing 5 and 6 exons, respectively. SmTTF66 in the SH4 subfamily also contained 5 exons, which were significantly different from the exons in other subfamilies. These results suggest that members in the same subfamily may play similar roles in the growth and development of S. matsudana and that members with different gene structures or motifs may perform other specific functions.

The function of SmTTF may also be influenced by the distribution and type of cis-acting elements on the promoter. In this study, we identified 78 S. matsudana Trihelix genes that are involved mainly in light-induced responses and abiotic stresses. In addition to the original study in which the Trihelix gene family was identified for its ability to bind to light response elements on DNA sequences (Nagata et al., 2010), we found that all 78 S. matsudana SmTTF promoter regions had at least one light response element present. We found that hypoxic elements were present in the promoter regions of 69 SmTTF genes. In addition, many other cis-acting elements related to drought, low temperature stress and hormone stress were identified, including MBS, LTR, P-box, CGTCA-motif, TGA and GARE. These results suggest that some S. matsudana Trihelix genes are involved in the abiotic stress response. These results suggested that evolutionary processes have differentiated the functions of the S. matsudana Trihelix gene that play an important role in the response to biotic and abiotic stresses.

Currently, the world is suffering from abiotic stresses such as floods, droughts, and salinization. Stress-responsive genes can be involved in various metabolic processes in plants and help to improve the stress tolerance of plants. Trihelix genes may respond to flooding stress, salt stress, and drought stress (Kaplan-Levy et al., 2012). Flooding stress mainly restricts plant growth by creating a low-oxygen environment and reducing the gas exchange between plants and the outside world. In this study, we found that 84.6% of the S. matsudana Trihelix genes had at least one hypoxic response element (ARE) in their promoter regions, which suggests that the S. matsudana Trihelix genes may be involved in the response to flooding stress. Therefore, the expression patterns of 78 Trihelix genes at different flooding times in S. matsudana were investigated using a self-assayed transcriptome. Many differentially expressed genes were identified, while a large number of Trihelixes exhibited specific expression patterns. In this study, we compared gene expression at five time points and found that expression patterns differed among subfamilies. SmTTF02, 06, 30, 47, and 59 in the GT-1 subfamily showed high expression at 4 h after submergence, followed by a decrease in expression, presumably involving the genes of this subfamily in the early submergence stress response. The expression of SH4 subfamily genes was relatively heterogeneous after flooding, and it is assumed that this subfamily is less responsive to flooding stress in S. matsudana. A hypoxia-inducible GTγ gene, HRA1 (At3G10040), was reported in Arabidopsis, which negatively regulates the ethylene response factor RAP2.12 and avoids accelerated carbohydrate depletion due to excessive accumulation of RAP2.12. Our previous study found that flooding tolerance hub genes were screened in S. matsudana using WGCNA, including SmTTF30 of the GT-1 subfamily. These results demonstrate that S. matsudana Trihelix genes are capable of responding to flooding stress, and some of them may play a regulatory role in the stress process.

In addition, our study also found that the S. matsudana Trihelix gene can respond to high salt, drought, and low temperature stresses. Previous studies reported that the GT-2 gene Gh-A05G2067 in cotton can be induced to be expressed under drought stress and salt stress (Magwanga et al., 2019). The tomato GT-1 gene ShCIGT was also induced to be expressed under drought stress and low-temperature stress (Yu et al., 2018). Our analysis revealed changes in the expression level of the Trihelix gene in S. matsudana under salt stress, drought stress and low-temperature stress. Among these genes, SmTTF expression reached the highest level 4 h after 20% PEG6000 treatment, and then the expression level decreased, indicating that the S. matsudana Trihelix gene can participate in the early response to drought stress. The GT-1, GT-2 and GTγ genes were strongly induced in rice, tomato and cotton. In our study, GT-1 genes (19, 30, 40, 47) and GT-2 (01, 14, 28) in S. matsudana were more sensitive under abiotic stress, except for the GTγ gene.

In previous studies, SmTTF30 was selected as one of the S. matsudana flooding tolerance hub genes by WGCNA (Chen et al., 2022b). We compared the expression of SmTTFs in S. matsudana, and the SmTTF30 gene showed higher gene expression after stress. Evolutionary relationships were higher with the Arabidopsis GTγ gene HRA1 (At3G10040) than other DEGs, so we speculate that SmTTF30 may play a regulatory role in flooding stress tolerance in S. matsudana. Antagonistic interactions between RAP2.12 and HRA1 allow for a flexible response to fluctuating hypoxia and are critical for stress survival. Unlike HRA1, SmTTF30 has the exact opposite effect in Arabidopsis, enhancing flooding tolerance, which may be caused by the difference in structure. SmTTF was induced to be highly expressed after flooding stress in the overexpression lines Arabidopsis and was found to grow better than the wild type after 5 days of flooding. Wild-type Arabidopsis was found to generally withstand 3-5 days of flooding stress, and transgenic Arabidopsis showed a better phenotype than wild type with a longer time (Xie et al., 2015). In our study, the wild type also withstood only 5 days of submergence stress, while the transgenic lines were stronger than it. Our study demonstrates that overexpression of S. matsudana SmTTF30 enhances flooding tolerance in Arabidopsis, but the regulatory mechanism is not clear. The assay of plant cell activity is a direct and effective way to determine the degree of plant injury and test its resistance to stress, so we used Evans Blue staining to determine the flooding tolerance of Arabidopsis thaliana (Liu et al., 2020b). The results of Evans Blue staining showed that the cell activity of overexpressed Arabidopsis cells was significantly higher than that of wild type after flooding and that wild-type Arabidopsis leaves showed yellowing and hyalinization and curled leaf edges after flooding. In both poplar and Arabidopsis studies, the Trihelix gene was found to regulate stomatal development and improve the plant exchange rate for gas and water (Weng et al., 2012; Shibata et al., 2018). Overexpression of the wheat Trihelix gene TaGT2L1D in Arabidopsis increased the number of stomata in Arabidopsis leaves and decreased the drought tolerance of the plants (Zheng et al., 2016). We speculate that SmTTF30 may regulate leaf stomatal development in Arabidopsis by increasing the number of stomata, increasing the rate of gas exchange under flooding stress, and increasing the oxygen content in the body to achieve flooding tolerance. Flooding stress leads to a dramatic accumulation of reactive oxygen species in plant cells, and the excess of reactive oxygen species leads to peroxidation of cell membrane lipids, increased permeability, and disruption of normal cellular functions. Plants can promote the scavenging of reactive oxygen species through antioxidant enzyme systems with non-enzymatic antioxidants (Gong et al., 2022). POD and MDA are among the important indicators. Changes in MDA content and POD activity similarly demonstrated that overexpression of SmTTF30 improved tolerance under flooding stress in Arabidopsis. The trends of changes in MDA content and POD activity in maize ZmEREB180-regulated flooding tolerance studies in maize seeds were consistent with our experimental results, with significantly lower MDA content and significantly higher POD activity of the transgenic material than the control after flooding stress (Yu et al., 2019). There was a positive relationship between the expression of flooding-responsive genes and flooding tolerance under flooding stress (Zhou et al., 2020). We hypothesized that overexpression of SmTTF30 could affect the expression levels of hypoxia-responsive genes, enhance cellular redox responses, promote the accumulation of related enzymes, and enhance plant flooding tolerance. In conclusion, SmTTF30 regulates flooding tolerance in plants, but further studies are needed on the molecular mechanism of regulating flooding tolerance.





Conclusions

In summary, 78 members of the Trihelix gene family were identified in the S. matsudana genome and classified into four subfamilies based on phylogenetic relationships. Genes in the same subfamily usually have similar structures and conserved functional domains. The expression profiles of Trihelix genes were studied under submergence, high salt, drought, and low temperature treatments to determine their response to abiotic stresses. Heterologous transformation of Arabidopsis demonstrated that overexpression of SmTTF30 enhanced plant submergence tolerance. These results provide a basis for resolving the role of the Trihelix gene in plant flooding tolerance and its molecular mechanism.
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Supplementary Table 2 | All primers used in this article.

Supplementary Table 3 | All Cis-element of promoter.

Supplemental Figure 1 | Expression levels of hypoxia-responsive marker genes in A. thaliana. (A) AtADH1 (B) AtPCO2 (C) AtSUS1 (D) AtSUS4. Data were analyzed by one-way analysis of variance followed by Duncan’s test. Different letters represent statistically significant differences (p < 0.05).
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Drought is a common environmental stress with great negative impacts on plant growth, development and geographical distribution as well as agriculture and food production. Sweet potato is characterized by starchy, fresh and pigmented tuber, and is regarded as the seventh most important food crop. However, there has been no comprehensive study of the drought tolerance mechanism of different sweet potato cultivars to date. Here, we studied the mechanism for drought response of seven sweet potato drought-tolerant cultivars using the drought coefficients, physiological indicators and transcriptome sequencing. The seven sweet potato cultivars were classified into four groups of drought tolerance performance. A large number of new genes and transcripts were identified, with an average of about 8000 new genes per sample. Alternative splicing events in sweet potato, which were dominated by first exon and last exon alternative splicing, were not conserved among different cultivars and not significantly affected by drought stress. Furthermore, different drought-tolerance mechanisms were revealed through differentially expressed gene analysis and functional annotation. Two drought-sensitive cultivars, Shangshu-9 and Xushu-22, mainly resisted drought stress by up-regulating plant signal transduction. The other drought-sensitive cultivar Jishu-26 responded to drought stress by down-regulating isoquinoline alkaloid biosynthesis and nitrogen/carbohydrate metabolism. In addition, the drought-tolerant cultivar Chaoshu-1 and drought-preferred cultivar Z15-1 only shared 9% of differentially expressed genes, as well as many opposite metabolic pathways in response to drought. They mainly regulated flavonoid and carbohydrate biosynthesis/metabolism in response to drought, while Z15-1 increased photosynthesis and carbon fixation capacity. The other drought-tolerant cultivar Xushu-18 responded to drought stress by regulating the isoquinoline alkaloid biosynthesis and nitrogen/carbohydrate metabolism. The extremely drought-tolerant cultivar Xuzi-8 was almost unaffected by drought stress and responded to drought environment only by regulating the cell wall. These findings provide important information for the selection of sweet potatoes for specific purposes.
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1 Introduction

Due to climate fluctuations and irregular rainfall, crops are frequently exposed to various abiotic stresses such as drought, salinity, high temperature and cold, among which drought is a major limiting factor for crop yield (Berger et al., 2016). It has been predicted that future droughts are likely to exceed those of past centuries in duration, severity and frequency (Ault Toby, 2020). Drought affects a series of physiological and biochemical processes such as photosynthesis, respiration, transport, ion uptake and nutrient metabolism. Moreover, the effect of water deficiency on various physiological indicators of plants often varies with the severity and duration of drought (Gajanayake et al., 2014), ultimately inhibiting plant growth and leading to severe yield losses, Therefore, drought has become an important issue in food production to be addressed. In recent decades, great efforts have been made to breed more drought-tolerant plant species by exploring the physiological and biochemical processes and genetic diversity of plant drought resistance (Kholova et al., 2021). Therefore, understanding the mechanism for drought resistance in plants is important for improving the yield of crops under adverse conditions.

Sweet potato, an important food source for humans, is a root crop widely grown in some Asian and African countries (i.e. China, India and Kenya). Due to its high adaptability, nutrient content, stability and yield, low input requirements, versatility and many other advantages (Ahn et al., 2010; Oliveira et al., 2019; Nakagawa et al., 2021), sweet potato is considered as the seventh most important food crop producing a large amount of food per unit area per unit time (Davis et al., 2004). Because sweet potato is generally cultivated on arid and semi-arid lands, drought tolerance is an important target in its breeding. Sweet potato has 90 chromosomes (2n = 6X = 90), with great homogeneity and a genome size of over 2.4 GB (Yang et al., 2017). In addition, the breeding of sweet potato is largely limited by its self- and cross-incompatibility (Gurmu et al., 2013). Therefore, drought-tolerant breeding of sweet potato is confronted with various challenges.

Transcriptome sequencing can rapidly screen the drought tolerance genes and also identify related signaling pathways (Cao et al., 2016). Previous studies used second- and third-generation sequencing technologies as well as the Illumina platform to study the transcriptomes of several sweetpotato species through transcriptome sequencing and de novo transcriptome assembly (Wang et al., 2010b; Zhu et al., 2019), and found that Ipomoea trifida is the closest wild relative of Ipomoea batatas, and may be the ancestor of sweet potato (Roullier et al., 2013). In transcriptome sequencing of sweet potato, researchers have obtained much information about a number of viral infections (Sung et al., 2019; Jo et al., 2020) and abiotic stresses, including traumatic injuries (Kuo et al., 2019), drought and salt stress (Xie et al., 2014), and low temperature stress (Ji et al., 2019; Ji et al., 2020). For drought stress, Lau et al. (2018) screened 122 candidate drought tolerance genes by polyethylene glycol treatment to simulate drought conditions using RNA-Seq. Arisha et al. (2020) studied the differentially expressed genes in leaves of purple-fleshed sweet potato under diffenent drought stresses through thranscriptome sequencing. there have been few studies of the drought tolerance mechanism of different sweet potato varieties under direct water deficiency.

In this study, we used seven sweet potato cultivars with different drought tolerance as materials to reveal the mechanisms for different drought tolerance in sweet potato by analyzing their drought tolerance characteristics using second-generation sequencing technology. Our results provide new insights into the drought tolerance of different sweet potato cultivars and reveal the potential defense mechanisms of specific genes involved in drought tolerance, which may provide some guidance for future breeding of more drought-tolerant sweet potato.




2 Materials and methods



2.1 Plant materials and cultivation

Sweet potato cultivars were provided by the Sweet Potato Research Institute of the China Agriculture Academy of Science. Seven sweet potato cultivars were classified into different drought resistant types, including Shangshu-9 (S1), Chaoshu-1 (S2), Xushu-22 (S3), Z15-1 (S4), Xushu-18 (S5), Jishu-26 (S6) and Xuzi-8 (S7) sweet potatoes. Sweet potato seedlings of uniform size were selected and planted in pots (800 × 350 × 300 mm) with 2 plants per pot, and the seedlings were acclimatized for 10 d after planting and moved to the greenhouse for moisture treatment after the slow seedling period. Eight pots for each cultivar were planted per treatment, which were equally divided into two groups for drought stress and control treatment, respectively.

Each pot was filled with 30 kg of grass charcoal soil. Three sweet potato plants were planted in each pot. 10.8 g of ammonium dihydrogen phosphate was applied throughout the reproductive period, and the maximum field moisture capacity was 25% (1.4 g/cm3 of soil bulk density). Watering was stopped at potato expansion period (about day 35) and drought stress was started. For drought stress, the soil moisture was maintained at about 30% – 40% of the field moisture capacity (stopping watering), and for the control treatment, the soil moisture was kept at about 70% – 80% of the field moisture capacity (normal watering). Soil moisture regulation was conducted by weighing method. The leaves from the the seedlings were collected as samples after 30 days of drought stress for determination of chlorophyll, proline, malonaldehyde (MDA) contents determination, and RNA extraction. Collected samples were frozen in liquid nitrogen and stored at −80 °C for RNA extraction. Each treatment had three biological replicates.

Total chlorophyll content was determined using the equation proposed by Xia et al. (2020). Proline content was estimated according to the method reported by Bates et al. (1973). The proline content was estimated from the standard curve using L-proline and expressed as μg/g of fresh weight. MDA content was estimated according to the method given by Peng et al. (2021) and expressed as μg/g of fresh weight.




2.2 Assessment of drought tolerance indices

The trial was conducted at the comprehensive experimental site of Xinjiang Academy of Agricultural Sciences (87.465 N, 43.955 S) and the sweet potato seedlings were planted manually in mid-May 2018 at a planting density of 60,000 plants/hm2. Watering was stopped from day 35 (potato expansion period) and drought stress was started. For the control treatment, the soil moisture was maintained at about 70%–80% of the field moisture capacity (normal watering). Each sample square was planted with 100 plants in three parallels. The yield of fresh sweet potatoes was obtained by plot measurement at harvest, and the yield of fresh sweet potatoes per unit area was calculated (kg/hm2). Drought resistance coefficient (DRC) and drought sensitivity index (DSI) were used to determine the tolerance and susceptibility of sweet potatoes (Bouslama and Schapaugh, 1984; Mehrdad et al., 2011).

DRC and DSI were determined as follows: DRC = YS/YP, DSI = (1 − YS/YP)/(1 −S/P), where,Ys is the yield under drought stress of individual genotypes,Yp is the yield under no drought stress of individual genotypes, S is the mean yield under drought stress, P is the mean yield under no moistures stress. DRC value < 0.7 indicated sensitivity to drought; 0.7< DSI value <0.8 represented tolerance to drought; 0.8< DSI value < 1 meant extreme tolerance to drought, and DSI value > 1 referred to preference to drought. DSI value < 0 indicated preference to drought; 0 < DSI value <0.6 indicated tolerance to drought; 0.6 < DSI value <1 represented extreme tolerance to drought; and DSI value >1 indicated sensitivity.




2.3 RNA extraction and cDNA library construction

Total RNA from leaves was extracted by grinding the tissue in TRIZOL reagent. To determine the RNA quality, samples were assessed using a NanoDrop microspectrophotometer (Thermo Fisher Scientific) and an Agilent 2100 Bioanalyzer (Agilent Technologies). The RNA samples were reverse transcribed into cDNA using the SMARTer® PCR cDNA synthesis kit and optimized to prepare cDNA library




2.4 Transcriptome sequencing and sequence analysis

The qualified libraries were sequenced by the Illumina NovaSeq 6000 instrument, and all the original sequences were converted into circular consensus sequences (CCS) according to the adaptor in the sequence. Then, the sequences were divided into full-length and non-full-length sequences according to the presence of 3’ primer, 5’ primer and PolyA in CCS sequences. The full-length sequences from the same transcript were clustered, and similar full-length sequences were clustered together, and each cluster was assigned with a consensus sequence. Finally, the non-full-length sequences were corrected (polishing) to obtain high-quality sequences for subsequent analysis




2.5 Characterization of alternative splicing events

The determination of alternative splicing (AS) events was carried out using the ASprofile tool (Florea et al., 2013) with default parameters. The AS events were divided into five different types and 12 sub-categories according to the structure of the exon (Florea et al., 2013; Wang et al., 2016). Exons absent in other isoforms were considered exon skipping events (exon skip, ES), including skipped exon (SKIP), approximate skipped exon (XSKIP), Multi-exon skipped exon (MSKIP), and approximate Multi-exon skipped exon (XMSKIP). Introns fully subsumed by an exon were labelled as retained (intron retention, IR), including single intron retention (SIR), approximate intron retention (XIR), Multi-intron retention (MIR) and approximate Multi-intron retention (XMIR). Transcription start site (TSS, or A3) that differed at their 3’ splice junctions were considered as alternative. Transcription terminal site (TTS, or A5) that differed at their 5’ splice junctions were considered alternative. The constitutive exon cannot coexist in the same transcript as mutually exclusive exons (mutually exclusive exon, ME), including alternative exon ends (5’, 3’, or both, AE) and Approximate alternative exon ends (XAE).




2.6 Functional annotation

Corrected isoforms were searched against NCBI non-redundant (NR), NCBI nucleotide sequence (NT), Swiss-Prot (a manually annotated and reviewed protein sequence database), Cluster of Orthologous Groups (KOG/COG) (Tatusov et al., 2000) and Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa et al., 2004) databases with BLAST software. Gene Ontology (GO) annotations were determined based on the best BLASTX hit from the NR database using the Blast2GO software (Götz et al., 2008). KEGG pathway analyses were performed using KOBAS 3.0 software (http://kobas.cbi.pku.edu.cn/index.php) (Mao et al., 2005), and HMMER software was used to search the Pfam database (Mistry et al., 2013). The GO and KEGG pathway enrichment analyses of DEGs were conducted using the R package.




2.7 Quantification of gene expression levels and differential expression analysis

Transcriptome sequencing was accomplished based on Illumina sequencing platform, and the number of transcripts per million clean tags (TPM), reads per kilobase per million mapped reads (RPKM), fragments per kilobase of transcript per million fragments mapped (FPKM) and fold change of FPKM were recorded for each replicate of each library separately. Finally, clean and high-quality reads were aligned and mapped to the reference genome of I. batatas (cv.Taizhong6, https://sweetpotao.com/download_genome.html). RSEM software was used to compute the FPKM of each gene (Florea et al., 2013). Differentially expressed genes (DEGs) were detected in the different samples according to the fold change (FC) of the FPKM values using DESeq (Wang et al., 2009). A false discovery rate (FDR) control was utilized to calculate the threshold of the P-value. The threshold for the screening of DEGs was set at an absolute value of log2 FC ≥ 1 and an FDR significance score less than 0.05.





3 Result



3.1 Physiological response of different sweetpotato cultivars to drought stress

In order to evaluate the drought resistance characteristics of several cultivars, we firstly studied the physiological response of several cultivars to drought stress. Firstly, based on the DRC and DSI, the seven sweet potato cultivars were classified into four categories (Figure 1A). The drought-sensitive cultivars were S1 (Shangshu-9), S3 (Xushu-22), and S6 (Jishu-26); drought-tolerant cultivars included S2 (Chaoshu-1) and S5 (Xushu-18) cultivars; extremely drought-tolerant cultivar was S7 (Xuzi-8) cultivar; and drought-loving cultivar was S4 (Z15-1). In terms of chlorophyll contents, drought-sensitive cultivars showed a significant decrease, while the drought-tolerant cultivars exhibited a less significant decrease, and extremely drought-tolerant and drought-loving cultivars showed no significant change under drought conditions (Figure 1B). Proline content increased significantly in all cultivars under drought conditions, but MDA content only increased significantly in drought-sensitive cultivars (Figures 1C, D). These physiological responses verified that different sweet potato cultivars have different response sensitivity to drought conditions.




Figure 1 | Physiological response of different sweet potato cultivars. (A), the DRC and DSI values; (B), the Chl contents. (C), the proline contents. (D), the MDA contents. S1, Control Shangshu-9; H1, Drought-treated Shangshu-9; S2, Control Chaoshu-1; H2, Drought-treated Chaoshu-1; S3, Control Xushu-22; H3, Drought-treated Xushu-22; S4, Control Z15-1; H4, Drought-treated Z15-1; S5, Control Xushu-18; H5, Drought-treated Xushu-18; S6, Control Jishu-26; H6, Drought-treated Jishu-26; S7, Control Xuzi-8; H7, Drought-treated Xuzi-8.






3.2 RNA-Seq and de novo transcriptome assembly

A total of 293.82 Gb and 6.28 Gb clean data of each sample were generated after the removal of adaptor sequences and low quality reads, respectively. The average sequencing depth per sample was about 23,393,313 clean reads, and drought stress seemed to increase the number of clean reads (Table S1). Guanine-cytosine (GC) content ranged from 46%–48% and Q30 ranged from 93%–94%. The ratio of genomic reads to clean reads was all greater than 74%, which was sufficient for de novo transcriptome assembly.

A total of 62,882 genes were detected and 56,835 genes were annotated (Table S2). New genes were defined as unigenes identified in the sequencing results but not found in the reference genome. Based on the new gene analysis, an average of about 8000 new genes per sample were unique to sweet potato (Table S3). Principal coordinate analysis (PCoA) with weighted UniFrac distance was performed to explore and visualize the similarities or differences in genes of different sweet potato cultivars under drought stress. Figure S1 shows that different sweet potato cultivars could be clustered separately after drought stress, indicating a good experimental setup. Before and after drought stress, S1, S3 and S7 showed shorter distances than S2 and S5. However, S4 and S6 showed the largest variations in genes after drought stress among the seven cultivars.




3.3 AS modes with different sweet potato cultivars

Transcriptome sequencing technology can yield long reads without the aid of assembly and provides superior evidence for identifying AS variants. Based on the high-quality full-length isoforms, we systematically analyzed the AS events. Five major AS events including IR, TTS, TSS, AE and MX events and 12 types were identified by customizing a user-friendly program. As shown in Figure 2, only S4 showed a significant decrease in the total number of AS events under drought conditions, implying that all sweet potato cultivars had certain drought stress tolerance combined with the results of Figure 1. TTS and TSS were the main AS modes in all sweet potato cultivars, followed by IR and AE. In addition, S3 and S7 did not undergo significant AS events under drought stress. Only the number of XAE events significantly decreased in S1 after drought stress. The number of MIR, IR and AE events significantly decreased in S2 after drought stress. Only the number of IR events significantly increased in S5 after drought stress. The number of TTS, TSS, MIR and IR events significantly decreased in S6 after drought stress. Among the differential AS events, all types decreased significantly except for IR in S5, which increased significantly under drought stress (P<0.05).




Figure 2 | Identification of Alternative splicing (AS) events of different sweet potato cultivars. TSS, transcription start site (or alternative 5’ first exon, A5); TTS, transcription terminal site (or alternative 3’ last exon, A3); SKIP, skipped exon (SKIP_ON, SKIP_OFF pair); XSKIP, approximate SKIP (XSKIP_ON, XSKIP_OFF pair); MSKIP, Multi-exon SKIP (MSKIP_ON, MSKIP_OFF pair);XMSKIP, Approximate MSKIP (XMSKIP_ON, XMSKIP_OFF pair); SIR, Single intron retention (IR_ON, IR_OFF pair); XIR, Approximate IR (XIR_ON, XIR_OFF pair); MIR, Multi-IR (MIR_ON, MIR_OFF pair); XMIR, Approximate MIR (XMIR_ON, XMIR_OFF pair); AE, Alternative exon ends (5’, 3’, or both); XAE, Approximate AE; ES, exon skip, including SKIP, XSKIP, MSKIP and XMSKIP; IR, Intron retention, including SIR, XIR, MIR and XMIR; ME, mutually exclusive exon, including AE and XAE. The symbol * means error bars represent the average of three replicates ± SE (* p < 0.05; **p < 0.01).






3.4 DEGs of different sweet potato cultivars under drought stress

To quantify the gene expression, the expression of each unigene was calculated by FPKM values, and DEGs were identified using the criteria of log2 FC ≥ 1 in expression during drought stress at a false discovery rate < 0.05. After drought stress, 71, 437, 220, 519, 195, 420, and 104 significantly up-regulated unigenes and 311, 920, 247, 984, 384, 254, and 58 significantly down-regulated unigenes were detected compared with the untreated control (Figure S2, Table S3). As a whole, the fewest DEGs (only 162) were identified in S7 after drought stress, followed by S1 and S2. By contrast, the largest number of DEGs were identified in S2 and S4 after drought stress. The number of down-regulated genes was greater than that of up-regulated genes in all cultivars except for S6 and S7 (Figure 3A; Table S3). The total annotation rate could reach 90% by COG, GO, KEGG, KOG, Pfam, Swiss-Prot and Nr, and the annotation rate of all cultivars reached 95% except for S3, which has an annotation rate slightly lower than 95% (Table S3).




Figure 3 | Statistical chart of differentially expressed genes (DEGs) transcriptome in response to drought stress. (A), Number of DEGs (up- and down- regulated). (B), Venn diagram of DEGs in the seven sweet potato cultivars under the drought stress. (C), Venn diagram of DEGs in the five sweet potato cultivars under the drought stress. (D), Venn diagram of DEGs in S2 and S4 sweet potatoes under the drought stress. H1/S1, drought-treated Shangshu-9/control Shangshu-9; H2/S2, drought-treated Chaoshu-1/control Chaoshu-1; H3/S3, drought-treated Xushu-22/control Xushu-22; H4/S4, drought-treated Z15-1/control Z15-1; H5/S5, drought-treated Xushu-18/control Xushu-18; H6/S6, drought-treated Jishu-26/control Jishu-26; H7/S7, drought-treated Xuzi-8/control Xuzi-8.



No common DEGs were found in all seven cultivars after drought stress (Figure 3B; Table S4), suggesting that these cultivars have different mechanisms for their response to drought stress. No more than 10% of DEGs were shared by S1 and other cultivars, and S1 only shared 1.1% of DEGs with S7 (six DEGs). The largest number of unique DEGs (1076 and 816) was discovered in S1 and S4, respectively, indicating that these two cultivars are the most sensitive to drought stress. The fewest unique DEGs to S7 indicated that this cultivar is the most tolerant to drought stress. Although the largest number of DEGs was identified in S2 and S4 after drought stress, the DEGs shared by them was only 9% (236 DEGs) of the total. Among the 236 shared DEGs, 65.4% (136) shared DEGs were down-regulated specifically, and 28% (28) were up-regulated under drought stress (Figure 3D). Moreover, 12.1% of DEGs (255 DEGs) were shared by S2 and S5 (Figure 3C).




3.5 Functional annotation of DEGs in sweet potato cultivars

The KOG enrichment results of DEGs (Figure 4) revealed that a large number of drought-responsive genes identified in different cultivars were involved in signal transduction mechanism, posttranslational modification, protein turnover, chaperones, carbohydrate transport and metabolism, secondary metabolite biosynthesis, transport and catabolism, and lipid transport and metabolism under drought stress. This could be mainly ascribed to drought-responsive genes in S2 and S4 cultivars, particularly S4. In drought-sensitive cultivars, the drought-responsive genes in S1 were mainly involved in posttranslational modification through down-regulation of DEGs; the drought-responsive genes in S3 were mainly involved in signal transduction mechanisms, while those in S6 were involved in carbohydrate transport and metabolism, secondary metabolites biosynthesis, transport and catabolism. The up-regulated drought-responsive genes in S6 were involved in protein turnover, chaperones, and signal transduction mechanisms, while the down-regulated genes were involved in carbohydrate transport and metabolism. In drought-tolerant S2 and S5, the up-regulated drought-responsive genes in S2 were involved in signal transduction mechanisms, while the down-regulated genes were involved in carbohydrate, lipid and amino acid transport and metabolism, posttranslational modification, protein turnover, chaperones, and secondary metabolite biosynthesis, transport and catabolism. Notably, the highest proportion of up-regulated DEGs involved in signal transduction was found in S2 compared with other cultivars. The up-regulated drought-responsive genes in S5 were involved in protein turnover and chaperones. However, the drought-responsive genes in extremely drought-tolerant S7 were involved in many KOG categories. The up- and down-regulated drought-responsive genes in S4 were in involved in KOG categories, which was similar to the down-regulated genes in S2. That is, the same KOG categories were enriched by up-regulated and down-regulated genes in S4. Moreover, S4 had the highest proportion of up-regulated genes in carbohydrate transport and metabolism compared with other cultivars.




Figure 4 | KOG categories of DEGs in the different of Sweet potato cultivars under the drought stress. (A), KOG categories of all DEGs; (B), KOG categories of up-regulated DEGs; (C) KOG categories of down-regulated DEGs. H1/S1, drought-treated Shangshu-9/control Shangshu-9; H2/S2, drought-treated Chaoshu-1/control Chaoshu-1; H3/S3, drought-treated Xushu-22/control Xushu-22; H4/S4, drought-treated Z15-1/control Z15-1; H5/S5, drought-treated Xushu-18/control Xushu-18; H6/S6, drought-treated Jishu-26/control Jishu-26; H7/S7, drought-treated Xuzi-8/control Xuzi-8.



The GO clustering analysis of DEGs resulted in three major categories: cellular component (CC), biological process (BP), and molecular function (MF). In the BP category, many DEGs identified in different drought-tolerant cultivars under drought stress were significantly enriched in cellular process and metabolic process, single-organism process, response to stimulus, and biological regulation. During the single-organism process, the proportion of both up-regulated and down-regulated genes in S4 was higher than that in other cultivars. Moreover, during the response to stimulus and biological regulation, the proportion of up-regulated genes in S5 was significantly higher than that in other cultivars, with the highest proportion of down-regulated genes being found in S7 during biological regulation (Figure 5). In the MF category, the most abundant genes were found to be involved in the binding, where the highest proportion of both up-regulated and down-regulated genes was present in S3, and catalytic activity, where the highest proportion of both up-regulated and down-regulated genes was found in S6. In the CC category, the most abundant genes were involved in the cell, cell part, membrane, membrane part, and organelle. The proportion of up-regulated genes in the cell membrane fraction was higher in S1 than in other cultivars, and that of down-regulated genes in the cell fraction was the highest in S7.




Figure 5 | GO terms of DEGs in the different of sweet potato cultivars under the drought stress. (A), GO terms of all DEGs; (B), GO classifications of up-regulated DEGs; (C), GO terms of down-regulated DEGs. H1/S1, drought-treated Shangshu-9/control Shangshu-9; H2/S2, drought-treated Chaoshu-1/control Chaoshu-1; H3/S3, drought-treated Xushu-22/control Xushu-22; H4/S4, drought-treated Z15-1/control Z15-1; H5/S5, drought-treated Xushu-18/control Xushu-18; H6/S6, drought-treated Jishu-26/control Jishu-26; H7/S7, drought-treated Xuzi-8/control Xuzi-8.



KEGG enrichment results (Figure 6; Table S5) showed that a large number of pathways were significantly down-regulated under drought stress, suggesting that drought is a hazardous environmental stress for most of these cultivars. Plant hormone signal transduction was significantly up-regulated enriched in S1 and S3. Alanine, aspartate and glutamate metabolisms were significantly up-regulated enriched in S2 and S6. Phenypropanoid biosynthesis was significantly down-regulated enriched in S1, S2 and S5. Flavonoid biosynthesis was significantly down-regulated enriched in S1, S2 and S6. Starch and sucrose metabolism was significantly down-regulated enriched in S2, S4 and S6. S7 was only enriched in up-regulated metabolism of amino sugars and nucleotide sugars and down-regulated Vitamin B6 metabolism, with only four up-regulated and two down-regulated genes, indicating that drought has no significant effect on its growth or metabolic functions. Notably, in contrast to other cultivars, S4 not only has higher photosynthesis and carbon fixation capacity but also stronger resistance to the generation of reactive oxygen by up-regulating flavonoid synthesis and peroxisomes, thereby avoiding cellular oxidative damage under drought stress. Particularly, S4 showed opposite behaviors to S2 in many metabolic pathways, especially for photosynthesis. For example, flavonoid biosynthesis was down-regulated in S2 but up-regulated in S4.




Figure 6 | KEGG enrichment analysis of DEGs in the different of sweet potato cultivars under the drought stress. (A), KEGG enrichment of up-regulated DEG, statistics of pathway enrichment (P<0.05), (B), KEGG enrichment of down-regulated DEG, statistics of pathway enrichment (P <0.05). The number of DEG is distinguished by the size of the circle and the circle from blue to red represents the P-value from large to small. H1/S1, drought-treated Shangshu-9/control Shangshu-9; H2/S2, drought-treated Chaoshu-1/control Chaoshu-1; H3/S3, drought-treated Xushu-22/control Xushu-22; H4/S4, drought-treated Z15-1/control Z15-1; H5/S5, drought-treated Xushu-18/control Xushu-18; H6/S6, drought-treated Jishu-26/control Jishu-26; H7/S7, drought-treated Xuzi-8/control Xuzi-8.







4 Discussion

Sweet potato is a rich source of nutrients. However, increases in the degree and frequency of drought largely hinder the sustainable production of sweet potato. Considering the severity of drought stress and the complexity of the sweet potato genome, this study used transcriptome sequencing technologies to reveal the mechanisms of drought stress tolerance in different drought-tolerant cultivars, which may further promote the breeding of drought-tolerant sweet potato cultivars



4.1 Characteristics of different sweet potatoes cultivars

The seven cultivars studied here had different drought tolerance performance. DRC and DSI were used to evaluate the drought resistance of different sweet potato cultivars (Kivuva et al., 2015). Zhou et al. (2016) have reported the drought tolerance indices of Shangshu-9 (S1, better disease resistance), Chaoshu-1 (S2), Xushu-22 (S3, wide adaptability), Xushu-18 (S5, drought tolerance) and Jishu-26 (S6, drought and barrenness tolerance). The highest value was 1.25 for S1, followed by 0.98 and 0.97 for S2 and S3, respectively, and the lowest value was 0.65 for S5, and the value was close to 0.74 for S6. Some studies have reported that both S5 and S6 are of medium drought tolerance (Zhang et al., 2022a). Moreover, the transcriptome results of flowering under drought stress indicated that S5 is drought tolerant (Tao et al., 2013). There has been no report about the drought tolerance index of the other two sweet potato cultivars. Z15-1 (S4) is tolerant to barrenness and can withstand nutrient stress. Xuzi-8 (S7) is a drought tolerant and early maturing sweet potato with high antioxidant capacity due to its high anthocyanin content (Arisha et al., 2020). Therefore, these sweet potatoes cultivars have certain drought tolerance. In this study, S1, S3 and S6 were classified as relatively drought-sensitive cultivars, which does not mean that they are not drought tolerant at all, but just less tolerant than other cultivars. Based on the results of DEGs and enrichment analysis, S4 may be a special cultivar, while S7 is an extremely drought-tolerant cultivar. However, little research has been reported on the mechanism of drought tolerance of different sweet potato cultivars, and Yu et al. (2016) showed that S3 can tolerate 100 mM NaCl stress through changing ion homeostasis and nitrogen metabolism.




4.2 Complexity of AS under drought stress

AS is involved in most plant processes and particularly prevalent in plants when exposed to environmental stress during development, in flowering time control, and in the circadian timing system (Wang and Brendel, 2006; Staiger and Brown, 2013). AS is also important in responding to drought. Many studies have shown that AS events are heavily induced in drought response, Song et al, 2020 shown that soybean (Glycine max) roots can respond to different levels of drought stress through differential AS regulation. Drought response is also present in the AS regulation of responsive genes. For example, Os DREB2B2 of rice was significantly induced by drought in two AS events, resulting in enhancement of drought tolerance. Similar AS changes have been reported in wheat (Triticum aestivum), and maize (Zea mays). These studies emplasized the conserved pattern of AS regulation among plant species (Matsukura et al., 2010; Qin et al., 2007; Terashima and Takumi, 2009). However, AS response to drought differed in different rice cultivars (Wei et al., 2017). Additionally, homologs of wheat showed different AS responses under stress conditions (Liu et al., 2018). Meanwhile, IR AS is generally dominant in plants (Li et al., 2017; Yao et al., 2020). In this study, TTS and TSS events toether accounted of nearly 90% of the events, and this proportion significantly different from other plants such as Zea mays and cotton (Gossypium spp.) (Thatcher et al., 2014; Wang et al., 2018). The number of AS events is high in sweet potato and varies among different cultivars (Figure 2). Moreover, different AS modes in different cultivars after drought stress, indicating that AS modes is not very conserved in different sweet potato cultivars and less affected by drought stress.




4.3 Mechanisms of drought tolerance in different sweet potato cultivars

The response mechanisms of different sweet potato cultivars to drought were clearly represented by the DEGs, annotation of KOG categories, GO terms, and the enrichment of significantly different KEGG pathways. S7 had only 162 DEGs, and showed only one up-regulated metabolic pathway and one down-regulated metabolic pathway, indicating that this cultivar is hardly affected by drought stress. The up-regulated metabolic pathways are the amino sugar and nucleotide sugar metabolism, mainly including the uridine diphosphate (UDP)-glucose synthesis pathway (newGene_45879, encoding UDP-arabinopyranose mutase; Tai6.10072 encoding ADP-glucose pyrophosphorylase; Tai6.18718, encoding Glucose-1-phosphate adenylyltransferase large subunit 1; and Tai6.2109) (Figure 7), suggesting that drought stress can only affect the pathways related to cell wall or starch accumulation in S7.




Figure 7 | Heatmaps of the enriched KEGG pathways of DEGs in the different of sweet potato cultivars under the drought stress. (A), drought-treated Shangshu-9/control Shangshu-9; (B), drought-treated Chaoshu-1/control Chaoshu-1; (C), drought-treated Xushu-22/control Xushu-22; (D), drought-treated Z15-1/control Z15-1; (E), drought-treated Xushu-18/control Xushu-18; (F), drought-treated Jishu-26/control Jishu-26; (G), drought-treated Xuzi-8/control Xuzi-8.



Adverse abiotic stresses tend to elicit multi-level responses, involving stress sensing, signal transduction, transcription, transcript processing, translation and post-translational protein modification (Zhang et al., 2022b). In this study, S1 and S3 showed induced transcriptional expression of related genes through up-regulation of plant hormone signal transduction pathways to resist drought stress, and three genes (newGene_23249, newGene_37928, and newGene_39523, Figure 7) in S1 encoded type 2C protein phosphatase (PP2C) with an important partner of abscisic acid (ABA), which negatively regulate ABA signaling and stress responses (Zhang et al., 2008). In plants, ABA is accumulated under osmotic stress caused by drought, and plays a key role in stress response and tolerance (Nakashima et al., 2014). ABA binds to its receptor proteins (pyrabactin resistance/pyr1-like/regulatory family of small soluble protein) and relieves the inhibition of kinase SnRK2 activity by PP2C, thereby inducing a plant stress response. Vranová et al. (2000) reported that the expression of NtPP2C1 in tobacco was strongly induced by drought and inhibited by oxidative stress and heat shock. However, ABA signaling and drought stress response were regulated by inhibition of PP2CA activity in Arabidopsis thaliana (Baek et al., 2018). These findings suggest that PP2C may constitute a convergence point in response to adversity. The expression of genes encoding auxin/indoleacetic acids proteins (Aux/IAAs) was mainly up-regulated in S3. AUX/IAA is an important protein transcription factor widely involved in auxin-mediated plant response as well as stress and defense responses, suggesting that AUX/IAA genes respond to drought stress and improve drought resistance in plants. Aux/IAA genes were reported to be involved in regulating drought tolerance in Arabidopsis (AtIAA5/AtIAA6/AtIAA19), Sorghum bicolor (SbIAA8, SbIAA11, SbIAA22, SbIAA23), rice (OsIAA6, OsIAA20) (Wang et al., 2010a; Jung et al., 2015; Salehin et al., 2019; Zhang et al., 2021). In this study, most Aux/IAA genes were up-regulated, particularly Tai6.18646, Tai6.24915 and Tai6.40214 (Figure 7).

Secondary metabolite biosynthetic pathways play an important regulatory role in plant resistance to stress. In our research, most genes of the secondary metabolic pathways were enriched in S2 and S4 under drought stress (Figure 4). These genes are mainly involved in regulating sesquiterpenoid, triterpenoid, flavonoid, cutin, suberine, wax and isoquinoline alkaloid biosynthesis.

Both the shared DEGs (Figure 3) and enriched metabolic pathway in S2 and S4 showed opposite patterns. For example, photosynthesis and carbon metabolism, as well as flavonoid biosynthesis were down-regulated in S2 under drought stress, but it was the opposite for S4. For S4, photosynthesis and carbon fixation genes (glyceraldehyde-3-phosphate dehydrogenase, GAPA; Phosphoribulokinase, PRK), and flavonoid biosynthesis were significantly up-regulated under drought stress, indicating that S4 prefers to drought stress. In particular, 15 genes of flavonoid biosynthesis were up-regulated in S4, while were down-regulated in S2. Anthocyanins, a vital subclass of flavonoids, have antioxidant capacity and can change the color of the root skin and leaf vein base by modulating the flavonoids (Zhao et al., 2022). In this study, flavonoids were increased in S4 under drought stress (8-fold up-regulation of naringenin 3-dioxygenase and Tai6.52235), but decreased in S2 (97-fold down-regulation of Tai6.52235). These results indicate that S2 and S4 mainly regulate the biosynthetic pathways of sesquiterpenoid, triterpenoid and flavonoids in response to drought stress. Additionally, drought stress stimulates a N-mediated tandem reaction in S4, improving its drought tolerance, which is similar to the response to drought stress of Xushu 32 and Ningzishu 1 (Xia et al., 2020).

Isoquinoline alkaloid biosynthesis produces alkaloids, which is indispensable for plant defense against pathogenic infections. The copper-containing amine oxidase (CuAO) is a kind of amine oxidase with various physiological functions, which is involved in plant cell differentiation and response to abiotic stress. Bharalee et al. (2012) found that the induced CuAO gene expression was significantly higher than that of the control under drought conditions, which could improve the resistance of tea to abiotic stress and prevent the accumulation of reactive oxygen species caused by drought. In this article, isoquinoline alkaloid biosynthesis was significantly up-regulated in S5, with an about 2-fold up-regulation of Tai6.33302 and Tai6.44015 genes (encoding CuAO). Moreover, starch, sucrose, and cyanoamino acid metabolism were down-regulated. However, S6 adopted the opposite strategy, in which the isoquinoline alkaloid biosynthesis (mainly polyphenol oxidase, PPO) was down-regulated under drought stress. PPO is considered to be closely related to some specialized pigment biosynthesis and secondary metabolite biosynthesis, and is associated with the down-regulation of flavonoid, suberine and wax biosynthesis pathway in this cultivar. Besides, drought induced biological pathways closely related to alanine, aspartate and glutamate metabolism in S6. Certainly, the role of amino acids in plants cannot be ignored, as they play an assisting role in the biosynthesis of many important metabolites in addition to responding to adverse stresses. Zandalinas et al. (2018) suggested that the main roles of amino acid accumulation in drought environments are protein biosynthesis, recovery after adverse stress, and osmoprotective activity. Changes in these metabolic pathways are central to the metabolism of nitrogen and carbohydrates in S5 and S6, providing a possible explanation for their drought tolerance.





5 Conclusion

This study demonstrates the variations in physiological indices and transcriptional alterations of drought-tolerant sweet potato cultivars in response to drought. Based on the results, a corresponding working model was proposed in Figure 8. Plant signal transduction, flavonoid biosynthesis, phenypropanoid biosynthesis and isoquinoline alkaloid biosynthesis play important roles in the regulation of drought stress tolerance. In addition, the response mechanism differs very much for different sweet potato cultivars, and is even completely opposite in some cultivars such as Chaoshu-1 and Z15-1 cultivars. Thus, the drought tolerance of sweet potato can be enhanced by these pathways. The results prove the great potential of sweet potato germplasm and provide valuable insights into the drought response mechanisms of sweet potato.




Figure 8 | A corresponding working model of different drought tolerant sweet potato clutivars in response to drought. Red box indicate up-regulation, blue box indicate down-regulation.
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Introduction

Starch metabolism is involved in the stress response. Starch synthase (SS) is the key enzyme in plant starch synthesis, which plays an indispensable role in the conversion of pyrophosphoric acid to starch. However, the SS gene family in cotton has not been comprehensively identified and systematically analyzed.





Result

In our study, a total of 76 SS genes were identified from four cotton genomes and divided into five subfamilies through phylogenetic analysis. Genetic structure analysis proved that SS genes from the same subfamily had similar genetic structure and conserved sequences. A cis-element analysis of the SS gene promoter showed that it mainly contains light response elements, plant hormone response elements, and abiotic stress elements, which indicated that the SS gene played key roles not only in starch synthesis but also in abiotic stress response. Furthermore, we also conducted a gene interaction network for SS proteins. Silencing GhSS9 expression decreased the resistance of cotton to drought stress. These findings suggested that SS genes could be related to drought stress in cotton, which provided theoretical support for further research on the regulation mechanism of SS genes on abiotic starch synthesis and sugar levels.
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Introduction

As the products of photosynthesis, plant starches are the main food for humans (Deschamps et al., 2008; Abdelgawad et al., 2020). Starches fall into two main categories. One kind of starch is made in the leaves of plants and temporarily stored as temporary starch, and the other is found in the fruits, seeds, and rhizomes of plants such as cereals and potatoes, which provide nutrients and energy for the development of offspring (Zeeman SC and Rees, 2010; Santelia and Zeeman, 2011). Both temporary starch and storage starch exist in the form of starch granules (Smith et al., 1997). Starches are glucose polymers connected by α-1,4 glycosidic and α-1,6 glycosidic bonds and are divided into amylose and amylopectin according to their structure (Gidley and Bociek, 1988; Buléon et al., 1998). Amylose has a small molecular weight and few α-1,6 glycosidic bond branches. Amylopectin has a higher polymerization degree, a higher molecular weight, and more α-1,6 glycosidic bond branches (Miles et al., 1985). Starch biosynthesis in maize seedlings contributes to the maintenance of leaf growth under drought stress and facilitates enhanced carbon acquisition upon recovery (Abdelgawad et al., 2020). Under drought stress, the transient starch in Arabidopsis thaliana is degraded to the carbon skeleton of sucrose and proline, or starches are broken down into soluble sugars that act as osmotic protectants to counteract osmotic pressure and oxidative damage (Zeeman et al., 2010; Zanella et al., 2016). The above pieces of evidence show that starches play an important role in plants’ resistance to drought stress.

Starches are synthesized with the participation of various enzymes related to starch synthesis. It is generally believed that the following key enzymes are required for starch synthesis: starch synthase (SS), ADP-glucose pyrophosphorylase (AGPase), starch branching enzyme (SBE), and starch debranching enzyme (DBE) (Dian et al., 2005). Among these enzymes, the SS gene family plays an important role in material storage and energy reserve (He et al., 2022). SSs can be divided into two categories according to their degree of binding to starch granules, enzymatic characteristics, and gene structure. One is granule-bound starch synthase (GBSS), and the other is soluble starch synthase (SS) (Dian et al., 2005). Dian et al. identified that amylose in rice leaves was synthesized by GBSS II (Dian et al., 2003; Zhang et al., 2021). GBSS II was also isolated from the non-storage organs of pea and wheat, which were used in the synthesis of temporary starch (Denyer et al., 1993; Yasunori, 2002). Soluble starch synthase can be divided into SSI, SSII, SSIII, and SSIV according to its amino acid structure (Mu-Forster, 1996). The activity ratios of various starch synthases in different plants or different tissues of the same plant are different (Smith et al., 1997).

The level of sugar in higher plants regulates the whole growth and development process from germination to flowering to senescence (Ding, 1998). Sugar is not only used for energy metabolism in plants but also plays an important role in plant growth and development, metabolic regulation, and stress resistance (Zhao, 2006). Glucose 1-phosphate is produced by glucose-phosphorylase and converted to starch by starch synthase. Inhibiting starch synthesis can result in pollen abortion, organ atrophy, and delayed development or aging (Dorion and Saini, 1996). The increase in sugar levels in plants will promote the synthesis and accumulation of starch (Matt et al., 1998). Starch is not only a storage compound but also a regulator under stress conditions. When carbohydrate assimilation is impaired under stress, starch metabolism can buffer the adverse effects of stress-induced carbon depletion (Kaplan and Guy, 2004; Wim et al., 2014). Under drought stress, the starch in broad bean leaves was depleted, but it accumulated in the pods (Hernández et al., 2012). The activity of SS family genes and the accumulation rate of starch decreased in wheat under drought stress (Hou et al., 2017).

Based on the role of SSs in starch synthesis, SS genes may be a good target for crop improvement and abiotic stress resistance. As an important cash crop, cotton’s growth and development are affected by biological and abiotic factors. Otherwise, the SS family in cotton has not been studied. In our study, we used bioinformatics to synthesize the whole genomes of the SS families of G. arboreum, G. raimondii, G. hirsutum, and G. barbadense. Our results lay the foundation for further research into the mechanism by which SS genes regulate starch synthesis and sugar levels during plant development and their response to abiotic stress.





Materials and methods




Identification of SS family in cotton

To obtain SS family members in cotton, we downloaded the reference sequence file of A. thaliana from The Arabidopsis Information Resource online database (TAIR 10.1) (https://www.arabidopsis.org/). The newly updated version of the four cotton genome files, G. arboretum (BGI), G. raimondii (BGI), G. hirsutum (ZJU), and G. barbadense (ZJU), was downloaded from COTTONGEN (https://www.cottongen.org/). The reference sequence file of A. thaliana SSs was used as a query target to search against the genome file of four cotton species using local software Blast 2.13. Thus, candidate gene members of the SS family in four cotton genomes were obtained. The Hidden Markov Model (HMM) profile of PF08323 was downloaded from Pfam (https://pfam.xfam.org/). These genes were further screened using Pfam (https://pfam.xfam.org/) and SMART (http://SMART.emblheidelberg.de/). We only retained genes from the Glyco_transf_5 domain. We also analyzed theoretical isoelectric point (pI), molecular weight (MW), and subcellular location predictions for these SS proteins. We used several web sites, such as Cell-PLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/plant-multi/), to predict the subcellular location of the SSs. Expasy (https://web.expasy.org/compute_pi/) predicted the MW and pI of SSs.





Phylogenetic analysis

We aligned the amino acid sequences of A. thaliana and Oryza sativa L. and four cotton species by ClustalX v1.83 (Larkin et al., 2007) with default parameters. We used MEGA 7.0 (Kumar, 2016) to find the best model and build the developmental tree. The SS protein sequences of the four cotton genomes were entered into MEGA 7.0 software. Muscle was used for multiple sequence alignment, and the neighbor method was used to construct the intra-species evolutionary tree.





Analysis of the conserved motifs and gene structure of SS genes

We used the MEME (http://meme-suite.org/) website to predict the conserved motif of the SS proteins. The GFF files of the four genomes were merged using cmd instructions. Figures of the SS phylogenetic tree, conserved motifs, and introns and exons were drawn with TBtools software using nwk profiles (Chen et al., 2018), MAST profiles, and GFF profiles.





Chromosomal location analysis

Download the gene annotation files (GFF) for the four cotton genomes from COTTONGENE (https://www.cottongen.org/). The genes displayed on the chromosome were obtained by TBtools software using the GFF file.





Collinearity analysis

To investigate the collinearity of SS genes in four cotton genomes, we used MCScanX (Wang et al., 2012) software to analyze the synchronous relationships between duplicate gene pairs in four cotton genomes. Graphical results were displayed by TBtools software (Chen et al., 2018).





Calculation of Ka/Ks

The cds sequences of SS genes from four cotton genomes were downloaded from COTTONGENE. We calculated the nonsynonymous (Ka) and synonymous (Ks) substitution rates and Ka/Ks ratio with the KaKs Calculator 2.0 program using the homologous gene pairs of four cotton genomes obtained during collinearity analysis (Dapeng et al., 2010).





Analysis of the cis−elements of SS genes

We used TBtools software to obtain 1,000-bp DNA sequences upstream of SS genes in four cotton genomes. The cis element in the promoter was predicted by the PlantCARE website (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/). We selected cis elements that respond to plant hormones, light, and other stresses for further analysis.





Interaction network of GhSS proteins

To analyze the interaction networks of GhSS proteins, we performed this analysis using the STRING database (https://STRING-db.org/).





Virus−induced gene silencing and drought treatment

A total of 403 bp of GhSS9 was inserted into the pYL156 vector (which was cut with the restriction enzymes XbaI and BamHI). We constructed pYL156:GhSS9, the positive control pYL156:PDS, and the negative control pYL156. The primers for the GhSS9 silencing fragment were as follows: the forward primer, ‘5-GTGAGTAAGGTTACCGAATTCTATTATCTTTGTGGGAGCTGAGGTT-3’ and the reverse primer, ‘5-CGTGAGCTCGGTACCGGATCCTTGCTGCTATTTAAATTCAGAACTCTT-3.’ When plants reached the three-leaf stage, the control group was irrigated with pure water as required, while the experimental group was controlled in soil drought stress by no watering. After 3 days of treatment, we collected the true leaves of the plants to analyze the relative expression level of GhSS9.






Results




Identification of SS genes

We identified 12, 14, 25, and 25 SS members from G. arboreum, G. raimondii, G. hirsutum, and G. barbadense. According to the position of the gene on the chromosome, we renamed 76 SS members. We further analyzed SS family members’ length, molecular weight, theoretical isoelectric point, and subcellular localization prediction. The length of the SS protein sequence was different in cotton, but the physicochemical properties were similar. All 76 genes encode proteins ranging from 177 (GhSS16) to 1,185 (GaSS5) amino acids, with pIs varying from 4.25 (GbSS21) to 8.62 (GaSS3) and MWs varying from 135.17 (GaSS5) kDa to 19.013 (GhSS16) kDa (Table 1). For the prediction of the subcellular localization of SS proteins, we found that most of the SS proteins were localized to chloroplasts, and only 12 proteins were localized to the extracellular domain.


Table 1 | Information of the SS genes in cotton.







Phylogenetic analysis of the SS family

In order to study the evolutionary relationships of the SS family genes in O. sativa L., A. thaliana, and cotton, we constructed phylogenetic trees using protein sequences of SS family members (Figure 1). The results showed that the SS family was divided into five subfamilies; each subfamily had 25, 16, 14, 16, and 20 members in cotton, respectively. The total number of G. hirsutum (AD1) and G. barbadense (AD2) SS was the same in each subfamily. The total number of SS members of G. arboreum (A) and G. raimondii (D) was the same as the number of SS members of allotetraploid cotton (G. hirsutum (AD1) or G. barbadense (AD2) in the I, II, III, and V subfamilies. This was consistent with the hypothesis of the origin and history of allotetraploid cotton (Brubaker et al., 1999). The I subfamily has 25 members, making it the largest subfamily. We speculate that the I subfamily member may play an active role in starch synthesis in cotton and A. thaliana.




Figure 1 | Phylogenetic analysis of SS protein from Oryza sativa L., Arabidopsis thaliana, and cotton.







Structure of SS genes and conserved motifs

We analyzed the exon-intron structure and conserved motifs of the SS genes as shown in Figure 2. Ten motifs (1–10) were defined in SS members using MEME. All SS proteins contained motifs 3 and 4. We inferred that motifs 3 and 4 were important components of SS proteins. Genes in the same subfamily had similar gene structures and conserved motifs, and genes were specific between different subfamilies, indicating that SS families were more conserved during evolution and played multiple functions (Xwa et al., 2020). For example, subfamily III contained motifs 1–9. The members of subfamily V all contained motifs 1–4, 6–9. The number of exons in each SS family varied from 1 to 26. The number of exons was different in different subfamilies, and most genes in the same subfamily had the same number of exons.




Figure 2 | Conserved motifs and exon-intron structure of SS genes in G arboreum, G raimondii, G hirsutum, and G barbadense. (A) Phylogenetic tree of SS genes. (B) Conserved motifs of SS proteins. (C) The exon–intron structure of SS genes.







Chromosomal distribution

To further study the chromosomal distribution and inheritance of SS family members, we mapped all SS genes to the corresponding chromosomes. As shown in Figure 3, 72 of 76 SS genes were mapped to chromosomes. For the GaSS genes from G. arboreum, 12 GaSSs were located on eight chromosomes (CA_chr1, CA_chr2, CA_chr5, CA_chr6, CA_chr9, CA_chr10, CA_chr11, and CA_chr12). For the GrSS genes from G. raimondii, 10 of 14 GrSSs were mapped to seven chromosomes (Chr1, Chr4, Chr6, Chr8, Chr9, Chr10, and Chr11), and four GrSSs were mapped to scaffolds. For the GhSS and GbSS gene families, they shared a similar chromosomal distribution pattern, with 25 genes assigned to chromosome 17, respectively. Twelve genes were assigned to eight chromosomes (A02, A05, A06, A07, A08, A09, A10, and A12) in group A, and 13 genes to nine chromosomes (D03, D04, D05, D06, D07, D08, D09, D10, and D12) in group D.




Figure 3 | Chromosomal locations of SS genes in G arboreum, G raimondii, G hirsutum, and G barbadense. (A) G arboretum, (B) G raimondii, (C) G barbadense, and (D) G hirsutum.







Collinearity analysis

Through homology analysis of SS genes in G. arboreum, G. raimondii, G. hirsutum, and G. barbadense, we mapped the relationship between SS genes from the four cotton varieties (Figure 4). By comparing the genomes of Ga-Ga, Ga-Gb, Ga-Gh, Gb-Gb, Gb-Gr, Gb-Gh, Gr-Gh, Gr-Gh, Gr-Gr, and Gh-Gh, we identified a total of 217 linear/similar gene pairs. Among them, 45 duplicate genes were cloned into fragments, and 172 duplicate genes were cloned into the whole genome. Among them, Ga-Ga, Gb-Gb, Gh-Gh, and Gr-Gr had 2, 21, 21 and 1 pair of co-linear gene segments, respectively. Ga-Gh, Ga-Gb, Ga-Gr, Gb-Gh, Gb-Gr, and Gh-Gr replicated 33, 19, 9, 57, 27, and 27 linear/similar gene pairs, respectively. Therefore, we conjecture that the main driving force behind the evolution of SS family genes is genome-wide replication, followed by fragment replication.




Figure 4 | Syntenic relationship of SS duplicate gene pairs in cotton.







Selection pressure analysis

To study the phylogeny of SS gene pairs, we performed selective stress analysis. Ratios of nonsynonymous substitution rate (Ka) and synonymous substitution rate (Ks) were calculated for 217 gene pairs (Figure 5A). The results showed that the Ka/Ks values of 213 gene pairs were less than 1, the Ka/Ks values of 178 genes were between 0 and 0.5, and the Ka/Ks values of 26 genes were between 0.5 and 0.99 (Figure 5B). That is to say, these genes had a negative selection effect, which indicated that they had experienced purification selection pressure after gene duplication events. Since the Ka/Ks ratios of GbSS23-GhSS23, GbSS8-GhSS8, GrSS2-GhSS17, and GbSS8-GaSS9 were greater than 1, it was considered that these genes had positive selection effects in the process of evolution.




Figure 5 | Analysis of the non-synonymous (Ka) to synonymous (Ks) ratio. (A) Nonsynonymous (Ka) and synonymous (Ks) divergence values for Ga–Ga, Ga-Gb, Ga-Gr, Ga-Gh, Gb-Gb, Gb-Gr, Gb-Gh, Gr-Gr, Gr-Gh, and Gh-Gh are shown in the circular chart. (B) Prediction number of the duplicate gene pairs involved in different combinations of four cotton species.







Promoters and conservative domain analysis of SS genes

To better investigate the mechanisms of gene regulation, we utilized PlantCARE (Figure 6B) to identify several cis-regulatory elements in the promoter regions of each SS gene, which could be divided into three categories. The first was the light response element, which include Box 4, TCT-motif, MRE, i-Box, Box II, ae-Box, ATCT-motif, Sp1,3-AF1 binding site, GATA-motif, LAMP-element, Ace, for a total of 12 elements, which were located upstream of 51, 40, 25, 16, 11, 10, 9, 8, 7, 7, and 6 genes, respectively. The second type was the stress response element, including ARE, CAT-box, MBS, TC-rich repeats, and LTR, with a total of five elements located upstream of 53, 34, 28, 26, and 21 genes, respectively. The third class was the phytohormone response element, including TCA, TGACG-motif, CGTCA-motif, O2-site, TGA-element, P-box, TATC-box, with a total of seven elements, which were located upstream of 71, 38, 35, 24, 13, 12, and 8 genes, respectively.




Figure 6 | Promoters and conservative domains of SS genes in G arboreum, G raimondii, G hirsutum, and G barbadense. (A) Phylogenetic tree of SS genes. (B) Promoters of SS proteins. (C) The conservative domain of SS genes.



To study the protein domains of SS genes, we used HMMER (https://www.ebi.ac.uk/tools/HMMER/search/phmmer) to analyze the conserved domains of SS genes. As shown in Figure 6C, each gene contained a Glyco_transf_5 domain. Different subfamilies had different domains, but the same subfamily had similar domains. Subfamily I genes all contained Glyco_transf_5, Glycos_transf_1, Glyco_trans_1_4 and Glyco_transf_4 domains except for GrSS8, GbSS16, and GhSS16 genes. Subfamily II contains two types of domains. One type only contained the Glyco_transf_5 domain, however, the other type contained the Glyco_transf_5, Glycos_transf_1 and Glyco_trans_4 domains. Subfamily III, IV, and V genes all contained Glyco_transf_5, Glycos_transf_1 and Glyco_trans_1_4 domains, except for GrSS6 (Figure 6A).





Interaction network of GhSS proteins

To further investigate the function of the GhSS protein, we used STRING data (https://STRING-db.org/) for interaction network analysis. We compared GhSS proteins with A. thaliana proteins to obtain A. thaliana homologs and searched for them using multiple sequences (Figure 7). Results showed that sugar levels not only regulate gene expression, metabolism, growth in bacteria, yeast, and animals but also influence signal cell growth and development. In vascular plants, it also serves as a signal regulating multiple metabolic pathways and development processes. There are two main processes in the protein–protein interaction network. One was the synthesis of starch, and the other was the degradation of starch. SS family (GBSS1, SS1, and SS2), GlgB subfamily genes (EMB2729 (1,4-alpha-glucan-branching enzyme), SBE (1,4-alpha-glucan-branching enzyme), APL (glucose-1-phosphate adenylyltransferase large subunit), and SPL genes were involved in starch synthesis. The SS family gene DPE2(4-alpha-glucanotransferase) is involved in starch hydrolysis (Takaha et al., 1993). We hypothesized that cotton regulates metabolism, growth, and development by regulating starch synthesis, hydrolysis, and sugar levels.




Figure 7 | Interaction network of GhSS proteins.







Expression and silencing analysis of GhSS9 under drought stress in cotton

To understand the potential role of the SS gene family in cotton stress, we selected the GhSS9 gene for the VIGS experiment. Expression levels of GhSS9 were significantly reduced in the leaves of V-GhSS9 plants after VIGS compared with pYL:156 plants (Figure 8B), indicating strong and specific silencing of GhSS9. To understand the potential role of the SS gene family in cotton stress, we selected the GhSS9 gene for the VIGS experiment. Expression levels of GhSS9 were significantly reduced in the leaves of V-GhSS9 plants after VIGS compared with pYL:156 plants (Figure 8B), indicating strong and specific silencing of GhSS9. After drought stress, the cotyledons of V-GhSS9 plants turned yellow, the true leaves lost water, and the whole plant seriously wilted. However, the cotyledons of pYL:156 plants showed mild yellowing symptoms, and plant morphology was basically normal after drought stress. V-GhSS9 plants were more sensitive to drought stress than pYL:156 plants, implying that this gene contributes to drought tolerance in cotton (Figure 8A). V-GhSS9 plants were more sensitive to drought stress than pYL:156 plants, implying that this gene contributes to drought tolerance in cotton (Figure 8A).




Figure 8 | Function verification of GhSS9. (A) Phenotypic comparison of GhSS9-silenced plants under drought stress. (B) Detection of GhSS9 silencing efficiency (***p <0.001).








Discussion

Sugar is a direct product of plant photosynthesis, transported out of photosynthetic cells in the form of sucrose or stored in the form of starch (Stitt, 1991). Sugar levels (sugar feast or sugar starvation) have a significant impact on plant metabolism and development. As a signaling substance, sugar levels regulate gene expression, metabolic pathways, growth, and development in plants (Gupta and Kaur, 2005). Starch is one of the main polysaccharides in plant cells, which affects the sugar level of plants. Starch synthetase is the key enzyme in starch synthesis in plants. Several SS have been identified in O. sativa L. (Zhang et al., 2021), maize (Harn et al., 1998), and wheat (Tan et al., 2010). However, it was still lacking any type of study about SS in cotton. In our study, we identified the SS gene family in G. arboreum, G. raimondii, G. hirsutum, and G. barbadense, with the aim of understanding the roles of the SS family in cotton.

Based on the published cotton genomics information (Lin et al., 2010), 76 SS genes were identified by the blastP technique using the SS family genes of A. thaliana as target sequences. The proteins encoded by these genes contained 117–1,181 amino acids with a molecular weight of 19.013–135.17 kDa and an isoelectric point of 4.825–8.62 with an average of 6.541, indicating that these proteins were weakly acidic. The SS family has different physical chemistry and functions. By constructing phylogenetic trees of SS genes in A. thaliana, O. sativa, and cotton, these genes were divided into five branches, and each branch contained SS genes from six species. This means that the SS family differentiated earlier than monocotyledons and dicotyledons. Furthermore, collinearity analysis found fewer repeats between Ga(A)-Ga(A) and Gr(D)-Gr(D), but more repeats between Ga(A)-Gh(AD1), Ga(A)-Gb(AD2), Gr(D)-Gh (AD1), and Gr(D)-Gb(AD2). This further verified that G. hirsutum (AD2) and G. barbadense (AD1) come from interspecific hybridization between the cotton with the A genome and the cotton with the D genome. During the evolution of cotton, the SS family genes can be preserved, which indicates that the SS family plays an important role in the growth and development of cotton.

The structure of a gene determines its function (Richard et al., 1998). The C-terminal amino acid sequence of SS proteins is highly conserved, but the N-terminal of SS protein is variable, and the conservation is very poor. The genes of the SS family all contain motifs and 4. All SS families contain Glyco_transf_5. We speculate that Glyco_transf_5 may be an important domain of the SS family, mainly composed of motifs 3 and 4. The same subfamily of SS genes has very strong conservation, such as the subfamily III genes, which were composed of motifs 1–9, all of whom contained Glyco_transf_5, Glycos_transf_1, and Glyco_trans_1_4 conserved domains. We hypothesized that different subfamilies of SS have specific roles in starch synthesis.

Three types of response elements were identified in the SS promoter region. The first type was the light response element, with the SS promoter region containing the most cis elements. This was consistent with the conclusion that SS family genes play an important role in starch synthesis during photosynthesis. The second type identified in the SS promoter was the hormone responsiveness element, with 71 SS genes all containing a cis-acting element involved in defense and stress responsiveness (tca-element). Salicylic acid (SA) is a hormone produced by plants and plays an important role in plant growth and stress resistance. It is suggested that the SS gene may be involved in hormone signaling pathways in plants. A third type of stress response element was identified in the SS promoter, suggesting that SS genes may play a key role in response to abiotic stresses.

In our study, we found that some glucose-1-phosphate adenylyltransferase large subunit (APL) genes interact with GhSS genes, such as APL1, APL2, APL3, and APL4. Previous studies have shown that the APL family, which encodes the large subunit of the ADP-glucose caramel phosphorylase, catalyzes the first rate-limiting step in starch biosynthesis. GhSSs interact with SBE family genes such as SBE2.1 and SBE2.2. SBE is a key enzyme involved in amylopectin structure formation. Interestingly, both APL and SBE are involved in starch synthesis, which suggests that key enzymes in starch synthesis may interact to promote starch formation (Huang-Lung et al., 2009). Furthermore, GhSSs interact not only with starch synthesis-related enzymes but also with starch hydrolysis-related enzymes (DPE1, DPE2) (Ceusters et al., 2019). We hypothesized that GhSSs were involved both in starch synthesis and in starch hydrolysis. Starch, as an important storage sugar, can be decomposed to produce soluble sugar under drought stress. The accumulation of soluble sugar under drought stress can be used as an osmotic protective agent to maintain osmotic stability, and it can also act as a ROS scavenger (Krasensky and Jonak, 2012). The rapid gluconeogenic conversion of malate into starch prevents an increase in the volume of the protoplasts, whereas the degradation of starch to malate is accompanied by a swelling of the protoplasts. The mutual transformation of starch and malate constructs the osmotic driving force of stomatal movement, and the gluconeogenesis of malate transforms it into starch. This also supports stomatal closure and mitigates drought stress (Ogawa, 1981; Schnabl, 1980).

The biosynthesis of vascular plant starch takes place in the plastid, and the substrate is sucrose (Ugalde and Jenner, 1990). Sucrose is converted to glucose by sucrose invertase or sucrose synthase (Echeverria and Humphreys, 1984; Moriguchi et al., 1992). Starch is then synthesized by AGPase, SS, SBE, and DBE (Lloyd et al., 1999; Kharabian-Masouleh et al., 2011). There is an interaction between starch synthase and dismutase in the protein interaction network. Starch is degraded to glucose by the actions of dismutase and starch synthetase. Glucose can be converted to sucrose by phosphorylase. The sugar level in the plant has a great influence on the metabolism and growth of the plant (Berger et al., 2010). There are mainly sucrose transporter pathways and glucose receptor pathways (Kühn et al., 2010). The sucrose transporter pathway states that sucrose levels regulate the expression of related genes (Jang et al., 1997; Sheen et al., 1999). As a glucose receptor, hexokinase (HXK) mediates the expression of glucose-related genes (Rolland et al., 2006). When cotton is subjected to drought stress, SS family genes affect the sugar level in the plant by regulating starch synthesis and hydrolysis and regulate gene expression in response to stress (Figure 9).




Figure 9 |  A model for the role of starch synthase (GhSS) in the drought resistance of cotton.







Conclusion

According to the gene structure, conserved domain, phylogeny, collinearity, chromosome location, and cis-element analysis of the SS family, the characteristics of the SS family in four cotton genomes were studied. In addition, we constructed the gene interaction network of the GhSS protein, and GhSS9 responds to drought stress by regulating starch synthesis and decomposition. These results lay the foundation for further study of the response of SS genes to abiotic stress.
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Heat shock transcription factor (HSF) is an important TF that performs a dominant role in plant growth, development, and stress response network. In this study, we identified a total of 30 HSF members from poplar, which are unevenly distributed on 17 chromosomes. The poplar HSF family can be divided into three subfamilies, and the members of the same subfamily share relatively conserved domains and motifs. HSF family members are acidic and hydrophilic proteins that are located in the nucleus and mainly carry out gene expansion through segmental replication. In addition, they have rich collinearity across plant species. Based on RNA-Seq analysis, we explored the expression pattern of PtHSFs under salt stress. Subsequently, we cloned the significantly upregulated PtHSF21 gene and transformed it into Populus simonii × P. nigra. Under salt stress, the transgenic poplar overexpressing PtHSF21 had a better growth state and higher reactive oxygen scavenging ability. A yeast one-hybrid experiment indicated PtHSF21 could improve salt tolerance by specifically binding to the anti-stress cis-acting element HSE. This study comprehensively profiled the fundamental information of poplar HSF family members and their responses to salt stress and specifically verified the biological function of PtHSF21, which provides clues for understanding the molecular mechanism of poplar HSF members in response to salt stress.
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1 Introduction

Plants are frequently affected by adverse environments in growth and development, such as high temperature, salt injury, drought, cold, and other abiotic threats, insect pests, viruses, and other biotic stresses (Huang et al., 2021). Nowadays, saline-alkali hazards have become universal problems worldwide (Polle and Chen, 2015). Soil salinization can change soil properties, reduce soil water potential, and lead to soil consolidation, which restricts plant growth and development (Evelin et al., 2019). As sessile organisms, plants cannot actively escape adverse environments due to their own fixed nature, so they rely on physiological and biochemical mechanisms to survive under stress (Shao et al., 2007; Abdullah et al., 2018). Therefore, plants have evolved a series of complex and effective strategies to maintain normal physiological metabolism and stress-resistant growth (Zhou et al., 2009). Transcription factors (TF) are sequence-specific DNA-binding protein molecules that can regulate downstream gene expression by binding to specific cis-acting elements in promoter regions (Shao et al., 2015). Increasing reports have indicated that many kinds of TF carry out a significant role in plant stress resistance. For example, heat shock factor (HSF) can activate transcriptional responses to salinity and oxidative defense in Populus euphratica (Shen et al., 2013). MYB-related TF is widely involved in the phosphate starvation response and the tolerance to extreme cold, drought, and salt stress (Sun et al., 2018). The PsnHDZ63 gene can improve salt tolerance of poplar (Guo et al., 2021a). ABRE binding factor and MYC are directly involved in the signaling pathways of abscisic acid (ABA) and jasmonic acid (JA) (Yoon et al., 2020). WRKY proteins recognize and activate a variety of plant defense genes (Yu et al., 2001).

In particular, HSF is a type of TF that widely exists in eukaryotes and carries out an important role in signal reception and transmission, downstream gene regulation, and stress resistance in plants (Ohama et al., 2017). Highly conserved HSF protein is composed of five basic functional domains: DNA binding domain (DBD), adjacent dimer oligomeric domain (OD), nuclear localization signal (NLS), nuclear export signal (NES), and C-terminal activating peptide protein (CTD) (Li et al., 2014; Guo et al., 2016). DBD is the most conserved domain in HSF, which forms a compact sphere consisting of three α-helical bundles and four inversely parallel β-folded layers. DBD ensures that HSF members specifically bind to cis-acting elements in the target gene promoter, therefore regulating target gene transcription (Sangster and Queitsch, 2005). OD consists of two hydrophobic heptapeptide repeat regions, HR-A and HR-B. According to the differences between HR-A and HR-B, HSF is divided into three subfamilies (HSFA, HSFB, and HSFC) (Nover et al., 2001; Baniwal et al., 2004). NLS is composed of basic amino acids, and NES is rich in leucine (Lyck et al., 1997; Heerklotz et al., 2001). CTD is the least conserved region, which consists of AHA motifs and exhibits the characteristics of transcriptional activation. The first plant HSF gene was cloned from a tomato in 1990. So far, more and more HSFs have been found in many species. For instance, 21 HSF members were identified in Arabidopsis thaliana, 25 in rice, 27 in potato, 82 in wheat, 25 in corn, and 19 in grape (Wang et al., 2009; Lin et al., 2011; Guo et al., 2016; Tang et al., 2016; Yang et al., 2016; Duan et al., 2019). Previous studies on individual HSF subfamilies have shown that HSF members are widely involved in plant development and stress responses. Overexpression of HsfA1b could significantly increase plant yield, harvest index, and plant resistance to pathogens (Bechtold et al., 2013). AtHSFA7b regulates the expression of the target gene by combining with E-box-like elements to mediate a series of physiological changes, including maintaining cell ion homeostasis, lowering water loss rate, reducing reactive oxygen species accumulation, and regulating osmotic pressure, to improve plant salt tolerance (Zang et al., 2019). Overexpression of the AtHsfA1b and AtHsfA1d genes can enhance drought and heat tolerance in tomatoes (Higashi et al., 2013). In addition, heterologous overexpression of BcHsfA1 or HmHsp70 genes in tobacco can enhance heat tolerance (Zhu et al., 2018; Xu et al., 2020). Overexpression of the HsfA1 gene from Lilium brownii can upregulate the heat shock and betaine synthase genes in A. thaliana (Gong et al., 2014). HsfA1d transgenic pea decreased the content of H2O2 under heat stress and significantly increased the activity of antioxidant enzymes (Shah et al., 2020).

As perennial woody plants, poplar has experienced various environmental pressures and seasonal changes. The genome of Populus trichocarpa was first published in 2006, which makes it an ideal genetic model for forest genetics and breeding (Tuskan et al., 2006). Populus simonii × Populus nigra is a hybrid of P. simonii and P. nigra, which has the advantages of rapid growth, excellent quality, easy survival of cutting, strong adaptability and high development potential. However, salinized soil seriously restricts the growth range of P. simonii × P. nigra (Guo et al., 2021a). How to improve the salt tolerance of woody plants has become an important research topic. In this study, we identified 30 HSF members from poplar and analyzed their phylogeny, gene structure, conserved domain, promoter cis-acting elements, chromosome location, collinearity, and evolution pattern. In addition, we profiled their expression pattern under salt stress by RNA-Seq and screened out a highly salt-induced PsnHSF21 gene. We confirmed it was targeted to the nucleus and had self-activating activity, and it can specifically bind to the HSE element. Moreover, we obtained transgenic P. simonii × P. nigra over-expressing PsnHSF21 and verified the transgenic poplar displayed growth and physiological advantages under high salt stress. These results are helpful to understand the mechanism of salt resistance and the genetic improvement of HSF members in poplar.



2 Materials and methods



2.1 Identification of poplar HSF family

The genome information of poplar HSF family genes and their conserved domains was obtained from Phytozome (https://phytozome-next.jgi.doe.gov/). The hidden Markov model (HMM) (Evalue <1 × 10−5) of HSF (PF00447) was downloaded from the Pfam database (https://pfam.xfam.org/) (Finn et al., 2011). Poplar HSF sequences were obtained by BLASTP-HMMER, and sequence accuracy was further verified by Pfam and NCBI-CDD (https://www.ncbi.nlm.nih.gov/cdd) (Finn et al., 2016). Multiple sequence alignment was carried out through CLUSTALX 2.0 (Zhao et al., 2020) and visualized with DNAMAN and Web Logo (Guo et al., 2021b). Subcellular localization was predicted by PSORT (http://psort1.hgc.jp/form.html) with default parameters. Physical and chemical parameters were predicted by ExPASy (https://web.expasy.org/protparam/), including molecular weight (MW), isoelectric point (PI), instability index (II), and the average hydrophilic coefficient of proteins (Huang and Xu, 2008).



2.2 Phylogeny and sequence analysis

The sequences of 24 HSF members of A. thaliana were downloaded from the TAIR database (https://www.arabidopsis.org/). Multiple-sequence alignment was conducted by CLUSTALX 2.0. A phylogenetic tree was constructed by the NJ method in MEGA7.0, and the reliability of branches was evaluated with 1,000 Bootstrap repeated samplings (Kumar et al., 2016). Motif identification was predicted by MEME (https://meme.suite.org/meme/info/status.Service=MEME&id=app.MEME5.5.016727959406951083280962) with the maximum motif number of 10 (Bailey et al., 2009). The conserved domain was analyzed by the NCBI-CD-Search program (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The information about UTR, intron, and CDS was obtained from the GFF annotation of the poplar genome and visualized by TBtools (Chen et al., 2020).



2.3 Genetic evolution of the poplar HSF family

Genome information for A. thaliana and Oryza sativa was obtained from the Ensembl Plants database (http://plants.ensembl.org/index.html). Tandem repeatability of the poplar HSF gene and gene collinear relationships across plant species were identified by BLASTP and the multiple collinear scanning tool (MCScanX) (Wang et al., 2012). The chromosome location of the poplar HSF gene was shown by TBtools (Tuskan et al., 2006). Ka/Ks replacement rate of homologous HSF genes and evolution time T (T = Ks/2λ, λ = 9.1 × 10−9) were also calculated by TBtools (Chen et al., 2020).



2.4 Analysis of cis-acting elements in the promoter

The PlantCARE database (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) was used to predict the cis-acting elements in the upstream 2,000 bp promoter sequences of poplar HSF genes. Furthermore, the results were visualized by TBtools (Chen et al., 2020).



2.5 Expression analysis of poplar HSF family genes

P. simonii × P. nigra seedlings from the same poplar clone at Northeast Forestry University were cultured in water under the light/dark cycle of 16/8 h and 26 °C/22 °C, until new roots and new leaves sprouted (Yao et al., 2019). A total of 60 hydroponic seedlings with similar growth states were selected for salt treatment: 30 for 150 mM NaCl solution and 30 for hydroponic control. After 24 h, the roots, stems, and leaves were collected and preserved in liquid nitrogen, then transported to GENEWIZ Company (www.GENEWIZ.com) for RNA-Seq on the IIIumina HiSeq 2500 platform. The analysis of differentially expressed genes (DEGs) was carried out by the DESeq method in R software, and the standards of significant DEGs include |log2 fold change (FC)| ≥1 and a p-value ≤0.05. A Venn diagram was drawn by Venny2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/index.html) (Anders and Huber, 2010). The relative expression levels of significant differentially expressed PtHSFs screened by RNA-Seq were verified by RT-qPCR. The internal reference was Actin, and the primers of PtHSFs for RT-qPCR are listed in Supplementary Table S1. The relative expression level in transgenic poplar was calculated by the 2−ΔΔ Ct method as previously described (Guo et al., 2021b). Furthermore, the LSD test (P <0.05) of SPSS software was performed to examine the significance of gene expression levels (Zhao et al., 2021).



2.6 Cloning and sequence analysis of the PsnHSF21 gene

Total RNA was extracted using the TaKaRa MiniBEST Plant RNA Extraction Kit (Takara, Dalian), and cDNA was synthesized using the PrimeScript™ reverse RT reagent kit (Takara, Dalian). The cDNA fragment of the PtHSF21 gene was cloned by PCR with specific primers (Supplementary Table S2) (Goodstein et al., 2012), and it was sequenced by Sangon (http://www.sangon.com/). The sequence was compared by Blastn (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The conserved domain of PtHSF21 was analyzed by the NCBI-CD-Search program (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), and the protein structure of PtHSF21 was predicted by Swiss Model (https://swissmodel.expasy.org/interactive/NNZZXxy/model/) (Zhang et al., 2022). The homologous proteins of PtHSF21 were screened by NCBI-blast, and their phylogenetic tree was represented by the NJ method in MEGA7.0, with the reliability of branches being evaluated with 1,000 Bootstrap repeated samplings (Kumar et al., 2016). The potential proteins interacting with PtHSF21 were predicted by String (https://cn.string-db.org/).



2.7 Subcellular localization analysis of PsnHSF21 protein

The coding region sequence of PsnHSF21 without a stopping codon was introduced into the pBI121-GFP vector by SalI and SpeI restriction sites. The PCR primers can be found in Supplementary Table S3. The fusion vectors pBI121-PsnHSF21-GFP and pBI121-GFP as controls were transferred into Agrobacterium tumefaciens GV3101, respectively. Moreover, the Agrobacterium solutions were injected into the lower epidermis of the strong leaves, which belong to one-month-old tobacco soil seedlings after transplanting. The injected leaves were cultured in the dark for 24 h and then observed for a green fluorescence signal under a Zeiss laser confocal microscope (ZEISS LSM 800).



2.8 Generation of transgenic poplar overexpressing PsnHSF21

The tissue culture poplar seedlings were used for gene transformation by the leaf disk transformation method. The leaves were immersed in solutions of GV3101 containing pBI121-PsnHSF21-GFP for 10 min and cultured in the dark for 2–3 days. Then the leaves were transferred to a differentiation medium composed of WPM, 0.1 mg/L NAA, 0.2 mg/L 6-BA, 0.5 mg/L Gas, and 50 mg/L Kan to induce adventitious buds. The 2-cm buds can be transferred to 1/2 MS rooting medium with 50 mg/L Kan. The Kan-resistant seedlings were confirmed by molecular detection with WT DNA as a negative control and plasmid as a positive control. In addition, the relative expression levels of PsnHSF21 in transgenic poplar were calculated by RT-qPCR with three biological repeats per sample.



2.9 Salt tolerance of transgenic poplar overexpressing PsnHSF21

Two-month-old transgenic poplars (OE1, OE2, OE3, and OE4) and WT plants as controls were irrigated with 200 mM NaCl solution for 7 days. The growth indexes, such as fresh weight, plant height, main root length, and lateral root number, were measured. Furthermore, leaves in three to four layers were collected for the determination of physiological indexes, including POD, proline, and MDA, using the Nanjing Jiancheng Bioengineering Research Institute kit. The relative expression levels of stress resistance genes such as SOD, POD, HRG, ABA, and GA were analyzed by RT-qPCR. The relevant primers can be found in Supplementary Table S4. Histochemical staining of DAB and Evans blue was used to predict the activities of hydrogen peroxide and superoxide in plants. Tissue culture seedlings at one month old were soaked in 200 mM NaCl for 24 h, and the leaves were immersed in DAB and Evans blue solution in the dark for 24 h and then decolorized with ethanol (Sekulska-Nalewajko et al., 2016).



2.10 Self-activating activity and HSE cis-element interaction of the PsnHSF21 protein

The CDS sequence of the PsnHSF21 gene was fused into pGBKT7 to form pGBKT7-PsnHSF21 at two restriction sites, NdeI and SmaI. The related primers can be found in Supplementary Table S5. The fusion vectors pGBKT7-PsnHSF21, pGBKT7 (negative control), and pGBKT7-53/pGADT7-T (positive control) were respectively transferred into the Y2H Gold yeast strain according to the Yeast Maker yeast transformation system and then inoculated on SD/-Trp and SD/-Trp/-His/X-α-Gal solid medium to detect the self-activating activity of the PsnHSF21 protein.

The stress-resistant element HSE (GAATTC) was refolded in series three times and then inserted into the pAbAi vector to form the bait vector AB-HSE, which was prepared for AB-HSE-Y1H competent cells. The CDS sequence of the PsnHSF21 gene was inserted into pGADT7 to form the bait vector AD-PsnHSF21 by restriction sites NdeI and BamHI. The primers are listed in Supplementary Table S5. The AD-PsnHSF21 vector was transferred into yeast cells and cultured on SD/-Leu/AbA (200 ng/ml) for 3–5 days. The positive clones were diluted and presented in culture medium.




3 Results



3.1 Identification of poplar HSF family members

Allowing the hidden Markov model (HMM) of HSF (PF00447) as a clue, we searched the poplar genome and identified a total of 30 HSF proteins by Pfam and NCBI-CDD multiple verification. The repetitive regions of the 30 PtHSF proteins were extracted for multiple sequence alignment and visualization (Figure 1). The DBD domains of PtHSF proteins include three α-helical bundles and four inversely parallel β-folded layers. PtHSF proteins have 210–596 aa, with a protein molecular weight of 24,028.43–65,369.32 Da. The isoelectric points of the 30 PtHSF proteins are different. The isoelectric points of PtHSF06, PtHSF08, PtHSF11, PtHSF21, PtHSF25, and PtHSF30 are more than 7; these are basic proteins, of which PtHSF21 is the largest with 9.35. The values of the other 24 PtHSFs are all less than 7 and are acidic proteins, of which PtHSF20 is the smallest with 4.7. The instability index of PtHSF proteins varies greatly, in which the value of PtHSF15 and PtHSF16 is low and their stability is poor. PtHSFs are all hydrophilic proteins, of which PtHSF10 has the weakest hydrophilicity (−0.914) and PtHSF06 has the strongest hydrophilicity (−0.468). Based on the prediction of subcellular localization, all poplar HSF family proteins are in the nucleus, except PtHSF16, which is also found in the cytoplasm (Table 1).




Figure 1 | Comparison of the HSF domain of PtHSFs. Secondary structure elements of the DBDs (α1-β1-β2-α2-α3-β3-β4) based on JNet structure predictions are shown above the alignment; α-helices are indicated by red circular legends, and β-folds are indicated by yellow square legends. The total height of each column of letters in the Web logo section indicates the conservation of each position, and the height of each letter represents the relative rating of the corresponding amino acids.




Table 1 | Analysis of PtHSF genes.





3.2 Phylogenetic tree and gene structure analysis

In the study, 30 poplar HSF proteins and 24 HSF proteins from A. thaliana were used for constructing a phylogenetic tree (Figure 2). The similarity between PtHSFs and AtHSFs is 70%–100%. HSF proteins are divided into three subfamilies, including Classes A, B, and C. Among them, Class A is the largest with 17 PtHSF proteins; Class B is the smallest, which merely has PtHSF06 (Potri.T137400.1); and Class C accounts for 40% of poplar HSF members.




Figure 2 | Phylogenetic tree of PtHSFs and AtHSFs. The rootless phylogenetic tree of the HSF protein sequence of poplar and Arabidopsis thaliana was drawn by the NJ neighbor method in MEGA7.0. The phylogenetic tree was divided into three groups: (A–C), with each color remaining in one group. Potri.011G051600.1 (PtHSF21) was marked with a red “–.”.



As shown in the gene structure map, all PtHSF members have a typical HSF conserved domain, while there are differences in the UTR, CDS, domain, and intron structures among PtHSFs (Figure 3). Broadly speaking, the PtHSF members in the same subfamily have similar gene structures except for the HSF domain, Classes A and B members also contain some additional conservative domains. For example, in Class A, PtHSF04 contains the DivlC domain, PtHSF05 contains the Macoilin domain, PtHSF10 contains the hadR domain, PtHSF09, PtHSF22, and PtHSF26 all contain the Mplase_alph_rch domain, and PtHSF02, PtHSF07, and PtHSF12 all contain the SMC_prok_B domain. PtHSF30 in Class C contains the DUF5320 domain. In addition, PtHSFs contain 1–2 introns; 93% of PtHSFs contain one intron, while PtHSF14 and PtHSF30 contain two introns. MEME prediction results indicated PtHSF proteins contain 4–9 conserved motifs, among which the members in Class A contain the most motifs (6–9) and PtHSF01, PtHSF23, and PtHSF27 in Class C have the least, with only four motifs, including motifs 1, 2, 3, and 10. All members include three conserved motifs, including motifs 1–3. Except for the above three motifs, Class A members contain motifs 4 and 5, and Class C members contain motif 10. The information for motifs 1 to 10 is given in Supplementary Figure 1.




Figure 3 | Analysis of HSF gene structure and conserved motif of poplar. The phylogenetic tree was constructed based on 30 HSF protein sequences from poplar, which were divided into three subfamilies. In the gene structure analysis, blue represents the UTR, yellow represents the CDS, pink represents the HSF region, and “–” represents the intron. The conservative motif of the HSF gene is predicted by the MEME website. The number in the color block (1–10) represents motifs 1–10, respectively, and the length of the color block indicates the size of the motif.





3.3 Chromosome mapping and gene evolution analysis

The 30 PtHSF members have chromosomes that are unevenly distributed on poplar chromosomes. It is unusual there exists a PtHSF30 distributed on the KZ623489 scaffold. Chromosomes 1 and 6 contain four HSF genes; chromosomes 2, 4, 8, 10, and 11 contain two HSF genes; chromosomes 18 and 19 have no HSF genes; and the other chromosomes contain one HSF gene (Figure 4A). Phylogenetic analysis indicated that the whole genome duplication of HSF family genes may have occurred in poplar, which were then analyzed by TBtools-McSxanX. There were 11 duplicate pairs in PtHSFs (Figure 4A), but no tandem repeats appeared, indicating that fragment repetition remains the main factor of gene expansion in the poplar HSF family. To further study the evolutionary constraints of PtHSFs genes, we analyzed the non-synonymous substitution rate Ka, synonymous substitution rate Ks, and Ka/Ks values of the 11 homologous PtHSFs gene pairs (Table 2). The non-synonymous substitution rate Ka indicates that the amino acid changes were caused by base replacement, while the synonymous substitution rate Ks indicates that the amino acid changes did not occur due to base replacement. The synonymous substitution rate Ks is used to predict the occurrence time of genome-wide repetitive events, which are between 0.2397 and 1.9035. So large-scale gene repetition events may have occurred about 104.58887 MAY (million years ago) in poplar. The most recent event happened at 13.16965 MAY (million years ago). Moreover, the Ka/Ks values of PtHSFs gene pairs are all less than 1, indicating that poplar HSF family genes have experienced strong purification selection.




Figure 4 | Repetition and collinearity analysis of PtHSFs fragments. (A) Approximately 30 HSF genes were unevenly distributed on poplar chromosomes, and the segmental repetition relationships were represented by black lines. (B) Collinearity analysis of HSF genes in poplar, Arabidopsis, and rice. The blue line represents the HSF lineal homologous gene pairs, and the red triangle indicates PtHSFs..




Table 2 | The Ka/Ks values of PtHSFs paralogous gene pairs.



To further confirm the phylogenetic relationship of HSF family members, the collinear relationships of nine PtHSFs from poplar, two AtHSFs from A. thaliana, and twelve OsHSFs from rice were analyzed. The HSF family members constitute 23 lineal homologous gene pairs, including three PtHSFs-AtHSFs pairs and twenty PtHSFs-OsHSFs pairs (Figure 4B; Supplementary Table S6). Ordinarily, PtHSFs can correspond to one or two HSF genes from other plant species. Interestingly, PtHSF19 corresponds to two AtHSFs (AT3G22830.1 and AT5G43840.1) and three OsHSFs (LOC_Os03g06630.1, LOC_Os03g53340.1, and LOC_Os10g28340.1), indicating that this gene is critically valuable in the evolution of the poplar HSF family.



3.4 Cis-acting elements of PtHSF promoters

Cis-acting elements are the core part of gene promoters, which carry out a significant regulatory function in gene expression. We analyzed the cis-acting elements in the upstream 2,000 bp promoter sequences of PtHSFs by PlantCARE. Among these genes, the PtHSF01 promoter contains the most cis-acting elements (37), while the PtHSF23 promoter contains the least cis-acting elements (13) (Figure 5). Additionally, these promoters include many elements that regulate development, such as meristem-specific expression regulatory elements, seed-specific expression regulatory elements, endosperm-specific expression regulatory elements, palisade mesophyll cell differentiation regulatory elements, and so on. Many abiotic stress response elements, such as light response elements, low temperature response elements, salt response elements, drought response elements, and wound response elements, and hormone synthesis-related elements, such as jasmonic acid response elements, gibberellin response elements, and auxin response elements, were also present in PtHSFs promoters.




Figure 5 | Analysis of Cis-acting elements in the HSF gene promoter in poplar. The upstream 2,000 bp sequences of 30 HSF genes were truncated and analyzed, and the blocks of different colors represented cis-acting elements with diverse functions.





3.5 Expression pattern of PtHSFs under salt stress

The expression pattern of PtHSFs in the root, stem, and leaf of poplar under salt stress was analyzed by RNA-Seq (Supplementary Sheet). In the root, twenty PtHSFs responded to salt stress, including nine upregulated genes and eleven downregulated genes. There were ten salt-induced PtHSFs in the stem; two were upregulated and eight were downregulated. There were seven PtHSFs in the leaf of poplar in response to salt stress, including five upregulated genes and two downregulated genes. Simultaneously, we drew a Venn diagram of the differentially expressed genes in the three tissues. PtHSF03 and PtHSF05 were differentially expressed in the three tissues. PtHSF28 was upregulated in leaf and root, PtHSF26 was upregulated in stem and root, and PtHSF21 was upregulated in leaf and stem. PtHSF03 was downregulated in three tissues; PtHSF06, PtHSF18, PtHSF25, and PtHSF27 were downregulated, in stem and root; PtHSF05 was downregulated in the stem and leaf (Figure 6A). RT-qPCR of 6 DEGs in different tissues was carried out to check the RNA-Seq results, which proved to be consistent. PtHSF3, PtHSF6, PtHSF18, and PtHSF25 were all downregulated in all three tissues (Figure 6B). It is worth paying attention to that one-third of the genes were upregulated in all three tissues, and the expression of PtHSF28 changed less, while PtHSF21 was significantly upregulated in both stems and leaves, which was selected as the key research object in the study.




Figure 6 | (A) VENN diagram of differential gene expression in the roots, stems, and leaves of poplar after salt stress. The figure indicates the number of DEGs in response to salt stress in different tissues, upregulating the number of DEGs and downregulating the number of DEGs. DEG means differentially expressed gene, URG means represent upregulating differentially expressed gene, and DRG means represent downregulating differentially expressed gene. (B) After salt stress, the expression pattern of the HSF gene in different poplar tissues was based on RNA-Seq and RT-qPCR analysis. Blue indicates the control group, and red indicates the salt treatment. Based on the expression level of corresponding genes in the roots of the control treatment, the relative expression level of each gene under salt stress was calculated. The error line represents the standard deviation (SD) of biological replication. “*” indicates there is a significant difference (P <0.05).





3.6 Bioinformatics analysis of PsnHSF21

We cloned the PsnHSF21 CDS with a length of 636 bp from P. simonii × P. nigra, encoding 212 amino acids with a highly conserved HSF domain (Figure 7A), and its protein sequence similarity to PtHSF21 was 96.21%. The protein has three α-helical bundles and four inverted parallel β-folded layers, which is consistent with the protein characteristics of the HSF family (Figure 7B). According to the results of NCBI-blast (Figure 7C), there were nine proteins highly homologous to PsnHSF21, including HSFs from P. trichocarpa, Hevea brasiliensis, Prunus avium, Manihot esculenta, Juglans microcarpa × Juglans regia, Abrus precatorius, Quercus lobata, Pistacia vera, and Carya illinoinensis. Among them, HSF (XP_006377347) from P. trichocarpa was most closely related to PsnHSF21, while it was farthest for the HSFs from P. avium (XP_021825794.1) and P. vera (XP_031258981.1). The prediction results of the protein–protein interaction network (Figure 7D) show there were ten proteins interacting with PsnHSF21, namely Potri.001G212200.1, Potri.001G285100.1, Potri.001G286700.1, Potri.005G241100.1, Potri.006G150300.1, Potri.006G230500.1, Potri.010G025000.1, Potri.015G078000.1, Potri.014G131700.1, and Potri.018G084900.1. The average node degree of the network is 4, the local clustering coefficient is 0.791, and the enrichment P value is 0.719.




Figure 7 | (A) Exhibition of the conserved domain of PsnHSF21 protein. (B) The schematic diagram of the tertiary structure of the PsnHSF21 protein. (C) Phylogenetic relationship between PsnHSF21 and HSFs in various species. (D) Prediction of PsnHSF21 interaction protein.





3.7 Subcellular localization of PsnHSF21

The subcellular localization of PsnHSF21 protein was analyzed in tobacco leaves by transient infection. As shown in Figure 8, the green fluorescence signal of pBI121-PsnHSF21-GFP was only observed in the nucleus, whereas it was expressed throughout the cells for the control vector pBI121-GFP, indicating that PsnHSF21 is a nuclear localization protein.




Figure 8 | Subcellular localization of PsnHSF21 protein. The pBI121-GFP-PsnHSF21 fusion vector and pBI121-GFP control vector were transferred into tobacco leaf cells by instantaneous transformation. After 24–36 h of transformation, the pictures were imaged by the laser confocal microscope. (I, IV) are GFP fluorescence detection, (II, V) are bright fields, and (III, VI) are superposition fields.





3.8 Salt resistance analysis of transgenic poplar overexpressing PsnHSF21

Seven transgenic poplar lines overexpressing PsnHSF21 were obtained by the leaf disc transformation method, which was confirmed by RT-qPCR (Supplementary Figure 2). OE1-OE4 with high expression levels were selected for functional analysis. Under normal conditions, there was no obvious morphological difference between WT and OE. Under salt stress, severe salt spots and obvious wilting appeared on the leaves and stems of WT. Compared with WT, the injury degree of transgenic lines was lower (Figure 9A). Furthermore, plant height, fresh weight, taproot length, and number of lateral roots of transgenic lines were 17%, 6%, 14%, and 41% higher than those of WT, respectively (Figure 9B).




Figure 9 | Functional analysis of PsnHSF21 under salt stress. The seedlings of WT and overexpressed PsnHSF21 poplar were stressed with water and 200 mM NaCl for 7 days. Control was water and treatment was 200 mM NaCl. (A) Display of the growth phenotype. (B) The growth index shows plant height, fresh weight, main root length, and lateral root number, three biological repeats. (C) Physiological index displays: POD, MDA, proline, electrical conductivity, and H2O2 content, three biological repeats. The error line represents the standard deviation (SD) of biological replication. “*” indicates there is a significant difference (P <0.05).



Under salt stress, plants produce a large amount of ROS, and the toxic effect of ROS can inhibit plant development. The activities of peroxidase (POD) and superoxide dismutase (SOD) indirectly reflect the ROS scavenging ability of plants. H2O2 remains the core component of ROS, which can also oxidize DAB into brown precipitates. Physiological index measurements indicated POD activity, H2O2 content, MDA content, electrical conductivity, Evans blue, and DAB staining degrees of leaves that displayed no difference between OE and WT under normal conditions. After salt stress, the POD activity of OE was 18%–31% higher than that of WT, and the H2O2 content of OE was 10%–16% lower than that of WT. MDA content and electrical conductivity of OE decreased by 19%–31% compared with WT. The Evans blue and DAB staining degrees of OE leaves were weaker than those of WT (Figures 9C, 10). Proline is also an important index to measure plant stress resistance. High proline content indicates improved stress tolerance. Under salt stress, the proline content of OE was 1.44–1.55 times higher than that of WT. RT-qPCR analysis showed that the relative expression levels of POD and SOD genes in OE were higher than those in WT (Supplementary Figure 3). The results indicated that PsnHSF21 transgenic poplar lines had stronger scavenging ability for ROS than WT. In addition, the relative expression levels of ABA, GA, and HRG genes associated with stress resistance were higher in OE than those in WT (Supplementary Figure 3). The above results showed that overexpression of PsnHSF21 could improve the salt resistance of transgenic poplars.




Figure 10 | Histochemical staining analysis of poplar leaves. The tissue culture seedling leaves of WT and overexpressed PsnHSF21 poplar were treated with 150 mM NaCl and water for 24 h, then stained with DAB (diaminobenzidine) and Evans Blue, respectively.





3.9 Self-activating activity and stress resistant element recognition of PsnHSF21

To identify the transcriptional activity of PsnHSF21, we performed a Y2H assay. It was found that BD-PsnHSF21 could grow normally on both media and turn blue on SD/-Trp/-His/X-α-Gal, indicating it had self-activating activity and could be efficiently transcribed (Figure 11A). We divided PsnHSF21 into four segments, including BD-I (1–96 aa), BD-II (97–212 aa), BD-III (97–149 aa), and BD-IV (150–212 aa). The vectors contain four differential segments, which were respectively transformed into Y2H cells to determine the self-activating region of PsnHSF21. As shown in Figure 11A, all fragments can survive on SD/-Trp, but only BD-II and BD-IV can turn blue on SD/-Trp/-His/X-α-Gal. Therefore, the self-activated region of the PsnHSF21 protein is located at the C-terminal 150–212 aa, and the amino acid residues in this region are essential for PsnHSF21 activity.




Figure 11 | (A) Analysis of the PsnHSF21 protein’s self-activating activity. The pGBKT7-PsnHSF21 fusion vector was constructed and transferred into Y2H yeast cells. Transformed cell dots were plated on both SD/-Trp and SD/-Trp/-His/X-α-Gal medium. BD indicates pGBKT7. pGBKT7 was loaded empty as a negative control and pGBKT7-53/pGADT7-T as a positive control. (B) Analysis of resistant cis-acting elements identified by PsnHSF21. PsnHSF21 can be specifically bound to HSE (GAATTC) in yeast one-hybrid assays. AB-HSE indicates pAbAi-HSE, AD indicates pGADT7, and AD-PsnHSF21 indicates pGADT7-PsnHSF21 Positive conversion was determined after being diluted with positive yeast on a Leu plate (200 ng/ml) supplemented with AbA (aureobasidin A). The pAbAi-p53/pGADT7-p53 served as positive controls, and the pAbAi-53/pGADT7 served as negative controls.



Many studies have proved that the stress-resistant element HSE can bind to HSF family TFs in particular. Therefore, we carried out a yeast one-hybrid experiment with PsnHSF21. The results showed that all combinations could grow normally on SD/-Leu, but only AD-PsnHSF21/AB-HSE and the positive control could grow normally on SD/-Leu/AbA (200 ng/ml) (Figure 11B). Therefore, PsnHSF21 may regulate the expression of downstream stress-related genes by specifically binding to their HSE cis-acting element in promoter regions.




4 Discussion

HSF is an important TF family in the plant kingdom that has been identified in A. thaliana, rice, tomato, corn, pepper, cabbage, and other plants. There are 21 HSF members in A. thaliana, which are divided into three subfamilies. AtHSFA6b in Class A not only participates in the high temperature stress response but also acts as a positive regulator of the stress response pathway mediated by the ABA signal, which significantly improves plant salt and drought tolerance (Huang et al., 2016). There are 25 HSF members in rice, and OsHsfB2b negatively regulates drought and salt tolerance in rice (Xiang et al., 2013). A total of 41 HSF members were identified from Phyllostachys pubescens, whose promoters contain many cis-acting elements related to stress. PeHSFs can be induced by gibberellin (GA) and naphthylacetic acid (NAA) and are highly expressed in panicles and young shoots, which may play a significant role in reproductive growth and organ development. As many as 49 HSF members were identified in tobacco, among which NtHSF03 and NtHSF12 were induced by high temperatures (Guo et al., 2022). Zizania aquatica has 28 HSF members, and 14 of them were highly expressed under high temperature stress (Cai et al., 2022).

In this study, we identified a total of thirty HSF members with conserved HSF domains from poplar, which all belong to acidic and hydrophilic proteins. All the PtHSFs were in nucleus, but PtHSF16 was also located in the whole cell, which was interesting. PtHSFs can be divided into three subfamilies (Classes A–C) (Huang et al., 2016). The structure of PtHSFs in the same subfamily is similar, while there are some differences among individual members. For example, PtHSF14 (Potri.006G226800.1) and PtHSF30 (Potri.T137400.1) have two intron structures, while the others contain one intron. Therefore, PtHSF14 and PtHSF30 may have experienced the cutting or insertion of gene fragments in the process of evolution (Staiger and Brown, 2013; Li et al., 2016). In addition to the common HSF conserved domain, PtHSF04 also contains a unique DivlC superfamily domain, which is a sporangium-forming domain of Bacillus subtilis. The SMC_prok_B domain represents an important domain for the maintenance of chromosome structure in B. subtilis (Soppa et al., 2002), and has an obvious inhibitory effect on plant pathogenic bacteria (Moo-Koh et al., 2022), which are present in PtHSF02, PtHSF07, and PtHSF12. In addition, all PtHSF members contain motifs 1–3, which may be the core components of the HSF domain. Class A had the largest number of PtHSF members with the largest number of motifs and the most complex conserved domain, which may have evolved from other functions.

Gene replication represents a general process of species evolution that can produce new functional genes and promote species evolution (Lynch and Conery, 2000). There are three modes of conventional gene replication: segmental replication, tandem repetition, and translocation events (Cannon et al., 2004). Rice has nine fragment repeat pairs in the HSF family (Guo et al., 2008), and P. pubescens has two tandem repeat pairs and twenty-seven fragment repeat pairs (Huang et al., 2021). In the study, we detected eleven fragment repeat pairs in PtHSFs, so segmental repetition dominates the expansion of the HSF family in poplar. Ka/Ks values of poplar HSF fragment repeats were all far less than 1, indicating these homologous genes underwent synonym mutation that was subjected to not only natural selection but also strong purification selection. In addition, every HSF fragment duplication gene belongs to the same subfamily in poplar, which may perform similar functions. There was a significant collinearity of HSF genes between poplar and Arabidopsis, like PtHSF17 (Potri.008G157600.1)/AtHSF6b (At3G22830.1) and PtHSF19 (Potri.010G08200.1)/AtHSF6b (At5G43840.1) (Figure 4B; Supplementary Table S6). Studies have shown that AtHSF6b mediates the ABA pathway to negatively regulate the drought resistance of A. thaliana (Wenjing et al., 2020), so it can be inferred that PtHSF17 and PtHSF19 may also be related to drought stress. In addition, PtHSF19 also corresponds to three rice HSF genes (LOC_Os03g06630.1, LOC_Os03G53340.1, and LOC_Os10G28340.1), which are sensitive to high temperature, cold, and oxidative stress (Mittal et al., 2009; Mittal et al., 2012). The direct homologous gene of PtHSF01 (Potri.001G1081.1) is OsHsfB2b (LOC_Os08g43334.1), which negatively regulates drought and salt tolerance in rice (Xiang et al., 2013). The direct homologous gene of PtHSF09 (Potri.004G062300.1) is OsHSF9 (LOC_Os01g54550.1), which is sensitive to temperature and improves cadmium resistance in rice (Shim et al., 2009). OsHsfA9 (LOC_Os03G12370.1) is the direct homologous gene of PtHSF16 (Potri.008G136800.2) and PtHSF20 (Potri.010G104300.1), which can not only promote reproductive development of plants but also improve stress resistance (Chauhan et al., 2011). Therefore, these homologous PtHSFs may carry out similar functions in stress responses.

The promoters of poplar HSF family members contain many elements with various functions. It can be inferred that these genes may be involved in multiple signaling pathways and carry out a critical role in regulating development, abiotic stress, and hormone synthesis in poplar. The HSF gene is well-known to respond to high temperature stress (Guo et al., 2016). In this study, we explored the biological function of poplar HSF family members under salt stress. Among the 30 HSF family members, 25 PtHSFs respond to salt stress in different tissues, with thirteen upregulated genes and fourteen downregulated genes. Among them, PtHSF21 was upregulated 4.5 times, 5.5 times, and 4.2 times in roots, stems, and leaves, respectively. This gene may perform a significant role in responding to salt stress; it was selected for further function validation.

We cloned PsnHSF21 from P. simonii × P. nigra, which belongs to the Class C subfamily in poplar and is accurately located in the nucleus. PsnHSF21 contains three α helical bundles and four inverted parallel β folds, which are important DBD structures in the HSF domain (Sangster and Queitsch, 2005). Among the 10 interacting proteins of PsnHSF21, Hsp81.4 (Potri.001G286700.1) and HSC70-5 (Potri.015G078000.1) have been proved to be significantly induced by heat stress, and HSC70-5 is involved in seed development. HSP90.7 (Potri.005G241100.1) can improve drought and salt tolerance in plants through the ABA pathway (Song et al., 2009). Therefore, PsnHSF21 may perform a similar function or cooperate with the above proteins to promote plant development and participate in the stress response.

In this study, we obtained seven transgenic poplar lines overexpressing PsnHSF21 (OE). Under normal conditions, there was no obvious difference in morphology between OE and WT. Under salt stress, the growth state of OE was significantly better than WT. After external stimulation, plants will undergo a series of physiological changes, especially the accumulation of ROS dominated by hydrogen peroxide (H2O2), the hydroxyl radical (OH−), and the superoxide anion (Erpen et al., 2018). SOD and POD are antioxidant enzymes that efficiently scavenge reactive oxygen species (ROS) (Feng et al., 2016; Survila et al., 2016). In this study, POD activity in OE was higher than that in WT, and SOD and POD gene expressions in OE were also higher than those in WT. This indicated that OE had better ROS scavenging ability. The H2O2 content of OE was lower than that of WT after salt stress, and the OE leaves with weaker DAB staining also indicated that there was less H2O2 content in OE. Free proline is an important index to detect plant growth status and evaluate plant stress resistance (Abrahám et al., 2010). Electrical conductivity, MDA content, and Evans blue staining are also indicators to evaluate the degree of cell damage. After salt stress, the proline content of OE was higher than that of WT, while the electrical conductivity and MDA content of OE were lower than those in WT. It is well recognized that abscisic acid (ABA) is widely involved in the stress response network to various environmental and abiotic stresses like drought, salinity, osmotic stress, and low temperature (Hamisch et al., 2016; Yu et al., 2017). Hydroxyproline glycoprotein (HRG) can improve plant antibacterial and disease resistance (Showalter et al., 2016). Gibberellin (GA) is a key hormone involved in plant development and stress response (Liu et al., 2018). Interestingly, the expression of the above stress-resistant genes in OE was higher than that in WT. Overall, the above results illustrated that PsnHSF21 could improve the salt resistance of OE by regulating these stress-related genes.

PsnHSF21 had self-activating activity, and the function region was at the C-terminal 150–212 aa, indicating the gene could form a stable transcription initiation complex and exert protein efficiently (Figure 11A). In animals and plants, HSE elements can be specifically recognized and bound by helix-transduction-helix motifs in the DNA binding domain (DBD) of HSF (Harrison et al., 1994; Schultheiss et al., 1996). When plants are subjected to high temperatures or other stresses, HSFs form HSF active trisomies through binding to hydrophobic OD, which accurately recognizes and binds to HSE elements in the gene promoter of the heat shock protein HSP gene, molecular chaperone, or other downstream genes to activate their transcription (Döring et al., 2000). For example, CmHSFA4 with transcriptional activation activity was identified in Chrysanthemum, which could respond to salt stress in combination with HSE elements (Li et al., 2018). In the study, the PsnHSF21 protein was proved to specifically bind to HSE elements, which indicates PsnHSF21 may regulate the expression of downstream salt-resistant genes by binding to HSE elements in their promoters.



5 Conclusions

In this study, a total of 30 HSF family genes were identified in poplar, all of which had HSF conserved domains. We systematically analyzed the gene structure, chromosome distribution, promoter cis-acting elements, gene duplication, and gene evolution of 30 PtHSFs and explored their expression pattern under salt stress by RNA-Seq and RT-qPCR. Among them, we identified a significantly salt-induced and nucleus-localized gene, PsnHSF21. We obtained seven transgenic poplar lines overexpressing PsnHSF21 (OE) by the leaf-disk method. OE displayed morphological and physiological advantages under salt stress, for example, higher plant height and root length, enhanced ROS scavenging ability, and reduced cell damage compared to WT. At the molecular level, the relative expression levels of stress-related genes such as ABA and GA were significantly higher in OE. Moreover, PsnHSF21 was proven to specifically bind to the stress-resistant element HSE, and the self-activated region was at the C-terminal 150–212 aa. In conclusion, PsnHSF21 regulates stress-related genes by specifically binding to the HSE element in their promoter regions to improve salt tolerance in poplar. This study provides a basis for understanding the biological function of the HSF gene in poplar under salt stress.
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Environmental stresses are ubiquitous in agricultural cultivation, and they affect the healthy growth and development of edible tissues in passion fruit. The study of resistance mechanisms is important in understanding the adaptation and resistance of plants to environmental stresses. In this work, two differently resistant passion fruit varieties were selected, using the expression characteristics of the transcription factor MYB, to explore the resistance mechanism of the MYB gene under various environmental stresses. A total of 174 MYB family members were identified using high-quality passion fruit genomes: 98 2R-MYB, 5 3R-MYB, and 71 1R-MYB (MYB-relate). Their family information was systematically analyzed, including subcellular localization, physicochemical properties, phylogeny at the genomic level, promoter function, encoded proteins, and reciprocal regulation. In this study, bioinformatics and transcriptome sequencing were used to identify members of the PeMYB genes in passion fruit whole-genome data, and biological techniques, such as qPCR, gene clone, and transient transformation of yeast, were used to determine the function of the passion fruit MYB genes in abiotic stress tolerance. Transcriptomic data were obtained for differential expression characteristics of two resistant and susceptible varieties, three expression patterns during pulp development, and four induced expression patterns under abiotic stress conditions. We further focused on the resistance mechanism of PeMYB87 in environmental stress, and we selected 10 representative PeMYB genes for quantitative expression verification. Most of the genes were differentially induced by four abiotic stresses, among which PeMYB87 responded significantly to high-temperature-induced expression and overexpression of the PeMYB87 gene in the yeast system. The transgenic PeMYB87 in yeast showed different degrees of stress resistance under exposure to cold, high temperatures, drought, and salt stresses. These findings lay the foundation for further analysis of the biological functions of PeMYBs involved in stress resistance in passion fruit.
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Introduction

Passion fruit is a tropical–subtropical crop that consists of roughly 520 species, of which approximately 70 are edible (Cerqueira-Silva et al., 2014; Xia et al., 2021). In East Asia, the main cultivars are Passiflora edulis Sims and Passiflora edulis Degener, both of which have their own characteristics. The purple fruit has a strong flavor and a sweet and sour taste, but less resistance to adversity, while the yellow fruit is sweeter and more resistant to adversity. Passion fruit is widely cultivated around the world, but mainly in less economically and technologically developed tropical regions. Because of its short growth cycle, the area under cultivation in China and neighboring countries has grown rapidly in recent years, which has brought the total area under cultivation to nearly 44,466 ha (Xia et al., 2021), and the cultivation of passion fruit has brought significant economic benefits to the growing areas. Passion fruit is nutritious and has a high medicinal value; the whole plant has antioxidant, anti-inflammatory, antibacterial, and antifungal effects, and has positive effects on the treatment of diabetes and pulmonary fibrosis (Fonseca et al., 2022), as well as on the treatment and prevention of obesity and its complications (Lucas-González et al., 2022). Since the cultivation area of passion fruit is expanding globally, the difficulties related to its cultivation are rising as well.

Passion fruit is a typical tropical fruit. During the growth and development process, it is easy to perceive changes in response to the climate and environment. Regiana dos Santos et al. (2019) found that salt stress significantly reduced plant physiological characteristics such as the height, total chlorophyll, and stomatal conductance of Passiflora edulis Sims plants, which seriously affected the normal growth of the plant. Therefore, identification of stress-resistance-related functional genes and analysis of their regulatory mechanisms are of great importance for the improvement of passion fruit varieties. In this study, the PeMYB transcription factor, which has never been studied before, was used as an entry point. MYB transcription factors are one of the largest families of transcription factors in plants. The first MYB transcription factor in a plant species was discovered in maize (Amit et al., 2012), and, since then, a large number of plants have been studied for the MYB transcription factor family. The MYB transcription factors are classified into four classes because they contain different amounts of highly conserved MYB domains: 1R-MYB, 2R-MYB, 3R-MYB, and 4R-MYB. The MYB structural domain is a highly conserved peptide consisting of 50 to 53 amino acids in one repeat, with a tryptophan residue (W) between every 18 to 19 amino acid residues in the MYB structural domain sequence, whose main role is to form a hydrophobic core in the H-T-H three-dimensional structure. This core contains three α-helices connected by a turn between the second and third helix. The third helix is responsible for recognizing cis-elements in target genes, and thus regulating the expression of downstream functional genes. The conserved W residues are important for forming the hydrophobic core and maintaining the three-dimensional structure of the MYB repeat sequence (Paz-Ares et al., 1987; Ogata et al., 1995; Lipsick, 1996). This also suggests that the molecular structures and biological functions of each subgroup or branch of the MYB transcription factor family are highly conserved during evolution. For example, the MYB transcription factor FfMYB1 in bamboo (Fargesia fungosa) shares high amino acid sequence similarity with Arabidopsis AtMYB20 and AtMYB43, both of which are pseudo-activators of lignin synthesis (Wang et al., 2012). Buckwheat (Fagopyrum esculentum) FeMYBF1 is a homology of Arabidopsis MYB11, MYB12, and MYB111, which all perform a regulatory role in flavonol biosynthesis (Matsui et al., 2018). Studies have shown that 2R-MYB is the most abundant subclass of the MYB transcription factor family. This subclass is widely involved in abiotic stress hormone response and secondary metabolism, such as anthocyanin flavonoid production and accumulation in plants, and cellular differentiation processes such as bud differentiation and pollen development. Some findings suggest its involvement in the biosynthesis of trophic tissue or pericarp anthocyanins, flavonoids, or lignans (Charles et al., 2018). The 3R-MYB family of transcription factors is mainly involved in the cell cycle, cell differentiation (Feng et al., 2017), and some plant stress responses, such as drought (Dai et al., 2007), low temperature (Dai et al., 2007; Zhai et al., 2010), and salt stress (Zhang et al., 2019). Mulberry (Morus notabilis) MnMYB3R1 is involved in regulating the expression of its polyphenol oxidase genes (Dan et al., 2019). There are also some 3R-MYB involved in plant anthocyanin synthesis such as MYBx1, the R3-MYB gene of Phalaenopsis, which inhibits anthocyanin accumulation (Fu et al., 2019). In A. thaliana, MYB-relate was further divided into six subfamilies, consisting of 6 I-box-like, 19 TBP-like, 29 CCA1/R-type, 11 CPC-like, 2 TFR-like, and 1 orphan class (Supplementary Table 2), and it was found that MYB-relates act during plant growth and development to resist abiotic stresses. Thirteen percent to 65% of plant MYB-relates show substitution by alternative amino acids at the first or third W residue of the MYB structural domain (Du et al., 2013; Liu et al., 2022). In the CCA1/R-R and I-box-like subgroups, the third W residue is usually substituted by Ala (A) and Tyr (Y), respectively. In all members of the fourth branch of the Arabidopsis TBP-like subgroup, and in most members of the CPC-like subgroup, the first W residue is replaced by Phe (F). However, the shared sequences SHAQK(Y/F)F and LKDKW(R/K)(N/T) are highly conserved in the MYB domains of the CCA1-like/R-R type and TBP-like subgroups, respectively (Du et al., 2013). At present, there is little research regarding 4R-MYB, and its exact functions are still unclear. There are only two 4RMYB members in Arabidopsis and only one 4RMYB member in rice (Amit et al., 2012).

In this study, we found that the passion fruit MYB transcription factor can respond to a variety of abiotic stresses and can develop some tolerance to four abiotic stresses: salt, drought, high temperatures, and low temperatures.





Materials and methods




Identification of MYB genes in passion fruit, protein analysis, subcellular localization prediction

Genomic data were downloaded from the NGDC (National Genome Sciences Database), and the PeMYBs were initially screened and identified using hmmsearch and local blast (Output E value: 1e-5) to obtain 234 candidate MYB protein sequences. To further examine the candidate protein sequences, NCBI-CDD (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi), SMART (http://smart.embl-heidelberg.de/), and PFAM (https://pfam.xfam.org/) were used to remove incomplete and duplicate sequences. The 174 MYB protein sequences were then analyzed by ExPASy (http://web.expasy.org/protparam/) online software (accessed on 10 August 2021) for CDS length, protein length, molecular weight, number of isoelectric phosphate sites, and the basic physicochemical properties of the passion fruit MYB family members (Song et al., 2022).

Subcellular localization prediction was performed using http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/ (accessed on 11 August 2021).





Construction of phylogenetic trees

A total of 126 sequences of the AtMYB protein, 5 sequences of 3R-AtMYB, and 68 sequences of the AtMYB-relate protein from Arabidopsis thaliana were obtained from the website (https://www.arabidopsis.org/), and 96 sequences of PtrR2R3-MYB and 5 sequences of Ptr3R-MYB from Populus trichocarpa were obtained from https://www.sciencedirect.com/. Multiple sequence alignments were performed using the Clustal_W tool in MEGA X (https://www.megasoftware.net/). The alignment results were used to construct a phylogenetic tree using the neighbor-joining method (NJ), Bootstrap method: 1000, Gaps/Missing Date Treatment: Partial Selection, Site Coverage Cutoff: 95. The evolutionary trees were grouped and embellished using evoview (https://www.evolgenius.info/evolview/#login).





Gene identification and gene structure

The 174 conserved structural domains of passion fruit MYB proteins were predicted using the online software MEME (https://meme-suite.org/meme/tools/meme) with the following parameter settings: the mode was classical, the number of conserved motifs was limited to 15, and all other parameters were used as default values. Motif width was selected from 6 to 60. Finally, the results and genome structure annotation files, using MEME output clustering and analysis of conserved motifs, were obtained. The conserved motifs and exons–introns were clustered and analyzed using TBtools and plotted as a graph. The data were visualized by TBtools after performing a conserved motif search.

The conserved R-structure sequences appearing in PeMYBs were compared separately using MUSCLE in MEGA software, and the output was cut and manually checked using Quick Run TrimAL in TBtools. Then, each conserved fragment was visualized using the Weblogo3 online website (https://weblogo.threeplusone.com/create.cgi).





Analysis of cis-acting elements of PeMYB genes

TBtools was used to obtain a 2,000-bp fragment upstream of the transcriptional start site of each PeMYBs and then uploaded to the PlantCARE database (accessed on 11 August 2021) (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) to identify cis-acting promoter region elements.





Chromosomal locations

PeMYBs gene ID and passion fruit gff were uploaded to the TBtools “Gene Location Visualize from GTF/GFF”.





Analysis of the protein interaction network of MYB gene in passion fruit

First, the orthovenn2 tool was used (https://orthovenn2.bioinfotoolkits.net/home) (accessed on 11 September 2021) to identify the orthologous pairs between PeMYBs and AtMYBs. Second, the interaction networks in which PeMYBs were involved were identified based on the orthologous genes between the passion fruit and Arabidopsis using the AraNetV2 (http://www.inetbio.org/aranet/) (accessed on 11 September 2021). The STRING (http://string-db.org/cgi) (accessed on 11 September 2021) database and the predicted interaction network were displayed using Cytoscape software (https://cytoscape.org/) (accessed on 27 September 2021).





Gene collinearity analysis

Text Merger for MCScanX and Amazing Super Circos in TBtools were used to make an intra-species covariance analysis of the passion fruit MYB. The genome sequences of A. thaliana, rice, grape, and poplar were obtained with gff annotated genome files at EnsemlPlants (http://plants.ensembl.org/info/website/ftp/index.html) and NCBI Genome (https://www.ncbi.nlm.nih.gov/genome/). GXF ID Prefix was used to unify the IDs in the gff files of each species, and then One step MCscanX was used to compare the genomic files of each species. Then, Text Merge for MCScanX and Big Text View were used to merge and organize the above output files, and, finally, Multiple Synteny Plot was used to visualize the interspecies covariance of the passion fruit PeMYB genes.

The determination of selection pressure during the evolution of the MYB gene in passion fruit was performed using the TBtools Simple Ka/Ks Calculator (NG).





Plant materials and growth conditions

Yellow-fruit passion fruit and purple-fruit passion fruit plants were selected from healthy plants after they had grown to approximately 1 m in height and had developed 8–10 functional leaves for sampling and preparation of transcriptome data for the different varieties. The growth conditions were 200 µmol·m−2·s−1; light intensity at 30°C; 12-h light/12-h dark cycle; and 70% relative humidity.





The transcript data of PeMYBs analysis under different stress treatments

Healthy purple fruits were selected for the same period and sampled separately after the following stress treatments. The following stress treatments were carried out: (1) drought stress: relative soil moisture content of 50% and 10%; (2) high-temperature stress treatment: passion fruit plants were placed at 42°C for 2, 4, and 24 h; (3) low-temperature stress treatments: passion fruit plants were incubated at 4°C for 20 and 48 h; (4) salt stress treatment: passion fruit plants were watered with 300 mM NaCl liquid for 3 and 10 days. At least three leaves were collected from each treated plant, then quickly frozen in liquid nitrogen and stored in an ultra-low-temperature refrigerator. In addition, samples were taken at each of the three fruit development stages of purple-fruit passion fruit (T1, 2 weeks before harvest; T2, at harvest time; T3, 1 week after harvest) and stored in an ultra-low-temperature refrigerator (Song et al., 2022). The transcript data of the PeMYBs were analyzed using TBtools software (https://bio.tools/tbtools). The normalized expression data were used to generate a heatmap using TBtools.





RNA extraction, transcriptome sequencing, and qRT-PCR

The total RNA was extracted from the frozen samples with different abiotic stress treatments and fruit maturity stages, and from the roots, stems, and leaves of the passion fruit, using a plant RNA isolation kit (Fuji, China, Chengdu) with three biological replicates. The cDNA, obtained by RT-PCR, was used for transcriptome sequencing analysis and quantitative real-time polymerase chain reaction (qRT-PCR). Primer sequences were designed using the Primer 5.0 tool. The expression of PeMYBs was detected by qRT-PCR analysis using SYBR® Premix Ex Taq™ (TaKaRa, Japan, Tokyo). EF1α was used as the internal reference gene (Ao et al., 2022). Relative expression levels were calculated using the 2−ΔΔCt method and normalized to the PeMYBs. The experiment was carried out using a Roche Fluorescence PCR: LightCycler 96.





PeMYB87 yeast (Saccharomyces cerevisiae) functional verification test

The full-length cDNA of PeMYB87 was amplified from the purple-fruit passion fruit varieties by reverse transcription–polymerase chain reaction (RT-PCR) based on the sequence information in the passion fruit genome database (https://bigd.big.ac.cn/gwh/) (accessed on 1 January 2021). cDNA was extracted from healthy purple-fruit passion fruit plants. PCR products were cloned into the pMD19-T vector (Promega, Madison, WI, USA) and sequenced on an ABI PRISM310 Genetic Analyzer (PerkinElmer Applied Biosystems, Foster City, CA, USA). The full-length cDNA of PeMYB87 was assessed by DNA MAN software. The pYES2-PeMYB87 vector was constructed using the abovementioned cloning vector and pCAMBIA1304-PeMYB87 as the amplification template by selecting two enzymatic sites, HindIII and BamHI, with specific designed primers. The constructed pYES2-PeMYB87 was transferred into the INVSC1 yeast receptor state using lithium chloride transformation in preparation for abiotic stress tolerance validation experiments. Yeast abiotic stress treatment conditions were as follows: high-temperature stress (30°C, 45°C, 50°C, 55°C, 60°C, and 65°C) was used for 2 h; salt stress (NaCl 5 mol/L); drought stress (8 mol/L PEG), treated for 2 h, 6 h, 12 h, and 24 h; and low-temperature stress (−20°C), treated for 0 h, 12 h, 24 h, 36 h, and 48 h. Tests were performed with transgenic yeast and wild-type yeast, which were induced with galactose-containing yeast induction medium.






Results




Physical and chemical property analysis and prediction of subcellular localization

A total of 174 PeMYBs sequences of the passion fruit were identified in this study. The results of physicochemical property analysis of the PeMYBs showed that the CDS sequence length ranged from 228 bp (PeMYB49) to 4,062 bp (PeMYB172), and the protein sequence length ranged from 75 bp to 1,353 bp (Supplementary Table 1). The molecular weights ranged from 8.62 kD to 149.09 kD, with an average mass of 40.05322 kD. Isoelectric point results showed PI between 4.21 (PeMYB116) and 11.1 (PeMYB124). A total of 79 PeMYB members had PI values of less than 7, and 95 had PI values higher than 7 for basic proteins. There were no neutral proteins. The predicted result of the subcellular localization showed that 11 members (PeMYB15/21/24/39/60/71/99/102/140/150/159) were localized in mitochondria. PeMYB110 and PeMYB138 were localized in the cytoplasm. PeMYB143 was localized in the endoplasmic reticulum. PeMYB165 was localized in the cell membrane. The other members were predicted to be localized in the nucleus (Supplementary Table 1). The diversity of the physicochemical property results also illustrates the structural and functional diversity of PeMYBs. According to the number of MYB structural domain repeats, the MYB transcription factor family was subdivided into 1R-MYB, R2R3-MYB, 3R-MYB, and 4R-MYB, and this study concluded that the largest number of PeMYBs was in R2R3-MYB, with 98 members, followed by 1R-MYB (71) and 3R-MYB (5). No 4R-MYB was found.





Phylogenetic analysis of PeMYBs protein

According to Du’s study, R2R3 class MYB may have evolved from the loss of one R3 class MYB during evolution (Du et al., 2012), and for better evolutionary analysis of PeMYBs, we divided the 174 members into 2R+3R and MYB-relate groups for separate phylogenetic and conserved structural domain analysis. A. thaliana had 126 AtR2R3MYB genes, 5 AtR3MYB genes, and 68 AtMYB-relate genes. A total of 196 P. trichocarpa PtrR2R3-MYB genes and 5 Ptr3R-MYB genes (Yang et al., 2021) were combined with 98 2R-PeMYB, 5 3R-PeMYB, and 71 PeMYB-relate (1R-PeMYB) group members in passion fruit to construct a phylogenetic evolutionary tree (Supplementary Table 2). PeMYBs were grouped according to 126 members of the AtR2R3-MYBs subgroup in A. thaliana, and, finally, the 2R-like MYBs of passion fruit were grouped into 31 subgroups, which clustered with 18 subgroups of the Arabidopsis with known functions. It was shown that MYB in the same branch may have conserved biological functions (Figure 1). Among these, the R2R3-like MYB of Arabidopsis has been shown to have a stress-resilient function; can be involved in the synthesis of flavonoid metabolites, epidermal waxy biology, and plant formation; and is capable of participating in the regulation of cell differentiation, cell wall, and trichome differentiation processes. The specific AtR2R3-MYB functions are shown in Table 1. The R3 class MYBs are grouped in a separate cluster and classified in subclade G2 (3R) (Figure 1). The current functions of 3R-MYB involved in salt, drought, and cold stress also have functions in anthocyanin synthesis. The functions of these proteins in Arabidopsis are mainly regulation of the cell cycle and involvement in abiotic stress responses (Okumura et al., 2021). It is essential to note that the CDC5-like MYB in subgroup G1 is also found in A. thaliana, in addition to P. trichocarpa, where AT1G09770 is named AtMYBCDC5, and their amino acid sequences are extremely similar.




Figure 1 | The phylogenetic evolutionary tree of PeMYB-R2R3. Ninety-eight 2R-PeMYBs proteins, five 3R-PeMYBs proteins, 126 Arabidopsis 2R-AtMYB proteins, five 3R-AtMYBs proteins, five 3R-PtrMYBs, and 196 2R-PtrMYBs proteins were compared by ClustalW. A phylogenetic evolutionary tree was generated using MEGA X and neighbor-joining methods. Red dots indicate passion fruit MYB proteins. The gray branches represent Arabidopsis or Populus trichocarpa MYB genes not clustered with passion fruit PeMYBs. The outermost circles G1–G31 represent the grouping of passion fruit, and the inner circle “S” and number combinations represent the grouping of Arabidopsis.




Table 1 | Possible function of 2R-PeMYB and 3R-PeMYB.



MYB-related transcription factors were classified according to Arabidopsis MYB-related into 7 members of I-box-like, 2 members of CPC-like, 11 members of TBP-like, and 14 members of CCA1-like, and no TFR-like subclade was found (Figure 2). In addition, five independent subclusters were named A, B, C, D, and E.




Figure 2 | The phylogenetic evolutionary tree of PeMYB-relate. Seventy-one PeMYB-relates, five 3RPeMYB, and 68 Arabidopsis AtMYB-relates were compared by ClustalW, and a phylogenetic evolutionary tree was generated using MEGA X and neighbor-joining methods. Yellow circles indicate passion fruit MYB-relate proteins. The outermost circles A–E represent subgroups of specific passion fruit MYB-relate, and the remaining subgroups are named according to the grouping of Arabidopsis AtMYB-relate members.



PeMYB160 is a unique protein among all 71 PeMYB-relate sequences. We found that PeMYB160 appears as W(19)W(22)W in white mulberry MaMYB13 (WX19WX9PLX10W) (Liu et al., 2022). The results mainly focus on the circadian and growth hormone pathways as regulators of trichome formation, and the specific AtMYB-relate functions are shown in Table 2.


Table 2 | Possible function of PeMYB-relate.







Gene structure of the MYB gene family of passion fruit and analysis of conserved motifs

As shown in Figure 3, 2R-PeMYB and 3R-PeMYB members contain one to seven motifs. PeMYB35/67/68/85/86 only contain motifs 14 and 15. Motif 8 appears in 27 members, and motif 10 appears in only 5 3R-MYBs. Motifs 1, 2, and 3 appear in 98 2R-PeMYBs. Motif 1 appears in five members of PeMYB12, 56, 72, 133, and 153, and these five members also belong to PeCDC5.




Figure 3 | Analysis of 2R-PeMYB and 3R-PeMYB conserved structural domain and gene structure analysis. The PeMYBs IDs on the left side of the image are arranged according to the principle of having similar species motifs. The middle image shows the structure of the PeMYBs conserved protein motifs represented by blocks of different colors. The rightmost image shows the analysis of the gene structure of PeMYBs, with the CDS sequence in yellow and the UTR sequence in green. The length of the protein/DNA can be estimated using the scale at the bottom of the figure.



The exon–intron structure is an important evolutionary feature of the gene. We further analyzed the exon–intron structures of the PeMYBs. 2R-PeMYBs and 3R-PeMYBs had, at most, seven UTRs in PeMYB96. 3R-PeMYB had more CDSs with (PeMYB45) 8–18 (PeMYB172) and (PeMYB45) 1–4 (PeMYB9/141/163) UTRs. Among all 2R-PeMYBs, PeMYB34/38/87/131 contain one CDS, while the rest of the members contain two or more CDSs. A total of 13 PeMYBs family members contain only one 5’UTR, with no 3’UTR. The 14 members of PeMYB4 contain only one 3’UTR and no 5’UTR.

The gene structures of the PeMYB-relate gene families and the results of the conserved motif analysis are shown in Figure 4, which indicates that motif 6 is only present in PeMYB39/40/60/71/89/149/150, which belong to the I-box-like subgroup in the phylogenetic evolutionary tree analysis, and motif 8 is present in 14 members of PeMYB5, and so on, which are part of the CCA1 subgroup. Motif 12 is present with only 7 members, including PeMYB59, and motif 9 is present with only 10 members, including PeMYB24, all of which are members of the PeMYB-related specificity subgroup. Among the PeMYB-related genes containing (PeMYB2) 1–24 (PeMYB160) CDS, seven members did not have UTRs, and PeMYB123 contained the largest number of UTRs (6). Figure 5 shows that the structure of R2 appeared relatively conserved, with three conserved tryptophan (W), while R3 repeated with F/I/M instead of the first W and Y/F instead of the third W. The third amino acid of R1 was replaced by Y/F. The analysis of the PeMYB-related-R structure is consistent with the previous results in the Arabidopsis AtMYB-related motif (Du et al., 2013).




Figure 4 | PeMYB-relates conserved structural domain and gene structure analysis.






Figure 5 | PeMYB-R structure amino acid position. Residual conservation for all proteins is shown by the height of each letter. The bit score indicates the information content of each position in the sequence. The red circles indicate five conserved tryptophan (W) residues and one phenylalanine (F/I/W) residue in the R structural domain of the MYB gene family.







Analysis of the cis-acting elements of the promoter of the MYB gene of passion fruit

Analysis of the action elements of the PeMYBs promoter yielded a total of 4435 response elements for 12 types (Figure 6). The largest percentage is light response elements, with 44.51%. The next largest is the MeJA response element, with 12.86%, followed by the abscisic acid response element, with 10.42%; the gibberellin response element, with 3.59%; the drought response element, with 3.07%; the low-temperature response element, with 2.71%; the auxin-responsive element, with 2.54%; the salicylic acid response element, with 2.25%; the defense and stress response element, with 1.98%; the element involved in anoxic specific inducibility, with 0.33%; and the wound response element, with 0.15%.




Figure 6 | Distribution of promoter cis-acting elements for 174 PeMYBs. The rightmost side of the image is labeled with rectangles of different colors representing different functional cis-acting elements. Chromosomal localization analysis of the PeMYBs genes in passion fruit.



In addition to the stress-related cis-regulatory elements, the PeMYBs contain 12 other functional elements, which are related to cell differentiation to meristematic and endosperm tissues, circadian regulation, cell cycle regulation, seed-specific regulation, zein metabolism regulation, photosensitive pigment downregulation, and flavonoid biosynthesis (Supplementary Table 3). This suggests that members of the PeMYBs may be involved in almost all relevant processes of the plant’s growth and development.





Chromosomal distribution of PeMYB genes

Using the passion fruit gff3 genome annotation information data, we extracted information on the chromosomal location (Figure 7). PeMYB173 is on Contig 4, PeMYB170 is on Contig 20, PeMYB172 is on Contig 3, PeMYB169 is on Contig 14, and PeMYB168 is on Contig 13. There were 45 members on the Chr1(~25.86%), 17 on the Chr2 (9.77%), 20 on the Chr3 (~11.49%), 13 on the Chr4 (~7.47%), 12 on the Chr5 (~6.90%), 28 on the Chr6 (~16.09%), 8 on the Chr7 (~4.60%), and 16 on the Chr8 (~9.20%). The total number of chromosomes was 9.20%, and 10 genes were found on the ninth chromosome, accounting for 5.75% of the total.




Figure 7 | Chromosome localization analysis of PeMYB family members. The leftmost scale indicates the genetic length of the chromosomes, and the purple rectangle represents each chromosome of passion fruit. The chromosome number is located to the left of each chromosome. Scale units are megabases (Mb).







Analysis of the protein interaction network of MYB gene in passion fruit

The results of the protein interaction analysis of PeMYBs of P. edulis and Arabidopsis protein mapping are shown in Figure 8. There are 32 PeMYBs and 32 proteins with known functions that constitute the outer and inner circles of the protein interaction network, respectively. The outer circle of the protein AT5G47390 is involved in plant growth and development, the removal of excess reactive oxygen species from the plant, and the regulation of phytohormone synthesis (Lu et al., 2014; Huang et al., 2015). The CDC5 protein may regulate defense responses through transcriptional control and is essential for natural plant immunity. It has sequence-specific DNA sequence “CTCAGCG” binding activity. CDC5 is involved in mRNA splicing and cell cycle control. It may also play a role in the response to DNA damage (Zhang et al., 2013). FLP protein is a transcription factor that binds to DNA in the 5’-GGCGC-3’ cis-regulatory element of cell cycle gene promoters, including cell cycle proteins, cell cycle protein-dependent kinases (CDK), and components of the prereplication complex. FLP together with FAMA and MYB88 ensures that stomata contain only two guard cells (GCs) by performing a single symmetric precursor cell division prior to stomatal maturation (Yang, 2016). MAC3B may be a ubiquitin protein ligase, primarily involved in pre-mRNA splicing and DNA repair (by similarity). The components of the MAC complex that may regulate the defense response through transcriptional control are therefore essential for natural immunity in plants (Li et al., 2018). The above relationships for these proteins are consistent with existing reports on the function of MYB transcription factors in plants, suggesting that members of the MYB transcription factor family of passion fruit may also have these functions.




Figure 8 | Analysis of the protein interaction network of PeMYB family members. The inner pink circles represent the passion fruit PeMYBs, and the outer purple circles represent the proteins that may interact with PeMYBs mapped in Arabidopsis.



The above functional findings suggest that members of the PeMYBs may also possess these functions.





Intra-species covariance analysis of the PeMYBs

The result of the intra-species covariance analysis showed that there are 68 collinearity pairs involving 112 members (Figure 9). Approximately 64.3% of the PeMYBs could have been generated by duplication events, suggesting that gene duplication may have been critical to the expansion of the PeMYBs. Ka/Ks values were calculated by TBtools to understand the selection patterns of tandem repeat pairs in PeMYBs. The results showed that Ka values ranged from 0 to 0.9376, and K values ranged from 0 to 4.9523 (Supplemental Table 4). Notably, the 12 duplicated gene pairs had Ka/Ks values of NaN. Two gene pairs did not have Ka/Ks values because they had Ks values of 0 by manual inspection, and we found that mutations between the sequences occurred at the nucleic acid level. A total of 87 PeMYB gene duplication pairs had Ka/Ks ratios ranging from 0.0728 to 1.65, with only one gene pair, PeMYB26–PeMYB28, having Ka/Ks values greater than 1 (1.657), suggesting that these two genes were subjected to positive gene selection. Our examination of the amino acid sequences revealed that they differed by only one amino acid with a non-synonymous substitution. The above results suggest that the passion fruit MYB repeat genes have undergone mainly negative purifying selection during evolution, which has helped the passion fruit MYB gene family to maintain its function to some extent.




Figure 9 | Analysis of covariance within PeMYBs species. Schematic diagram of the collinearity of PeMYBs. The gray and red lines represent all homozygous blocks and duplicated R2R2-MYB gene pairs in the passion fruit genome, respectively. Corresponding chromosome numbers are shown for each chromosome.







Analysis of covariance among different species of PeMYBs

As shown in Figure 10, there were 7,473, 3,118, 25,224, and 14,638 genes associated with A. thaliana, Oryza sativa, P. trichocarpa, and Vitis vinifera, respectively, and 210, 36, 237, and 187 homologous gene pairs were identified in passion fruit, respectively. These results suggest that P. edulis is evolutionarily closer to A thaliana and P. trichocarpa, which are dicotyledons (Song et al., 2022).




Figure 10 | (A) Analysis of covariance between passion fruit and Arabidopsis thaliana and Oryza sativa. (B) Analysis of covariance between passion fruit, Populus trichocarpa, and Vitis vinifera. The letters on the left side of the picture are the Latin abbreviations of each species. The gray lines in the background indicate co-linear blocks in the genomes of passion fruit and other plants, while the blue lines highlight homozygous MYB gene pairs.







The transcript data of PeMYBs analysis under different stress treatments

The expression profiles of PeMYBs under various abiotic stresses were investigated using RNA-seq data (Figure 11A). The results showed that the PeMYBs have different response degrees to various abiotic stresses. Most genes were induced, and some genes were suppressed, such as PeMYB12/3176/87/118. Under salt stress, 26 genes were induced; for example, the expression levels of 10 genes, such as PeMYB10/19/44, were upregulated when treated with salt stress for 3 days, but reduced after 10 days. A total of 11 gene expressions were decreased by day 3 and then upregulated by day 10. Under low-temperature stress, the transcript levels of 16 genes (PeMYB9/12/26/28) were upregulated, and some were suppressed, such as PeMYB10/17/30/40. The expression levels of PeMYB4/5/6/14/19/46/48/59/61/70/83/102/148 were suppressed when treated for 20 h and increased after 48 h. Under drought stress, PeMYB6/28/43/125/128/129/133/137/141/145/150/154/159/165 expressions upregulated as the stress level intensified. PeMYB122/129/140/153/170 expressions increased and then downregulated with the increase in drought stress. Under high-temperature stress, the transcript levels of PeMYB8/12/34/38/41/42/43 were upregulated. These results suggest that most of the PeMYBs are involved in and closely related to the stress resistance process. This may also indicate that passion fruit MYB genes are widely involved in abiotic stresses and could play an influential role in future passion fruit genetic breeding studies.




Figure 11 | Heat map analysis of transcriptome data among PeMYB family members with different abiotic stresses (A), different fruit development periods (B), and different resistant varieties (C). The expression profile of PeMYBs in passion fruit. The higher expression levels of PeMYBs in passion fruit are shown in blue, the higher expression levels of PeMYBs in the leaves of different resistant varieties are shown in blue, and the higher expression levels of PeMYBs in the three fruit development stages are shown in red.



We also performed the transcript sequencing of three different fruit ripening stages (T1, T2, and T3) (Xia et al., 2021), from which we analyzed the expression levels of all PeMYBs. The results showed that all genes were expressed in three periods, and the expression of most genes was higher at T1 and T2. However, there were a few genes with higher expression at T3, such as PeMYB9 and PeMYB13 (Figure 11B).

A total of 77 MYB genes were found to be more highly expressed in yellow fruit than in purple fruit (Figure 11C). A total of 17 members, such as PeMYB 2/45/52, were only expressed in purple fruits. However, 11 members (PeMYB16/26/43) were only expressed in yellow fruit. These results suggest that there are still significant differences in the expression of MYB transcription factors between the two cultivars.





Expression patterns of PeMYBs under different abiotic stresses

Ten PeMYBs with differentially expressed genes under different stress treatments were selected and verified by qRT-PCR. The results showed that the trend of expression is consistent with the transcriptome sequencing analysis (Figure 12; Supplementary Table 5), and the expressions of PeMYB31/34/70/87/104/114/133 were changed under drought stress. PeMYB34/76/87/104/114/118/133 responded to salt treatment. The genes that responded to cold treatment were PeMYB12/31/34/70/76/87/104/114/118/133, and the genes that responded to high temperatures were PeMYB12/31/34/70/87/104/114/118/133. The qPCR results were consistent with the trend of the transcriptome data, which also suggested that PeMYBs might function in the stress resistance of passion fruit.




Figure 12 | Expression analysis of 10 PeMYBs under abiotic stress. The error bars indicate the standard error of three replicates. Statistical significance of the difference in expression between control and treated groups was analyzed using GraphPad software. Data are means ± SD of n = 3 biological replicates determined by Duncan’s multiple range test, with different letters indicating significant differences in expression means at p < 0.05.







PeMYB87 yeast (S. cerevisiae) functional verification test

The stress-tolerant gene can be expressed in the model organism, yeast (Jia et al., 2021). In this study, the PeMYB87 gene was selected for the functional validation test of yeast. The results (Figure 13) showed that yeast transfected with the PeMYB87 gene developed varying degrees of stress resistance, including high temperature, drought, and salt stresses. In addition to low-temperature stress, transgenic yeast of PeMYB87 grew better than the control under three other abiotic stresses, and transgenic yeast colonies performed best in withstanding high-temperature stress.




Figure 13 | The temperature and time of treatment are marked at the top of the picture, and the left side marks represent the different dilutions of yeast solution at 1, 10−1, 10−2, and 10−3, respectively. (A) Low temperature stress. (B) High temperature stress. (C) Salt stress. (D) Drought stress.








Discussion

MYB transcription factors have a diverse functional identity and can participate in regulatory networks that span almost the entire plant growth cycle (Allan and Espley, 2018); therefore, they are also the focus of functional studies of plant genes. Numerous studies of MYB transcription factors have already been published. A total of 155 and 198 MYB transcription factors have been found in two model plants, Arabidopsis and rice, respectively. A total of 256 MYB proteins were identified in peach (Prunus persica), namely, 128 R2R3MYB, 4 3R-MYB, 109 MYB-realted, 1 4R-MYB, and 14 atypical MYBs (Zhang et al., 2018). The MYBs of watermelon [Citrullus lanatus (Thunb.) Matsum and Nakai] were shown to contain 1 Cla3R-MYB, 89 ClaR2R3-MYB, and 72 ClaMYB-related genes (Xu et al., 2018). In tomatoes, 122 SlR2R3-MYB, 4 Sl3R-MYB, and 1 Sl4R-MYB were identified (Li et al., 2016). A total of 174 MYB transcription factors were identified in this study, of which 98 were 2R-MYB, 5 were R3-MYB, and 71 were MYB-relate; no 4R-MYB were identified. These results are similar to the results in P. trichocarpa, where 196 R2R3-MYB, 152 MYB-relate, 5 3R-MYB (mostly R2R3), and no 4RMYB were identified. In our screening analysis for members of the passion fruit MYB family, we identified an amino acid sequence with four repetitive MYB conserved structural domains (Supplementary Figure 1), but manually deleted it because of its missing start codon. In the future, additional sequences for the screening of 4R-PeMYB may be performed as genome sequencing and splicing technology advances. As seen in the phylogenetic tree analysis, above (Figures 1, 2), they are also extremely similar to Arabidopsis in terms of clustering, which may be due to their close kinship (Yang et al., 2021). At the same time, passion fruit MYB also produced specific clustering, which may be caused by the loss of the last ancestor of passion fruit and Arabidopsis after separation during the long evolutionary process (Xu et al., 2018), resulting in PeMYBs containing the conserved MYB structural domain as well as other, more conserved, motifs. The motif structures shown in Figure 4 also explain their failure to aggregate with Arabidopsis AtMYB-related members. In our study of PeMYB-relate phylogenetic analysis, the grouping we used was based on the six subgroups assigned to A. thaliana, and, in other research, there is a finer classification based on the different functions of the MYB-related genes. In the next in-depth study of the functions of PeMYB-related genes, we will make a finer classification. A number of studies have demonstrated that plant MYB genes have functions to resist stresses. For example, R2R3-MYB transcription factor RmMYB108 responds to low-temperature stress in Rosa multiflora and confers cold resistance in Arabidopsis (Dong et al., 2021); overexpression of Fragaria vesca MYB transcription factor gene (FvMYB82) improves salt tolerance and cold tolerance in Arabidopsis (Li et al., 2022); and R2R3-MYB transcription factor ZmMYB31 in maize positively regulates CBF gene expression and enhances resistance to cold and oxidative stress (Li et al., 2019), among others.

In this study, the results of the violin plot of the transcriptomic data generated under passion fruit stress are shown in Supplementary Figure 2, where the upper quartile and lower quartile values of MYB gene expression increased to different degrees with the intensification of various stresses, and the expression of most MYB changed. The upper edge of the violin plot under each stress was higher than the upper edge of the CK value, which may be the result of different levels of stress stimulating the expression of certain genes to increase them, and thus involve them, in the process of resisting the adverse environment. These genes will be the main targets of our future studies on the function of PeMYB transcription factors in resisting adversity.

A statistical analysis of transcriptome data from three passion fruit ripening periods using the Biozeron cloud platform (http://www.Cloud.biomiclass.com/CloudPlatform) yielded eight significantly different expression trends (Supplementary Figure 3), with the number of genes generating these eight trends accounting for 3.45%, 4.59%, 10.34%, 10.92%, 14.37%, 18.39%, 27.58%, and 10.34% of the total number of genes, respectively. Among them, trends one, six, seven, and eight are the highest expressed in the first period; two, three, and four are the highest in the middle period; and five is the highest in the third period. Passion fruit undergoes significant changes in the amount of its internal metabolites during ripening (Xia et al., 2021), and MYB transcription factors are very closely related to the metabolism and synthesis of plant flavonoids, which increase the accumulation of flavonoid substances by regulating the expression of key genes related to the flavonoid biosynthesis pathway, which, in turn, can inhibit the accumulation of reactive oxygen species (ROS) (Baba and Ashraf, 2019; Wang et al., 2019). As mentioned in the Introduction section, yellow-fruit passion fruits have higher sweetness and are more resistant to abiotic stresses than purple-fruit passion fruits. MYB transcription factors are involved in fructose accumulation and catabolism in addition to resisting stress, and can regulate fructose-active enzymes (FAZYs)-mediated regulation of sucrose: sucrose 1-fructosyltransferase (1-SST), fructan: fructan 1-fructosyltransferase (1-FFT), and fructan 1-exohydrolases 1, 2a, and 2b (1-FEH1, -2a, and -2b) (Wei et al., 2017a) in a regulatory network of source libraries involved. The peach PpTST1 gene can encode a vesicular membrane sugar transporter protein that regulates sugar accumulation in peach fruit, and its promoter has a cis-element that binds to MYB (Peng et al., 2020). The changes in the distribution of oligofructans after drought stress were correlated. In the heat map analysis of the transcriptome data from different passion fruit species (Wei et al., 2017b), we identified several PeMYB genes that were only expressed in yellow fruits, and whether these genes could play a role in the glycan metabolism of yellow fruits is a major area of future research. Among the PeMYBs promoter transient action elements studied above, a large number of light-responsive elements appeared in close association with the phenylpropanoid metabolic pathway (Hartmann et al., 2005). The high frequency of photoreactive elements in the analysis of PeMYBs cis-reactive elements suggests that passion fruit MYB transcription factors are likely involved in pigment synthesis, such as anthocyanin synthesis. PeMYB32/169/136/46 are clustered with AtMYB86/55/61/50, whose function is accretion. These functions are important in plant resistance to abiotic stresses. For example, the R2R3-MYB-like transcription factor PFG3 enhances the resistance of plants to drought stress by promoting the accumulation of flavonoids (Baozhu et al., 2022). In the construction of the phylogenetic tree, PeMYB30 was associated with AtMYB11, AtMYB111, and AtMYB12, three Arabidopsis functions related to the accumulation of flavonol and flavon glycosides. The results of the protein interaction network analysis provide an important reference for exploring the functional validation of key proteins during plant life events. In the next study, we will integrate the transcriptome sequencing results and the results of the biotransformation analysis to select key genes and use the available biological techniques to deepen the analysis of abiotic stress resistance in passion fruit. The results are based on the mapping of known functions of Arabidopsis genes to PeMYBs, which will allow us to build on the results of this analysis to more specifically explore more the PeMYB genes, and thereby to elucidate the important steps affecting the growth and development of passion fruit. In the future, we will further validate the function of the PeMYBs gene using yeast monohybrid, yeast dihybrid, and luciferase assays. Environmental requirements for growth, such as temperature, soil moisture, and light, are also very stringent. Therefore, it is necessary to select and breed resistant varieties of passion fruit and conduct targeted breeding studies in order to cope with possible future climatic fluctuations.





Conclusion

In this study, we identified a total of 174 PeMYBs genes based on the whole-genome data of passion fruit and performed an in silico analysis of the PeMYB family, including physicochemical properties, subcellular localization, gene and cis-acting element structure, and chromosome localization, using bioinformatics tools (TBtools). A phylogenetic analysis and a protein interaction network analysis were also performed using model plants and closely related species to predict the function of PeMYBs. The biological function of the PeMYBs genes involved in stress resistance was resolved based on expression patterns from transcriptome data of resistant varieties, abiotic stresses, and fruit development stages. RT-qPCR was also used to verify the induced expression of 10 PeMYB genes under four abiotic stresses, and their differential expressions were consistent with the transcriptome sequencing results. In addition, PeMYB87 was transformed into yeast and analyzed for its biological function. The results showed that the transformed yeast produced significant resistance to high temperatures, drought, and salt stress. These findings set the stage for future in-depth studies of the function of PeMYBs in passion fruit and genetic breeding efforts.
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Lipid droplet-associated proteins (LDAPs) play essential roles in tissue growth and development and in drought stress responses in plants. Cotton is an important fiber and cash crop; however, the LDAP family has not been characterized in cotton. In this study, a total of 14, six, seven, and seven genes were confirmed as LDAP family members in Gossypium hirsutum, Gossypium raimondii, Gossypium arboreum, and Gossypium stocksii, respectively. Additionally, expansion in the LDAP family occurred with the formation of Gossypium, which is mirrored in the number of LDAPs found in five Malvaceae species (Gossypioides kirkii, Bombax ceiba, Durio zibethinus, Theobroma cacao, and Corchorus capsularis), Arabidopsis thaliana, and Carica papaya. The phylogenetic tree showed that the LDAP genes in cotton can be divided into three groups (I, II, and III). The analysis of gene structure and conserved domains showed that LDAPs derived from group I (LDAP1/2/3) are highly conserved during evolution, while members from groups II and III had large variations in both domains and gene structures. The gene expression pattern analysis of LDAP genes showed that they are expressed not only in the reproductive organs (ovule) but also in vegetative organs (root, stem, and leaves). The expression level of two genes in group III, GhLDAP6_At/Dt, were significantly higher in fiber development than in other tissues, indicating that it may be an important regulator of cotton fiber development. In group III, GhLDAP2_At/Dt, especially GhLDAP2_Dt was strongly induced by various abiotic stresses. Decreasing the expression of GhLDAP2_Dt in cotton via virus-induced gene silencing increased the drought sensitivity, and the over-expression of GhLDAP2_Dt led to increased tolerance to mannitol-simulated osmotic stress at the germination stage. Thus, we conclude that GhLDAP2_Dt plays a positive role in drought tolerance.
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Introduction

Upland cotton (Gossypium hirsutum L.) is widely cultivated as an important fiber crop globally (Ke et al., 2022; Mei et al., 2022). Cotton fibers can be woven, knitted, or felted to create a wide variety of fabrics. Xinjiang has a typical continental arid climate, with abundant sunshine and abundant heat (Yu et al., 2021). These special climatic conditions provide unique natural conditions for cotton planting, and Xinjiang has become the largest high-quality cotton production base in China. However, as a typical arid region in the north temperate zone, the ongoing water scarcity has severely impacted its cotton production. Thus, it is of utmost importance to uncover the molecular mechanisms of cotton in response to drought stress and breed drought-tolerant cotton cultivars.

Cytoplasmic lipid droplets (LDs) act as storage organelles with signaling roles during development and stress (Müller et al., 2017; Huang, 2018; Kretzschmar et al., 2020; Huang et al., 2022). These functions can be accomplished by storing functional molecules such as triacylglycerols and sterol esters (Richardson, 2020). Structurally, LDs consist of a neutral lipid core that is uniquely wrapped by a single phospholipid monolayer and coated with a variety of “coat” proteins that either bind directly to the LD surface from the cytoplasm or target the LD surface via the endoplasmic reticulum (ER) (Gidda et al., 2016). Among these LD-associated proteins, oleosins were the first family of LD proteins discovered in plant and have been well characterized (Shao et al., 2019). Oleosins can promote the formation of LDs via budding from the ER’s outer leaflet, as well as preventing the fusion of mature LDs during seed desiccation (Huang and Huang, 2015). Oleosins, however, are predominantly expressed in seeds and pollen grains, and they are almost absent in the vegetative tissues (Shimada et al., 2008; Lévesque-Lemay et al., 2016). There is emerging evidence that LDs also play important roles in physiological processes within vegetative tissues; thus, it is essential to gain insight into LD-associated proteins in vegetative tissues (Horn et al., 2013; Pyc et al., 2017).

The discovery of the lipid droplet-associated protein (LDAP) family has gained insight into the biogenesis and function of LDs in non-seeded tissues, which are characterized by a conserved REF domain (Horn et al., 2013; Brocard et al., 2017). Rubber elongation factor (REF) proteins were first identified in rubber particles, which contain small rubber particle protein (SRPP) and a smaller REF homolog, both of which promote rubber biosynthesis (Tang et al., 2016; Tong et al., 2017). LDAPs share a high sequence similarity with SRPP/REF proteins in rubber-accumulating plants, suggesting that LDs are rubber particle-like organelles that compartmentalize TAGs rather than polyisoprenes in non-rubber-producing plants (Pyc et al., 2021; Nam et al., 2022). Because of the close involvement of REF/SRPP proteins in rubber synthesis, their functions in rubber-producing plants are more intensively studied. In non-rubber-producing plants, these SRPP-like proteins were referred to as LDAPs (Gidda et al., 2016; Kretzschmar et al., 2020; Richardson, 2020). LDAP protein was originally identified in the mesocarp tissue of avocado (Horn et al., 2013). Subsequently, three ubiquitously expressed LDAP family members, LDAP1–3, were identified in Arabidopsis (Kim et al., 2016).

There is growing evidence that LDs play important roles in both the biotic and abiotic stress responses of plants (Kim et al., 2016; Yang and Benning, 2018). LD proliferation is a common cellular response in response to different abiotic stresses, and LDAPs are critical for LD proliferation during stress-related processes—for example, in Arabidopsis, the loss of LDAP3 resulted in fewer LDs in response to cold in comparison to the wild type, and the reduction of LDAP1 expression resulted in the reduced proliferation of LDs under heat stress (Kim et al., 2016; Pyc et al., 2021). Prior studies revealed that the LDAP genes and their SRPP homologs are strongly induced by abiotic stresses—for instance, among the five SRPP genes in Taraxacum brevicorniculatum, all except TbSRPP4 and TbSRPP5 were upregulated in response to abiotic stress, and transgenic Arabidopsis that overexpressed TbSRPP2 and TbSRPP3 exhibited better drought stress tolerance than wild-type plants (Laibach et al., 2018). In Capsicum annuum, the overexpression of CaLDAP1 resulted in enhanced tolerance to drought stress in comparison to the control plants (Kim et al., 2010).

Although the function of LDAPs has been reported in some species, little attention has been paid to the LDAP family in cotton. In the current study, we identified the LDAPs in four cotton species, including drought-tolerant diploid wild species (G. stocksii), allotetraploid cotton (G. hirsutum), and its diploid progenitors (G. arboreum and G. raimondii). Their features, including evolution, gene structure, expression patterns, and biological function, were further analyzed. We then investigated the role of GhLDAP2_Dt in drought stress. Overall, these results provide an understanding of the function of LDAPs in cotton.





Materials and methods




Identification of cotton LDAP genes

The genome sequences of the species used in this study were downloaded from public databases. The specific data sources for these genomic sequences are listed in Supplementary Table S1. Firstly, we used the LDAP protein sequences from A. thaliana as queries to search in the genome database with BLASTP search. Secondly, proteins containing the REF domain (PF05755) in the genome database were identified using the hidden Markov model search. Finally, all the non-redundant LDAP protein sequences were further identified using the following tools: Pfam (http://pfam.xfam.org/), SMART (http://smart.embl.de/smart/set_mode.cgi?NORMAL=1), and Batch CD-Search (https://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml).





Phylogenetic tree and gene structure analysis

For the phylogenetic analysis, the full-length LDAP protein sequences were aligned using ClustalW program (build-in MEGA 11) (Tamura et al., 2021), and a neighbor-joining tree was built using the bootstrap method with 1,000 replicates. The exon position was acquired from the gff3 file. The MEME Suite (http://meme-suite.org/tools/meme) was used to analyze the conserved motifs of cotton LDAP proteins using the following parameters: motif width that ranged from 6 to 200 residues and the maximum number of motifs equal to 10. Finally, the gene structure and conserved domains of LDAPs were displayed using TBtools (Chen et al., 2020).





Synteny and gene duplications analysis

Firstly, the whole genome protein sequences of G. kirkii, T. cacao, and the three cotton species (G. raimondii, G. arboreum, and G. hirsutum) were pairwise compared using BLAST. Then, a synteny analysis of inter- and intra-species LDAP genes was performed using MCScanX (Wang et al., 2012). We also used the MCScanX software to estimate gene duplication event types in these species.





Plant materials

G. hirsutum L. cv. Coker 312 (C312) was planted in a field in Hangzhou, Zhejiang. At the three-leaf stage, the seedlings were exposed to polyethylene glycol (PEG) 6000 solution between 0 and 24 h. The leaves were harvested at 0, 1, 3, 6, and 12 h post-treatment. The samples were then frozen in liquid nitrogen and stored at -80°C for RNA extraction and subsequent analysis. The GhLDAP2_Dt coding region was amplified using specific primers p2300-GhLDAP2F and p2300-GhLDAP2R (see Supplementary Table S1) and cloned into the XbaI and KpnI sites of the pCambia2300 vector to generate the 35S::GhLDAP2_Dt construct. The construct was transformed into Agrobacterium tumefaciens strain GV3101 and then transformed into wild-type Arabidopsis thaliana Columbia ecotype (Col-0) plants by the floral dip method (Zhao et al., 2019).





Virus-induced gene silencing of GhLDAP2_Dt

The cotton leaf crumple virus (CLCrV)-based virus-induced gene silencing (VIGS) vectors were used to silence GhLDAP2_Dt in cotton (Gu et al., 2014). A specific fragment of GhLDAP2_Dt was cloned into the SpeI and AscI restriction sites of the CLCrV-based vector to generate pCLCrV-GhLDAP2_Dt, and pCLCrV-CHLI (cotton magnesium chelatase subunit I) was used as a positive control. The specific fragment was amplified from C312 cDNA using the primers CLCRV-LDAP2-F/CLCRV-LDAP2-R. The vectors were subsequently transformed into Agrobacterium tumefaciens strain GV3101. The cotyledons of 7-day-old C312 cotton seedlings were then injected with equal amounts of Agrobacterium expressing the CLCrV vectors as previously described. Real-time PCR was used to check the interference efficiency using primers GhLDAP2-F and GhLDAP2-R (Supplementary Table S2). Cotton Ubiquitin7 gene (GhUBQ7, accession number: DQ116441) was used as an internal control.





Stress tolerance assays

For the germination assay, sterilized seeds of wild-type and GhLDAP2_Dt transgenic Arabidopsis were planted on MS medium saturated with 400 mM mannitol and incubated at 4°C for 48 h before being transferred to 22°C under a 16/8-h light/dark regime. The seeds were considered germinated when radicles completely penetrated the seed coat. Germination was scored daily up to 10 days to calculate the germination rate. Growth was monitored using cotyledon greening rate on the 10th day post-germination. For the drought tolerance assay, control and GhLDAP2_Dt-silenced plants were subjected to natural drought treatment when the plants produced the third true leaf for approximately 3 weeks, after which watering was resumed.





Gene expression pattern analysis

The expression levels (fragments per kilobase per million reads, FPKMs) of the LDAP family were extracted from the high-throughput G. hirsutum TM-1 transcriptome sequencing data (PRJNA490626) (Zhang et al., 2015). The raw RNA-seq data of G. stocksii and G. arboreum were downloaded from NCBI under project PRJNA712942 (Yu et al., 2021). Heat map charts were generated based on the FPKM values, and images were created using TBtools software (Chen et al., 2020). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed as previously described (Zheng et al., 2021). The gene-specific primers used in the qRT-PCR are listed in Supplementary Table S2. The 2−ΔΔCt method was applied to calculate the relative gene expression levels.






Results




Identification of LDAP genes in four cotton species

In the combined results of BLASTP search, hmmsearch, and CDD check, a total of 14, six, seven, and seven genes were confirmed as LDAP family members in G. hirsutum, G. raimondii, G. arboreum, and G. stocksii, respectively. The gene ID and physical location of these LDAPs are listed in Supplementary Table S3. To study the phylogenetic relationship of LDAP genes among A. thaliana and cotton species, a phylogenetic tree was constructed using MEGA 11. These genes were grouped and named according to their phylogenetic relationships. The phylogenetic tree showed that the LDAP genes can be divided into three groups (I, II, and III) (Figure 1). Each group contains one Arabidopsis LDAP gene and multiple cotton LDAP genes. In group I, the genes in three diploid cottons (G. raimondii, G. arboreum, and G. stocksii) showed a one-to-one correspondence. However, in group III, GrLDAP7 and GrLDAP8 were absent from the clustering of their corresponding homologous genes in G. arboreum and G. stocksii. In group II, LDAP5 only existed in the D genome (G. raimondii) and Dt-subgenome (G. hirsutum), which might have arose from independent gene expansion events in D/Dt-subgenome.




Figure 1 | Phylogenetic tree of lipid droplet-associated proteins in Arabidopsis and species of cotton. The outer circle is marked in green, brown, and blue, which represent groups I, II, and III, respectively.







LDAP family expansion with the Gossypium formation

Since the copy number of genes may play a dose–effect when functioning, we investigated whether the amplification of LDAP genes accompanied the evolution of cotton. To elucidate the evolutionary history of the LDAP family, we observed the LDAP gene numbers in other complete-sequenced Malvaceae species (G. kirkii, B. ceiba, D. zibethinus, T. cacao, and C. capsularis), A. thaliana, and C. papaya. The gene ID and physical location of these LDAPs are listed in Supplementary Table S4. Their phylogeny trees were performed based on single-copy orthologous genes (Figure 2A). The results show that the LDAP family underwent expansion in G. raimondii, G. Kirkii, B. ceiba, and D. zibethinus compared with those in other species (T. cacao, A. thaliana, C. capsularis, and C. papaya), which is mirrored in the number of LDAPs found in these species (Figure 2A). G. kirkii and G. raimondii are the closest relatives among these species (Figure 2A). To better understand the process of LDAP family expansion accompanied with G. kirkii or G. raimondii formation, the LDAP proteins identified from G. raimondii, G. Kirkii, T. cacao, and A. thaliana were aligned to construct a phylogenetic tree. As shown in Figure 2B, these LDAP proteins were divided into three distinct groups (I, II, and III). Each group contains one LDAP from A. thaliana and one LDAP from T. cacao, whereas in groups I and II, one LDAP from A. thaliana corresponds to more than one homologous gene from G. raimondii, and in group III, the number of LDAP genes in G. kirkii was three times that in A. thaliana. These results showed that the number of LDAP genes increased approximately twofold with the formation of G. kirkii or G. raimondii, and the expansion appears to occur independently in the two species.




Figure 2 | LDAP gene family expansion with the Gossypium formation. (A) The tree topology reflects the inferred phylogenetic analysis among Malvaceae species (G. kirkii, B.ceiba, D.zibethinus, T. cacao, and C. capsularis), A. thaliana, and C. papaya. The genome size and LDAP gene numbers for each species are shown separately on the right. (B) Phylogenetic analysis of lipid droplet-associated proteins in A. thaliana, G. raimondii, T. cacao, and G. kirkii..







The presumed expansion process that occurred in G. kirkii and G. raimondii

To further detect the expansion process that occurred in G. kirkii and G. raimondii, we identified the orthologous genes in these species. Firstly, the LDAP protein sequences in G. raimondii and G. kirkii were aligned with each other using BLAST, and the result showed that the three LDAP genes in G. kirkii (GkkLDAP1, GkkLDAP2, and GkkLDAP5) showed the highest sequence similarity (identity >90%) with the three LDAP genes in G. raimondii (GrLDAP2, GrLDAP6, and GrLDAP4), respectively, while the sequence similarity between the other genes in G. raimondii and G. kirkii was lower (identity <70%) (Supplementary Table S5). In addition, OrthoFinder was used to identify the orthologous genes, and three orthologous gene pairs (GkkLDAP1-GrLDAP2, GkkLDAP2-GrLDAP6, and GkkLDAP5-GrLDAP4) were found between G. kirkii and G. raimondii (Supplementary Table S6). Subsequently, the LDAP genes of G. kirkii and G. raimondii were aligned to those of T. cacao, and a collinearity analysis was performed with each other. The result showed that the three orthologous pairs between G. kirkii and G. raimondii showed the highest sequence similarity to the three LDAP genes in T. cacao and were located on the larger collinearity blocks between species (Figure 3, Supplementary Table S5). In summary, the three orthologous pairs in G. kirkii and G. raimondii are highly conserved during evolution, and they may be derived from the common ancestor of the two species, while other LDAP members in G. kirkii and G. raimondii may have arose from species-specific duplication events. Furthermore, MCSCAN was used to detect the genome duplication events of G. raimondii and G. kirkii through self-blast. The results showed that GkkLDAP3 may have arose from ancient member GkkLDAP2 via segment duplication, and then a tandem duplication of GkkLDAP3 occurred to form GkkLDAP4. For G. raimondii, GrLDAP3 and GrLDAP6 may have arose from ancient member GrLDAP2 via segment duplication, while GrLDAP5 may have arose from ancient member GrLDAP4 via tandem duplication (Figure 3, Supplementary Table S7).




Figure 3 | Collinearity analysis and gene duplication events among G. kirkii, T. cacao, and G. raimondii. The two ends of the blue lines are oriented toward the orthologous genes between G. kirkii and T. cacao and between G. raimondii and T. cacao, respectively. The green arrows represent segment duplication events that occurred within species, and the black triangles represent tandem duplication events within species.







Gene structure and conserved motif analysis of LDAP genes

To assess the evolution of LDAP genes that preceded and followed allopolyploid formation, we performed a collinear analysis of LDAP genes among the two diploids (G. raimondii and G. arboreum) and the tetraploids (G. hirsutum) (Figure 4). Five, seven, and five orthologous gene pairs were identified between the genomes of G. arboreum and G. raimondii, G. arboreum and G. hirsutum, and G. raimondii and G. hirsutum, respectively, indicating that most of the LDAP loci among these species were significantly conserved during cotton evolution. Additionally, their structural diversity analysis was performed based on the Generic Feature Format (gff3) files. As shown in Figure 5, LDAPs are multiple-exon genes (two to 11 exons), and the genes close to each other in the phylogenetic tree exhibited highly similar exon patterns. The exon pattern for genes in group I were the most similar, where 14 of 16 genes in this group have three exons. However, the exon patterns of genes in groups II and III showed larger variability—for example, the exon numbers in group III ranged from two to 11. Additionally, MEME was used to discover the conserved motifs in LDAP genes. In total, 10 motifs were identified in the LDAP genes, where motifs 1, 2, 3, 4, 5, and 7 are located in the REF domain (Figure 5, Supplementary Figure S1). Members of the same subfamily mostly have similar motif components. Motifs 1–4 were present in more than 80% of the genes in group III, motif 5 was mainly present in group I and II members (except for GaLDAP4), motif 6 was only present in LDAP genes in subgroup I, motif 7 and motif 9 were only present in members of groups II and II, and motif 8 and motif 10 were only present in LDAP8 genes (Figure 5).




Figure 4 | Collinearity analysis of LDAP genes among G. hirsutum, G. arboreum, and G. raimondii. The ends of the blue lines are oriented toward the orthologous genes from the At and Dt sub-genomes of G. hirsutum. The ends of the green, brown, and red lines are oriented toward the orthologous genes between G. hirsutum and G. arboreum, G. hirsutum and G. raimondii, and G. arboreum and G. raimondii, respectively.






Figure 5 | Conserved motif and gene structure of LDAP genes in Arabidopsis and five cotton species.







Gene expression patterns of LDAP genes

To understand the biological function of LDAP genes, we examined the LDAP gene expression patterns based on the gene expression database of TM-1 (Zhang et al., 2015). As shown in Figure 6A, two genes in group I, GhLDAP2_At/Dt, showed a high expression level in all reproductive tissues (torus, petal, anther, sepal, bract, and filament) and vegetative tissues (root, stem, and leaves). The other members in group I (GhLDAP1_At/Dt and GhLDAP3_At/Dt) were also expressed in various tissues but only at higher levels during ovule development. However, the expression of three LDAP genes of group II were not detectable in each tissue (Figure 6A). For group III members, GhLDAP6_At/Dt showed the highest expression level in all tissues, the expression level of GhLDAP8_At/Dt was low in each tissue, while GhLDAP7_At was not expressed in various tissues (Figure 6A). As fiber is an important economic product of cotton, we also analyzed the expression pattern of GhLDAPs in different periods of fiber development. Similarly, the genes with the highest expression levels during the different periods of fiber development were also LDAP2_At/Dt and LDAP6_At/Dt, among which the FPKM values of LDAP6_At/Dt in 10 DPA and 15 DPA fiber were significantly higher than those in other tissues (Figure 6A), indicating that they have a potential role in fiber development. Additionally, we also analyzed the expression patterns of LDAP genes under different abiotic stresses (PEG, NaCl, cold, and hot) (Figure 6B). The results showed that GhLDAP2_At/Dt were strongly induced by various abiotic stress environments, and the expression of the GhLDAP2_Dt was induced to a greater extent than that of GhLDAP2_At.




Figure 6 | Gene expression profiles of LDAP genes in different tissues (A) and under different abiotic stresses (B).



Based on the RNA-Seq data of G. stocksii and G. arboreum to PEG-simulated drought stress (Yu et al., 2021), we analyzed the expression patterns of LDAP genes in PEG-stressed G. arboreum and G. stocksii, respectively. The results showed that the expression levels of GaLDAP2 and GsLDAP2 were significantly induced in PEG-stressed G. arboreum and G. stocksii, respectively (Supplementary Figure S2). Taken together, the expression levels of LDAP2 genes in all three cotton varieties (G. hirsutum, G. stocksii, and G. arboreum) were significantly induced after PEG treatment, suggesting a potential role for LDAP2 in coping with drought stress. Subsequently, the function of GhLDAP2_Dt in response to drought stress was further analyzed.





GhLDAP2_Dt acts as a positive regulator in cotton during drought stress

The transcription levels of GhLDAP2_Dt following PEG treatment were further confirmed through qRT-PCR in drought-tolerant G. hirsutum ‘S08’. The result showed that the transcript levels of GhLDAP2_Dt were significantly upregulated at 3 h of PEG-treated plants compared with those of water-treated plants (0 h) and reached a maximum at 12 h of PEG treatment (Figure 7A), suggesting that GhLDAP2_Dt may play an important role in cotton responses to drought stress. To further confirm the role of GhLDAP2_Dt in modulating drought stress in cotton, CLCrV-based VIGS was conducted to interfere with the expression of GhLDAP2_Dt and obtain GhLDAP2_Dt-silenced cotton. The interference efficiency was assessed using qRT-PCR, and the result showed that the transcript level of GhLDAP2_Dt in GhLDAP2_Dt-silenced plants (CLCrV::GhLDAP2_Dt) was significantly lower compared with that of the control (CLCrV::00) (Figure 7B). Following the drought treatment for nearly 3 weeks, in the GhLDAP2_Dt-silenced plants, we observed chlorosis and wilting, whereas the control plants displayed mild symptoms. After the rewatering treatment, the leaves of control plants fully expanded and returned to normal growth, while the GhLDAP2_Dt-silenced plants still remained dry (Figure 7C). Thus, reduced transcript levels of GhLDAP2_Dt lead to increased sensitivity to drought in cotton.




Figure 7 | Effect of silencing of GhLDAP2_Dt in cotton under drought stress. (A) Expression pattern of GhLDAP2_Dt in C312 after 20% PEG treatment. (B) GhLDAP2_Dt expression levels in the leaves of GhLDAP2-silenced (CLCrV::GhLDAP2_Dt) and control (CLCrV::00) cotton. (C) Phenotypes of drought-stressed GhLDAP2-silenced and control cotton plants. GhUBQ7 was used as the reference gene. The asterisks indicate statistically significant differences as determined by Student’s two-tailed t-test (*P < 0.05, **P < 0.01).



In addition, we overexpressed GhLDAP2_Dt in Arabidopsis. Three overexpression lines (OE3, 4, and 8) with high transcript levels of GhLDAP2_Dt were used for further studies. Moderate or severe drought also imposes osmotic stress, and the tolerance of OE lines to mannitol-simulated osmotic stress was determined during germination stage, and tolerance analysis was performed by calculating the seed germination rate and cotyledon greening rate. When germinated on normal MS medium, the plant phenotype showed no significant difference among WT and OE lines. However, when these lines were germinated on MS medium containing 400 mM mannitol, the WT displayed delayed germination initiation and grew more slowly than the OE lines did (Figures 8A, B). When treated with 400 mM mannitol for 10 days, the cotyledon greening rate of OE seedlings was significantly higher than those of WT seedlings (Figures 8A, C). Thus, in transgenic Arabidopsis with overexpressed GhLDAP2_Dt, it was observed that there was enhanced resistance to mannitol-simulated osmotic stress.




Figure 8 | Osmotic tolerance of GhLDAP2_Dt transgenic Arabidopsis. (A) Assay of GhLDAP2_Dt-over-expressing (OE) and wild-type (WT) Arabidopsis seed germination after 10 days in MS medium supplemented with 400 mM mannitol. (B) Seed germination rate on MS agar plates saturated with 400 mM mannitol. (C) Cotyledon greening rate for OE lines and WT plants after mannitol treatment. Asterisks indicate statistically significant differences, as determined by Student’s two-tailed t-test (*P < 0.05, **P < 0.01).








Discussion

Recent studies have shown that LDAP proteins play an essential role in plant growth, development, and response to abiotic stresses (Horn et al., 2013; Gidda et al., 2016; Pyc et al., 2017). With the development of genome sequencing technology, whole-genome analyses of the LDAP gene family have been performed in several plants, including Hevea brasiliensis, Taraxacum brevicorniculatum, and A. thaliana (Kim et al., 2016; Tang et al., 2016; Laibach et al., 2018). Cotton is an important fiber and cash crop (Sun et al., 2022); however, the LDAP family has not been characterized in cotton. Nowadays, high-quality whole genomes of G. hirsutum, G. arboreum, G. raimondii, and G. stocksii, respectively, have been better sequenced (Yang et al., 2019; Wang et al., 2021; Yu et al., 2021). With this, we identified and characterized the LDAP genes in cotton to gain insight into their roles therein.

Allopolyploid cotton may have appeared through hybridization and subsequent polyploidization events between the A- and D-subgenome progenitors that occurred in the last 1–2 million years (Li et al., 2014; Huang et al., 2020). Upland cotton is a typical allotetraploid and offers a powerful model to study polyploidy formation in evolution. In this study, a total of 13, six, and seven LDAPs were identified in G. hirsutum, G. raimondii, and G. arboreum (Figure 1). The number of LDAPs in tetraploid cotton G. hirsutum is close to the total number in diploid cotton G. raimondii and G. arboreum, and the LDAPs of tetraploid corresponded to LDAPs of diploid one by one and were clustered together within each sub-group in the phylogenetic tree (Figures 1, 4). These results indicated that the LDAP gene families of the A- and D-genome in diploids combined and formed the LDAP gene family in neoallopolyploids, which occurred during the hybridization and polyploidization of two diploid progenitors to form the allopolyploid cotton.

We also identified the LDAP gene family members in species other than the Gossypium genus to elucidate the evolutionary history of the LDAP gene families. Gossypioide species G. kirkii is a sister species to Gossypium (Wang et al., 2020), and similar LDAP gene numbers were identified among G. kirkii and two diploid Gossypium species (not less than five), while other species, such as T. cacao, C. capsularis, C. papaya, and A. thaliana, only have three LDAP genes (Figure 2A), indicating that the LDAP family expansion occurred accompanied with the formation of Gossypium species. The earliest plants had one or only a few ancient genes, and the genes of modern plants descended and radiated from these predecessors by gene duplications (Carretero-Paulet et al., 2010; Feller et al., 2011). Combining the results of BLASTP, OrthoFinder, and MCSCAN, we identified three ancient members in G. raimondii and G. kirkii, respectively, and other members in G. raimondii and G. kirkii were generated after the divergence between G. raimondii and G. kirkii through species-specific duplication events (Figure 3). LDAPs share a high sequence similarity with the SRPPs found in rubber-accumulating plants (Horn et al., 2013). Previous studies have suggested that the expansion of the REF/SRPP family in rubber-producing plants may correlate with their rubber production capacity (Tang et al., 2016). The expansion of the LDAP family in Gossypium indicated that the LDAP family members act an essential role in the development of cotton; however, what exactly that role is needs to be further explored.

It has long been thought that gene duplication can lead to at least three functional outcomes, including neofunctionalization, subfunctionalization, and non-functionalization (Feller et al., 2011; Zhang et al., 2020). The analysis of gene structure and conserved domains showed that LDAPs derived from group I (GhLDAP1/2/3) are highly conserved during evolution (Figure 5), and the gene expression pattern of these genes showed that they are expressed in all tissues, especially in ovules where they were highly expressed (Figure 6), indicating that these genes are functionally conserved during evolution. Members from group II, GhLDAP4 and GhLDAP5, had large variations in both domain and gene structure, and their gene expression pattern showed that they are not expressed in all tissues (Figures 5, 6), indicating that they are not conserved during evolution and have undergone non-functionalization. Similarly, members from group III, GhLDAP6, GhLDAP7, and GhLDAP8, also had large variations in both domain and gene structure, and the gene expression pattern analysis showed that, except for GhLDAP6, which is highly expressed in all tissues, all other genes were barely expressed in all tissues, indicating that these genes undergo large mutations resulting in non-functionalization during the duplication process.

Because LDs are mainly present in seeds, studies on LD-associated proteins, especially oleosins, in higher plants have mainly focused on seed development and germination (Lévesque-Lemay et al., 2016; Shao et al., 2019). The plant seed is an organ formed by the maturation of the ovule in flowering plants. In this study, the gene expression pattern analysis of LDAP genes showed that they are expressed not only in reproductive organs (ovule) but also in vegetative organs (root, stem, and leaves) (Figure 6). The broader gene expression pattern of LDAPs suggested a more general function in the entire plant life cycle for LDAPs rather than the major role for oleosins in maintaining stability during seed development. Fiber yield and quality are the most important production traits in cotton, and mining functional genes that can regulate cotton fiber development is an important way to improve cotton fiber quality (Ke et al., 2022). In this study, we found that the expression level of GhLDAP6_At/Dt was significantly higher in fiber development than in other tissues, indicating that it may be an important regulator of cotton fiber development. The function of LDAP family genes during cotton fiber development has not been reported. The present study provides a new excellent candidate gene for cotton fiber improvement, and its function in cotton fiber development needs to be further verified by obtaining its stable genetic material subsequently. In other species, LDAPs have also been reported to be involved in abiotic stress in plants (Kim et al., 2010; Kim et al., 2016)—for instance, AtLDAP1–3 overexpression transgenic plants exhibited better drought tolerance than wild-type Arabidopsis (Kim et al., 2016). Considering the close involvement of LDAPs in abiotic stress, we identified the LDAPs induced by the abiotic stress in G. hirsutum and found that GhLDAP2_At/Dt, especially GhLDAP2_Dt, were strongly induced by various abiotic stress environments. Decreasing the expression of GhLDAP2_Dt in cotton via VIGS increased the drought sensitivity and over-expression of GhLDAP2_Dt, leading to increased tolerance to mannitol-simulated osmotic stress at the germination stage. Thus, we conclude that GhLDAP2_Dt plays a positive role in drought tolerance, which is potentially useful for engineering drought-tolerant cotton.
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Rusty root syndrome is a common and serious disease in the process of Panax ginseng cultivation. This disease greatly decreases the production and quality of P. ginseng and causes a severe threat to the healthy development of the ginseng industry. However, its pathogenic mechanism remains unclear. In this study, Illumina high-throughput sequencing (RNA-seq) technology was used for comparative transcriptome analysis of healthy and rusty root-affected ginseng. The roots of rusty ginseng showed 672 upregulated genes and 526 downregulated genes compared with the healthy ginseng roots. There were significant differences in the expression of genes involved in the biosynthesis of secondary metabolites, plant hormone signal transduction, and plant–pathogen interaction. Further analysis showed that the cell wall synthesis and modification of ginseng has a strong response to rusty root syndrome. Furthermore, the rusty ginseng increased aluminum tolerance by inhibiting Al entering cells through external chelating Al and cell wall-binding Al. The present study establishes a molecular model of the ginseng response to rusty roots. Our findings provide new insights into the occurrence of rusty root syndrome, which will reveal the underlying molecular mechanisms of ginseng response to this disease.
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1 Introduction

Ginseng (Panax ginseng C. A. Meyer), which commonly refers to the dried root and rhizome of P. ginseng, is known worldwide for its potent pharmacological activities, including its antiaging, antidiabetic, immunomodulatory, anticancer, and neuromodulatory properties (Kiefer and Pantuso, 2003; Zheng et al., 2012; Yang et al., 2014; Wang et al., 2016; Zheng et al., 2018). As a precious and important traditional Chinese medicine, ginseng has been cultivated for more than 4,000 years. Currently, the main cultivation areas of ginseng are in China and South Korea; it is also grown in Japan, North Korea, Canada, and the United States. The northeastern region is the most important ginseng production area in China. In addition, the phylogeny and population genetics of ginseng suggest that Fusong town in Northeast China might be the domestication center of Asian ginseng, as the variety grown there is closest to wild ginseng (Li et al., 2015). As a perennial medicinal plant, the active ingredients of ginseng will accumulate over time. Ginseng takes 4–6 years of consecutive cultivation to obtain high-quality ginseng with good medicinal properties. However, after 4 years of continuous planting, soil-borne diseases increased, resulting in significantly reduced yield and quality (Kim et al., 2017; Farh et al., 2018).

The rusty root is one of the most destructive root diseases of ginseng, characterized by small or large reddish-brown spots on the surface of the ginseng roots. This disease has attracted considerable attention due to its significant yield decline of between 20% and 30% per year and great economic losses (Garbeva et al., 2004). Rusty root-affected ginseng has less fibrous roots and reddish-brown to orange-brown irregular discolored lesions on the surface of the ginseng tap or lateral roots. In seriously diseased fields, sometimes even the whole root is covered with reddish-brown spots. Often, superficial lesions are easily scraped off, revealing the white healthy tissue inside. Presently, the cause of rusty root syndrome is still controversial. Some studies have shown that rusty root was closely related to the rhizosphere soil conditions (such as higher moisture, nitrate concentrations, and active Al species) and are considered a non-infectious physiological disease (Liu et al., 2014). Furthermore, microbes also play a key role in this disease, as suggested in other studies that ginseng root could be infected by putative pathogens, including bacteria (Choi et al., 2005; Lee et al., 2011), fungi (Rahman and Punja, 2005; Reeleder et al., 2006; Guan et al., 2014; Lu et al., 2015; Lu et al., 2020), or a combination of both (Ellouze et al., 2014; Liu et al., 2019), and showed rust symptom after inoculation of the isolates.

In this study, high-throughput sequencing was employed to systematically characterize changes in the healthy and rusty ginseng transcriptome. The results showed that the response of ginseng to the disease involved hormones (BR), Ca2+, HR, and cell wall-related signals. Our findings provide not only a new understanding of the origin of this disease but also a theoretical basis for its prevention and treatment.




2 Materials and methods



2.1 Plant materials

P. ginseng samples were collected in Henglu, Ji’an City, Jilin Province (41°34′65″N, 125°81′65″E; 428 m). These were randomly selected from 100 m2 of a 4-year ginseng plantation, and three healthy (CK) and rusty root (RR) ginseng plants were collected from the selected area as three biological replicates. The rusty ginseng samples were covered with red rust-colored lesions throughout the root.

The collected ginseng root tissues were rinsed with RNase-free water and then drained with clean paper. The ginseng root tissue was cut into small pieces ≤0.5 cm2 and quickly placed into the pre-cooled RNase-free threaded cryotube with written numbers. The samples were immediately frozen in liquid nitrogen for 1 h and then transferred to −80°C for long-term storage.




2.2 Library construction and sequencing

Total RNA Purification Kit, TRK1001 (LC Science, Houston, TX, USA), was used to extract the total RNA of six P. ginseng samples following the operation manual. RNA contamination and degradation were monitored on 1% agarose gels. The total RNA quantity and purity were measured using Bioanalyzer 2100 and RNA 1000 Nano LabChip Kit (Agilent, Santa Clara, CA, USA) with RIN number >7.0. Poly(A) RNA was purified from a total of 5 μg of RNA in two rounds using poly-T oligo-attached magnetic beads. After purification, the mRNA was fragmented into small pieces using divalent cations at elevated temperatures. The cleaved RNA fragments were then reverse transcribed according to the mRNA-seq sample preparation kit (Illumina, San Diego, CA, USA) to create the final cDNA library with an average insert size of 300 bp ( ± 50 bp) for the paired-end libraries. Then, we performed the paired-end sequencing on an Illumina HiSeq 4000 (LC Sciences, Houston, TX, USA) following the supplier’s recommended protocol.




2.3 Transcriptome analysis

We aligned sequencing reads to the Ginseng Genome Database (http://ginsengdb.snu.ac.kr/) reference genome using Hisat package v.2.0 (Kim et al., 2015). The Hisat software initially removed a part of the reads based on the quality information accompanying each read and then mapped the reads to the reference genome.

Mapped reads of each sample were assembled using StringTie (v.1.3.0) (Pertea et al., 2015). Then, all transcriptomes from samples were merged to reconstruct a comprehensive transcriptome using perl scripts. After the final transcriptome was generated, the expression levels of all transcripts were estimated using StringTie and edgeR. edgeR was used to perform the expression level of mRNAs by calculating FPKM (fragments per kilobase of transcript per million mapped reads). Differential expression analysis of the two groups was performed using the R package (v.3.2.5). The differentially expressed mRNAs and genes were selected using |log2(foldchange)| ≥ 1 (p < 0.05) as selection criteria.




2.4 Quantitative real-time PCR

The expression of differential expression genes was verified by quantitative real-time PCR (qRT-PCR) on a Real-Time PCR System (analytikjena-qTOWER2.2) using 2× SYBR® Green Supermix (China). The specific primers of differentially expressed genes (DEGs) were designed by the online website (https://bioinfo.ut.ee/primer3-0.4.0/primer3/), and all of the primers used in this study are listed in Table S2. RNA was extracted from three biological replicates of rusty root-affected and healthy ginseng roots, and cDNA was synthesized using TUREscript 1st Strand cDNA Synthesis Kit (Aidlab). For each reaction system, 0.5 μl of the forward and reverse primers and 1 μl of the cDNA template were added. Conditions of qRT-PCR were as follows: 95°C (3 min), followed by 39 cycles of 95°C (10 s), 60°C (30 s), and 72°C (30 s). The 2−ΔΔCt method was used to calculate the relative gene expression level (Arocho et al., 2006), which was log2 transformed and plotted against the corresponding means data from the RNA-seq and qRT-PCR.




2.5 Statistical analysis

In this study, all of the data are represented as the mean ± SD of the three technical replicates. Student’s t-test was used for statistical comparison between the CK and RR groups. Statistical analysis was performed with Microsoft Excel 2010. We considered p < 0.05 to be statistically significant.





3 Results



3.1 Transcriptome sequencing identified differentially expressed genes in rusty root

To gain a global overview of the rusty root transcript profile, healthy (CK) and rusty root-affected ginseng (RR) samples were sequenced by Illumina HiSeq 4000. Three biological replicates were designed in two groups. A total of six samples were obtained. In this study, a total of 267,199,488 raw reads were generated by sequencing CK vs. RR samples. After removing adaptor sequences and low-quality sequences, 49,741,788, 37,829,990, 37,235,008, 25,698,520, 46,584,096, and 40,707,226 clean reads were obtained (Table 1). These data were then mapped onto the Ginseng Genome Database (http://ginsengdb.snu.ac.kr/) reference genome using Hisat software, resulting in most of the valid reads being well-matched with the reference genome. It indicated that the transcriptome data were deemed suitable for the subsequent analysis.


Table 1 | Summary of RNA-seq quality information.



The expression levels of the genes from the ginseng transcriptomes were calculated and normalized to FPKM values. Through comparison with healthy ginseng samples, and using |log2(foldchange)| ≥ 1 (p < 0.05) as selection criteria, 1,198 genes (672 upregulated, 526 downregulated) with significant differential expression were identified in the diseased ginseng (Table S1). Compared with healthy ginseng, only external two to three layers of cells were affected and displayed a red to brown color in the rusty root-affected ginseng (Luo et al., 2022). In this study, we found that there was less differential expression of genes, which may be due to the high content of white ginseng root tissue (the unaffected root tissue).

To validate the reliability of the RNA-seq data, eight DEGs were selected to investigate their transcriptional expression in the P. ginseng roots via qRT-PCR using gene-specific premiers (Table S2). To compare the expression data between RNA-seq and qRT-PCR, the relative expression level was transformed to log2(foldchange). The results showed a strong correlation between the RNA-seq and qRT-PCR data (R2 = 0.976; Figure 1), demonstrating the reliability of the RNA-seq expression profile in this study.




Figure 1 | Validation of gene expression from RNA-seq by qRT-PCR analysis. Eight differentially expressed genes were randomly selected and used to examine the expression profiles by qRT-PCR analysis. The values from RNA-seq data were plotted against the corresponding qRT-PCR values and fitted into a linear regression. The R2 represents the correlation coefficient.






3.2 Functional classification of DEGs

To characterize the functions of all these DEGs, we performed gene ontology (GO) enrichment analysis to classify all the DEGs into 107 biological processes (BP), 18 cellular components (CC), and 52 molecular functions (MF) depending on p-value < 0.05 (Table S3). The DEGs in GO-enriched categories of the biological processes were mainly involved in the oxidation–reduction process, the ethylene-activated signaling pathway, the response to cadmium ion, and cell wall organization. In the cellular component, most of the DEGs were significantly mapped to the extracellular region, the membrane, the plasmodesma, and the cell wall. According to molecular function, the DEGs were mainly associated with transcription factor activity and oxidoreductase activity (Table 2). GO enrichment results showed DEGs with functions related to binding activity, oxidoreductase activity, and transferase activity after infection with the rusty root of ginseng. These genes primarily participated in biological processes such as gene function regulation, plant hormone regulation, defense response to microorganisms, response to abiotic stress, secondary metabolite biosynthetic process, and cell wall organization.


Table 2 | GO enrichment analysis of up-and downregulated DEGs (p-value < 0.05).



In addition, we performed the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis to identify the metabolic pathways involved in the responses of rusty roots in P. ginseng. Based on the rich factors and p-values, the DEGs were significantly enriched in 22 main pathways. Among these, plant hormone signal transduction, pentose and glucuronate interconversions, fatty acid metabolism, biosynthesis of unsaturated fatty acids, and ascorbate and aldarate metabolism were significantly enriched of the DEGs (Figure 2; Table S4). The enrichment analysis results of the GO and KEGG showed the responses of ginseng to rusty root syndrome. Compared with those in healthy ginseng, many DEGs in rusty root-affected ginseng were involved in plant hormone signal transduction, plant–pathogen interaction, and synthesis of cellulose and lignin.




Figure 2 | Functional classification of the DEGs via KEGG analysis. The top 20 enriched KEGG pathways are indicated, with dot size representing the ratio of selected genes to total genes in the pathway and dot color illustrating adjusted p-values. The ordinate shows the name of the KEGG terms, and the abscissa shows the ratio of the number of differentially expressed genes annotated to the pathway and the total of genes annotated to the pathway. Gene number and p-value are shown on the right. DEGs, differentially expressed genes; KEGG, Kyoto Encyclopedia of Genes and Genomes.



According to the analysis, these pathways explained the possible roles of these DEGs in the occurrence of ginseng rusty roots. In the “biosynthesis of unsaturated fatty acids” pathway, most DEGs were annotated as omega-6 fatty acid desaturase/acyl-lipid omega-6 desaturase (Delta-12 desaturase) [EC:1.14.19.6 1.14.19.22], which usually played an active role in resisting environmental stresses such as cold, salt, and high temperature (Zhang et al., 2005; Wang et al., 2014), but their expression was mostly (17 of 18) promoted in the root of rusty ginseng (Table S4). The expression trend of these genes in diseased ginseng was contrary to the study of Gong et al. (2020).




3.3 Response of hormone-related genes to rusty root syndrome of ginseng

Plant hormones are secondary metabolites that regulate plant growth and development at extremely low concentrations. Therefore, we further examine the transcription level of hormone-related genes. The analysis detected 84 DEGs involved in the brassinosteroid (BR), jasmonic acid (JA), auxin (IAA), ethylene (ET), gibberellin (GA), abscisic acid (ABA), cytokine (CK), and salicylic acid (SA) biosynthesis, metabolism, and signal transduction in rusty ginseng (Figures 3; Table S5). It shows that plant hormones play an important role in the response of ginseng to rusty root disease, especially BRs. Among these DEGs, 19 of the 22 BR metabolism and signaling pathway genes in rusty roots were significantly downregulated compared with healthy ginseng roots (Figure 4). All seven TCH4 (xyloglucan: xyloglucosyl transferase), which encode xyloglucan endotransglycosylase (XET), were downregulated in the roots of diseased ginseng (Figure 4). Furthermore, 15 DEGs (nine upregulated/six downregulated) were enriched in rusty root syndrome of ginseng compared with healthy ginseng (Table S5). These were primarily involved in JA metabolism and signaling pathways, including the phospholipase A1, lipoxygenase, 12-oxophytodienoic acid reductase, transcription factor MYC2, and jasmonate ZIM domain-containing protein (Figure 4; Table S5). Nine of the 14 IAA-related genes were upregulated in diseased ginseng, such as those encoding indole-3-pyruvate monooxygenase, N-hydroxythioamide S-beta-glucosyltransferase, auxin influx carrier (AUX1 LAX family), auxin response factor, and SAUR family protein (Figure 4; Table S5). Nine of the 12 ET-related genes were significantly upregulated in rusty roots, including those encoding aminocyclopropanecarboxylate oxidases, serine/threonine-protein kinase CTR1, ethylene-responsive transcription factor 1, and ethylene-responsive transcription factor 2 (Figure 4; Table S5). Furthermore, nine GA-related DEGs (seven upregulated/two downregulated), six ABA-related DEGs (three upregulated/three downregulated), five cytokine-related DEGs (four upregulated/one downregulated), and one SA-related DEG (upregulated) were enriched in diseased ginseng compared with healthy ginseng (Figure 4; Table S5).




Figure 3 | Overview of plant hormone signal transduction pathway. This diagram represents the signaling pathway of eight plant hormones in Panax ginseng. The different colors of the frame indicate the different gene transcription in RR compared with CK (red frame, upregulation; blue frame, downregulation).






Figure 4 | DEGs related to plant hormone signal transduction. The heatmap was constructed according to the expression level of these functional DEGs, and its log2-fold expression limit was 2 (red) to −2 (green). DEGs, differentially expressed genes.






3.4 DEGs involved in the “plant–pathogen interaction” pathway

There were 48 DEGs involved in the “plant–pathogen interaction” pathway (Table S1). It is speculated that these genes may play a key role in the response of ginseng to rusty roots. Compared with healthy ginseng, downregulation of Ca2+-dependent protein kinases (CDPKs) and cyclic nucleotide-gated channels (CNGCs), which affected Ca2+ flow and usually led to hypersensitive response (HR), were detected in diseased ginseng. Although FLS2 was downregulated, its downstream induced some transcription factors (TFs) responsible for inducing defense-related genes in rusty ginseng, such as WRKYs. In addition, several genes associated with effector-triggered immunity, including Pti4, Pti6, RPM1, RAR1, RPS2, PBS1, EDS1, Rd19, HCD1, and WRKY1/2, were distinctly differential expressed in rusty roots of ginseng (Figures 5, 6).




Figure 5 | Overview of the plant–pathogen interaction pathway. The different colors of the frame indicate the different gene transcription in RR compared with CK (red frame, upregulation; blue frame, downregulation).






Figure 6 | DEGs related to plant–pathogen interaction. The heatmap was constructed according to the expression level of these functional DEGs, and its log2-fold expression limit was 2 (red) to −2 (green). DEGs, differentially expressed genes.



CNGCs, which participate in the plant autoimmune cascade of early hypersensitivity, are one of the important Ca2+-conducting channels (Wang et al., 2022). CDPKs are usually involved in Ca2+ signaling cascades (Boudsocq and Sheen, 2013). As a secondary massager, Ca2+ plays a crucial role in activating the downstream defense reaction. The downregulation of CDPKs and CNGCs may be related to HR. FLS2, a pattern recognition receptor (PRR), can trigger innate immunity in plants. The downregulation of the above genes may indicate that part of PAMP-triggered immunity (PTI) is inhibited in rusty roots. Overall, the immune system of rusty root-affected was inhibited, thus affecting the HR and cell wall reinforcement, being sensitive to external stress, and reducing the survival rate of ginseng.





4 Discussion



4.1 The rusty root syndrome of ginseng is related to cell wall biosynthesis and modification

In addition to maintaining the cell structure, the cell wall also directly affects the response to environmental stresses, acting as a physical barrier (Yan et al., 2021). To confirm the response of cell walls in ginseng roots to rusty root syndrome, the relevant GO terms are listed in Figure 7. The analysis results discovered that many genes related to cell walls were differentially expressed in rusty ginseng, indicating that cell walls played a key role in the response of ginseng to rusty roots. There are two typical cell walls in plants: primary cell wall (PCW) and secondary cell wall (SCW). Their biosynthetic components and cellular locations are clearly distinguished. Each plant cell is surrounded by relatively thin and extensible PCW, which is mainly composed of three polysaccharide-derived polymers: cellulose, hemicelluloses, and pectin. SCW mainly includes cellulose, hemicelluloses, and lignin biopolymers. Cellulose in plants is synthesized by Cellulose Synthase Complex (CSC) containing at least three different cellulose synthases (CESAs) and also requires endo-1,4-beta-d-glucanase (EG) activity (Vain et al., 2014). In diseased ginseng, we found that one cellulose synthase (UDP-forming) gene was upregulated, and two EG genes were differential expression (Figure 8). Xylans are a diverse family of hemicellulosic polysaccharides found in abundance within the cell walls of nearly all flowering plants (Smith et al., 2022). Two transcripts of xylan synthase had inhibited expression in the rusty ginseng root (Figure 8). Pectin is composed of three polysaccharides, homogalacturonan (HG), rhamnogalacturonan I (RG-I), and rhamnogalacturonan II (RG-II). The most abundant pectic polysaccharide is HG, which is synthesized by GAUT gene family of α-1,4-galacturonosyltransferases (Mohnen et al., 2012). The occurrence of rusty root disease inhibits the expression of GAUT gene in ginseng. The biosynthesis of lignin, the main component of SCW, involves the complex regulation of many enzymes, such as cinnamoyl CoA reductase (CCR), caffeoyl-CoA O-methyltransferase (CCoAOMT), shikimate O-hydroxycinnamoyltransferase (HCT), and ferulate-5-hydroxylase (F5H, CYP84A) (Vanholme et al., 2010). The gene encoding CCR is a key gene for lignin biosynthesis, which is induced to express under stress conditions (Srivastava et al., 2015). CCoAOMT is an enzyme involved in monolignol synthesis that affects the efficiency of lignification and lignin composition (Rakoczy et al., 2018). Downregulation of HCT gene, an essential enzyme of the phenylpropanoid metabolism, reduces lignin content in alfalfa (Medicago sativa L.) (Bhattarai et al., 2018). F5H is a cytochrome P450-dependent monooxygenase, which is the enzyme responsible for the last hydroxylation of the syringyl-type lignin precursors (Franke et al., 2000). All DEGs encoding these four lignin synthetases are upregulated (Figure 8). Class III peroxidases (PRXs) promote lignin polymerization by oxidizing lignin monomers (monolignols) (Hoffmann et al., 2020; Zhu et al., 2021), although a beta-glucosidase, which is thought to play a key role in lignification by releasing the monolignol aglycones, inhibits the expression in the root of diseased ginseng (Dharmawardhana et al., 1995). Six of the seven DEGs related to lignin synthesis were upregulated in rusty roots (Figure 8). The transcriptional abundance of lignin synthesis-related transcripts increased, indicating the lignification process of rusty ginseng was enhanced. Lignin deposition is one of the responses to stress.




Figure 7 | Statistics of GO terms related to the cell wall. GO, gene ontology.






Figure 8 | DEGs related to the cell walls. The heatmap was constructed according to the expression level of these functional DEGs, and its log2-fold expression limit was 2 (red) to −2 (green). DEGs, differentially expressed genes.



Arabinogalactan proteins (AGPs) and extensins are major members of the hydroxyproline-rich glycoprotein (HRGP) superfamily, which are unique components of plant cell walls (Tan et al., 2018). Glucuronosyltransferases are involved in the synthesis of the carbohydrate moieties of AGPs (Endo et al., 2013). AGPs in Arabidopsis positively regulate cell wall biosynthesis and root growth by regulating ABA signaling (Seifert et al., 2014; Hromadova et al., 2021). Extensins are involved in cell wall reinforcement in higher plants and defense against pathogen attacks (Castilleux et al., 2021). One AGP and five transcripts putatively coding for extension (including leucine-rich repeat extension, LRX) were all downregulated, while one glucuronosyltransferase was upregulated in the rusty root ginseng (Figure 8). LRXs modify cell wall expansion and also represent a connection between the cell wall and plasma membrane, perceiving extracellular signals and indirectly relaying this information to the cytoplasm (Herger et al., 2019). Additionally, blue copper protein, a gene putatively coding for a protein associated with the cell wall, was upregulated in rusty roots over fourfold (Figure 8). Cell wall modifications or alterations in cell wall structure are a common mechanism of defense against disease, and specific cell wall genes may contribute to plant defense. We found that there were differences in the expression profiles of cell wall-modifying genes. Expansins are plant cell wall-modifying proteins that have four subfamilies: α-expansin (EXPA), β-expansin (EXPB), expansin-like A (EXLA), and expansin-like B (EXLB) (Jin et al., 2020). As an important cell growth regulator, expansin also promoted interfascicular fiber cell elongation and cell wall thickness but did not alter the cellulose content in the cell wall (Li et al., 2017). XETs are most likely to modify the cell wall, which is the fundamental determinant of plant morphology (Xu et al., 1995). Two transcripts encoding EXPA were upregulated, while seven TCH4 and one EXLA were downregulated in the roots of diseased ginseng (Figure 8). Regulation of cell wall-modifying genes may underlie plant morphogenetic responses to the environment. BRs, a specific class of plant steroids, play a role in promoting growth involving cell division and elongation (Mandava, 1988; Hu et al., 2000; Sasse, 2003). Some BR-regulated genes have been proven to be related to cell elongation and cell wall organization (Goda et al., 2002). One of these genes is the TCH4 gene, which encodes the xyloglucan endotransglucosylase/hydrolase (XTH). It has been proposed that these specific XTH isoenzymes play a role in strengthening the lateral wall of root hairs and the cell walls of the root differentiation zone after the completion of cell expansion (Maris et al., 2009). The expression of the TCH4 gene in Arabidopsis is rapidly regulated by environmental variables, and changes in the expression level of the TCH4 gene directly lead to modifications in cell wall properties and structure (Xu et al., 1995). In our study, the mRNA levels of seven TCH4 genes were significantly reduced in the roots of rusty ginseng (Figure 4). It is revealed that the regulation of cell wall modifying enzyme genes is crucial to the regulation of plant morphogenetic response to the environment (Surgun and Burun, 2015). The reason for regulation is to change the properties of the cell walls so that plants can rapidly adapt to environmental conditions (Xu et al., 1995; Surgun and Burun, 2015). Our research results indicated that the occurrence of rusty root disease induces the cell wall modification of ginseng roots, which may also be one of the mechanisms for ginseng to adapt to stress. Omega-hydroxypalmitate O-feruloyl transferase (HHT1) could be involved in suberin biosynthesis. Suberin is a cell wall biopolymer with aliphatic and aromatic domains, which is synthesized in plant wound tissues to restrict water loss and pathogen infection (Molina et al., 2009). It was found that two HHT1 genes were induced to express in diseased ginseng (Figure 8). In addition, several cell wall-degrading enzymes (mainly polygalacturonase, beta-galactosidase, and pectinesterase), leading to cell wall loosening, were differential expressions (Figure 8). The modification in the cell wall may contribute greatly to the occurrence of rusty root syndrome.




4.2 The rusty root syndrome of ginseng is related to aluminum stress

Chinese scholars have reported that continuous cultivation of ginseng results in soil acidification, and the content of active Al in soil increases (Liu et al., 2014; You et al., 2015). Aluminum stress is believed to be related to the rusty root syndrome of ginseng (Zhou et al., 2017; Ma et al., 2021). Therefore, this study analyzed the expression of genes related to aluminum stress from the transcriptional level. Organic acid ions (including malate, citrate, and oxalate) secreted by plant roots can directly chelate external Al to prevent aluminum toxicity (Ma et al., 2001; Ryan et al., 2001). The expression of citrate synthetic enzyme CS (citrate synthase) and PEPCK (phosphoenolpyruvate carboxykinase, utilized in the dissimilation of malate/citrate) were decreased, while malate synthase MDH (malate dehydrogenase) was increased in rusty ginseng (Figure 9). Organic acids produced by plants are exuded outside the root to the rhizosphere through membrane transporters. The malate transporter ALMT (aluminum-activated malate transporter) and the citrate transporter MATE (multidrug and toxin extrusion) facilitate root malate and citrate exudation, respectively (Hoekenga et al., 2006). Transcription levels of two ALMTs were significantly upregulated in rusty ginseng roots (Figure 9). This study speculated that the synthesis and outward transportation of malate in ginseng roots were enhanced during the process of ginseng infection with rusty roots, indicating that malate played an important role in the rusty roots. In Arabidopsis thaliana, plant roots secrete both malate and citrate in response to Al stress, with malate being the major player in Al resistance (Liu et al., 2009). Accordingly, the increased malate synthesis and secretion might contribute significantly to the enhanced Al resistance in rusty ginseng, while the negative effect of reduced citrate synthesis on the Al resistance is negligible.




Figure 9 | DEGs related to aluminum stress. The heatmap was constructed according to the expression level of these functional DEGs, and its log2-fold expression limit was 2 (red) to −2 (green). DEGs, differentially expressed genes.



In addition to the organic acid exudation-based Al-resistance mechanism, another effective strategy for Al exclusion is the absorption of Al by plant cell wall polysaccharides. At a high Al concentration in the environment, barley may absorb ~85% of the peripheral Al into its root cell walls (Wang et al., 2006), and the giant alga Chara coralline may even absorb up to 99.9% of total Al into its cell walls (Taylor et al., 2000). The total aluminum content in the rusty ginseng was higher, and it mainly accumulated in the diseased root and its periderm (Zhou et al., 2017). The internal detoxification of plants utilizes the ALS (aluminum-sensitive) encoding tonoplast-localized ATP-binding cassette (ABC) transporter to chelate internal Al into the vacuoles (Larsen et al., 2007). The bacterial-type ABC transporter complex STAR1/ALS3 is responsible for the transport of UDP (uridine diphosphate)-glucose that can modify cell walls and therefore masks Al-binding sites (Larsen et al., 2005). The transcription level of ALS3 was inhibited in the rusty ginseng root (Figure 9). It indicated that the Al-binding sites of cell walls were exposed, while the internal detoxification of aluminum was weakened. The results of this study revealed that aluminum tolerance in rusty ginseng roots was mainly through external chelation aluminum and cell wall-binding aluminum to restrain aluminum into cells. Therefore, it is considered that the rusty root syndrome of ginseng is a spontaneous self-protection mechanism of ginseng under aluminum stress for a long time.

Some genes related to aluminum tolerance were induced to express in ginseng root infected with the rusty syndrome. It is reported that magnesium transporter (MGT) is one of the cellular targets of Al toxicity, and overexpression of MGT1 confers Al tolerance on the plant (Deng et al., 2006). Dehydrins (DHNs) are considered molecular protectors. MsDHN1 is involved in increasing the tolerance of alfalfa to Al stress (Lv et al., 2021). GABA has been reported to regulate the malate-transporting plasma membrane channel during Al stress in wheat (Ramesh et al., 2015; Ramesh et al., 2018). GABA synthetase glutamate decarboxylase (GAD) and four GABA transporters are upregulated (Figure 9). Ascorbate (AsA) and glutathione (GSH) are at the heart of the redox hub, and AsA–GSH system plays pivotal roles in Al tolerance. The changes in the levels and status of AsA and GSH were correlated with alterations in AsA–GSH cycle-allied enzymes, including ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR), monodehydroascorbate reductase (MDHAR), and glutathione reductase (GR). Compared with healthy ginseng, the transcriptional levels of four APXs were upregulated, while the expression levels of DHAR, MDHAR, and GR had no significant changes (Figure 9). The above results indicate that aluminum resistance-related genes are induced to express, and aluminum resistance function is activated in the root of rusty ginseng.

Transcriptome analysis provided clues for the molecular mechanism of ginseng-infected rusty roots. In conclusion, the immune system of rusty ginseng was inhibited, and the lignification process and the cell wall were enhanced. The aluminum resistance-related genes were induced, and the synthesis and outward transportation of malate were enhanced in the rusty roots of ginseng. It was indicated that the rusty ginseng increased aluminum resistance, and aluminum resistance mainly inhibited aluminum from entering cells through external chelating aluminum and cell wall-binding aluminum. Therefore, it is considered that ginseng rusty root syndrome is the spontaneous self-protection mechanism of ginseng under long-term aluminum stress.
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No. P

logous Genes Ks Ka/Ks MAY

1 PtHSF02(Chr01)/PtHSF07(Chr03) 0.0736 0.2508 0.2936 13.7814
2 PtHSF03(Chr01)/PtHSF18(Chr09) 0.0550 0.3091 0.1780 16.9833
3 PtHSF04(Chr01)/PtHSF29(Chr17) 0.0598 0.2441 0.2450 13.4143
4 PtHSF05(Chr02)/PtHSF10(Chr05) 0.0647 0.2504 0.2585 13.7571
5 | PtHSF19(Chr10)/PtHSF10(Chr05) 0.2654 1.9035 0.1394 104.5889
6 PtHSF21(Chr11)/PtHSF08(Chr04) 0.0983 0.3470 0.2833 19.0642
7 PtHSF22(Chr11)/PtHSF09(Chr04) 0.0630 0.2397 0.2629 13.1696
8 PtHSF23(Chr12)/PtHSF27(Chrl15) 0.1241 0.3667 0.3385 20.1472
9 PtHSF25(Chr14)/PtHSF06(Chr02) 0.0218 0.3139 0.0695 17.2490
10 PtHSF28(Chr16)/PtHSF11(Chr06) 0.0370 0.2440 0.1517 13.4067

Ka indicates non-synonymous substitution rate.
Ks indicates synonymous substitution rate.
MYA indicates million years ago.
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Molecular ~ Theoretical = Instability = Grand Average of = Subcellular AtSBP

Gene Name  Accession number ~ AA

Weight pl Index Hydropathicity Location Ortholog
PtHSF1 Potri,001G108100.1 344 | 3682662 497 55.66 0559 Nuclear | AT4G11660.1
PtHSF2 Potri.001G138900.1 596 | 6536932 549 64.08 0532 Nuclear | ATIG32330.1
PLHSF3 Potri.001G273700.1 w1 3129234 663 5672 ~0.61 Nuclear | ATIG46264.1
PtHSF4 Potri.001G320900.1 491 5470269 577 5661 ~0.77 Nuclear | AT4G13980.1
PtHSF5 Potri,002G048200.1 360 | 4114832 536 57.79 -0.808 Nuclear | AT3G22830.1
PtHSF6 Potri,002G124800.1 365 | 40440.67 8.15 5174 0468 Nuclear | ATIG46264.1
PtHSF7 Potri.003G095000.1 508 | 5569491 484 58.55 ~0.601 Nuclear | ATIG32330.1
PLHSFS Potri.004G042600.1 200 2402843 9.16 574 0655 Nuclear | ATIG32330.1
PLHSF9 Potri.004G062300.1 408 | 46,642.09 5.14 57.47 0843 Nuclear | AT4G18880.1
PLHSF10 Potri.005G214800.1 360 | 40,692.42 55 66.48 -0914 Nuclear | AT3G22830.1
PtHSF11 Potri.006G049200.1 27 | 26377.04 875 518 0753 Nuclear | AT2G41690.1
PtHSF12 Potri.006G115700.1 445 | 49,880.96 509 618 0634 Nudlear | AT5G03720.1
PHSFI3 Potri.006G148200.1 431 4849682 547 5138 0626 Nuclear | AT2G26150.1
PtHSF14 Potri.006G226800.1 389 | 4385692 496 56.8 0592 Nuclear | AT2G26150.1
PtHSF15 Potri,007G043800.1 286 | 31,018.89 481 37.61 0853 Nuclear | AT4G36990.1
PtHSFI6 Potri.008G136800.2 304 | 4480801 48 4054 0694 CY]:I:;II::I’M ATIG67970.1
PHSFI7 Potri.008G157600.1 319 4008403 5.15 57.84 0692 Nuclear | AT3G22830.1
PHSFIS Potri.009G068000.1 273 3155307 667 57.32 0586 Nudlear | ATIG46264.1
PLHSF19 Potri,010G082000.1 350 | 4133534 5.16 5543 0788 Nuclear | AT3G22830.1
PtHSF20 Potri.010G104300.1 393 | 44,690.88 47 4314 0705 Nucdlear | ATIG67970.1
PtHSE21 Potri.011G051600.1 22 | 243836 9.35 5341 ~0772 Nudlear | AT5G16820.2
PHSF22 Potri.011G071700.1 407 4626663 523 5495 0793 Nuclear | AT4G18880.1
PHHSF23 Potri.012G138900.1 302 | 3336624 5.04 50.83 0667 Nuclear | AT5G62020.1
PtHSF24 Potri,013G079800.1 500 | 5509151 5.54 57.66 -0619 Nudlear | AT5G16820.2
PtHSF25 Potri.014G027100.1 369 | 41,038.16 8.16 52.12 0564 Nudear | ATIG46264.1
PtHSF26 Potri.014G141400.1 444 50,7817 582 625 -0.806 Nudear | AT5G45710.1
PHSF27 Potri.015G141100.1 287 | 3175176 5.14 50.8 ~047 Nuclear | AT5G62020.1
PLHSF28 Potri.016G056500.1 229 | 2648598 6.78 55.59 -0732 Nudlear | AT2G41690.1

PtHSF29 Potri.017G059600.1 486 54,386.35 5.68 57.9 -0.752 Nuclear AT4G13980.1

PtHSF30 Potri.T137400.1 259 29,986.36 8.98 49.32 -0.548 Nuclear AT3G24520.1
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PeMYB-relate

Function

Reference

CCA1/R-R-like

At1g01060

PeMYBS, 6, 18, 74, 75, 76, 102, 118,
121, 122, 124, 140, 143, 159

Circadian clock

(Nguyen and
Lee, 2016)

Atl1gl18330 Circadian clock and auxin pathways (Nguyen and
Lee, 2016)
At1g70000 Anthocyanin biosynthesis (Nguyen and
Lee, 2016)
At2g46830 Circadian clock (Nguyen and
Lee, 2016)
At3g09600 Circadian clock by modulating the histone 3 acetylation (Nguyen and
Lee, 2016)
At5g37260 Circadian clock and seed germination (Nguyen and
Lee, 2016)
I-box-like
Ar2g21650 PeMYB39, 40, 60, 71, 89, 149, 150 Required for female gametophyte development (Pagnussat
et al,, 2005)
CPC-like
At2g30420 PeMYB33, 49 Involved in epidermal cell fate specification, inhibiting non-hair cell formation (Kirik et al,,
2004)
At2g30424 Acts as a negative regulator of trichome patterning and formation. (Gan et al,,
2011)
A2g30432 Acts as a negative regulator of trichome patterning and formation (Wang et al.,
2007)
At4g01060 Negative regulator of trichome development, effects on flowering development and epidermal ~ (Tominaga
cell size et al, 2008)
At5853200 Promotes the formation of hair developing cells (trichoblasts) in H position in root epidermis, (Leydon et al,,
probably by inhibiting non-hair cell (atrichoblasts) formation 2013)
At5g61420 Promotes aliphatic glucosinolate biosynthesis but represses indolic glucosinolate biosynthesis. (Hirai et al.,
Prevents insect performance 2007)
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DEGs DEGs
GO:0006355 Regulation of transcription, DNA-templated 61 34 0.00144
GO:0006351 Transcription, DNA-templated 47 20 0.02437
GO:0055114 Oxidation-reduction process 42 19 0.00000
GO:0009873 Ethylene-activated signaling pathway 15 7 0.00001
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G0:0071555 Cell wall organization 3 16 0.00011
GO:0006636 Unsaturated fatty acid biosynthetic process 16 0 0.00000
G0:0052696 Flavonoid glucuronidation 11 5 0.00003
Biological | 2, 0000813 Flavonoid biosynthetic process 11 5 0.00012
process
GO0:0006979 Response to oxidative stress 14 2 0.00284
GO:0009414 Response to water deprivation 7 9 0.01419
GO:0044550 Secondary metabolite biosynthetic process 9 6 0.00006
GO:0042742 Defense response to bacterium 10 5 0.01615
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GO:0009860 Pollen tube growth 6 2 0.00201
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G0:0005576 Extracellular region 29 30 0.00002
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S::“l’)l:wm GO:0005622 Intracellular 14 5 0.03808
GO:0048046 Apoplast 8 10 0.01545
GO:0043231 Intracellular membrane-bounded organelle 11 6 0.00505
GO:0009505 Plant-type cell wall 9 7 0.00300
GO:0046658 Anchored component of plasma membrane 5 6 0.02119
GO:0003677 DNA binding 54 32 0.00217
GO:0003700 Transcription factor activity, sequence-specific DNA binding 52 32 0.00005
GO:0043565 Sequence-specific DNA binding 17 10 0.00273
Oxidoreductase activity, acting on paired donors, with incorporation or reduction
GO:0016709 | of molecular oxygen, NAD(P)H as one donor, and incorporation of one atom of 12 6 0.00000
Molecular oeen
function GO:0016491 Oxidoreductase activity 17 1 0.00724
oy | o sl o st o b olistonoupt f o o
GO:0080043 Quercetin 3-O-glucosyltransferase activity 8 4 0.00076
GO:0080044 Quercetin 7-O-glucosyltransferase activity 8 4 0.00076
GO:0004553 Hydrolase activity, hydrolyzing O-glycosyl compounds 3 8 0.01282

GO, gene ontology; DEGs, differentially expressed genes.
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Sample Raw Clean Clean Clean Intergenic
S content mapped 5
name reads reads bases ratio (%) 5 b (%)
(%) (%)
CK1 51,971,074 | 49,741,788 746G 95.71 99.96 | 98.56 43 95.98 83.50 6.13 1037
CK2 38,194,514 | 37829990 567G 99.05 99.94 | 98.13 43 95.57 83.44 6.04 10.52
CK3 51,223,996 | 37,235,008 559G 72.69 99.88 | 97.91 43 94.58 86.05 5.13 882
RR1 32,365,634 | 25698520  3.85G 79.40 99.10 | 96.06 44 94.48 87.27 439 834
RR2 51,207,154 | 46584096 = 699G 90.81 99.93 | 98.39 43 95.58 86.06 4.96 898
RR3 42,147,116 | 40,707,226 = 611G 96.58 99.94 | 98.17 43 95.03 85.71 5.24 9.05

Q20 (%) and Q30 (%): the percentage of bases with Phred values >20 and >30, respectively.
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Pg_S0304.4 — citrate synthase (CS)
| Pg_S0080.6 — phosphoenolpyruvate carboxykinase (PEPCK)
Pg_S3991.16 — malate dehydrogenase (MDH)

Pg_S0987.23 — aluminum-activated malate transporter (ALMT)
Pg_S4265.2 — aluminum-activated malate transporter (ALMT)
Pg_S3077.14 — Aluminum sensitive 3 (ALS3)

Pg_S0713.2 — magnesium transporter (MGT)

Pg_S1973.24 — dehydrin (DHN)

Pg_S1124.6 — glutamate decarboxylase (GAD)

Pg_S5535.4 — GABA transporter
Pg_S0713.8 — GABA transporter
Pg_S0005.20 — GABA transporter
Pg_S1620.3 — GABA transporter
Pg_S1097.16 — L-ascorbate peroxidase (APX
Pg_S0956.15 — L-ascorbate peroxidase (APX
Pg_S7001.1 — L-ascorbate peroxidase (APX
Pg_S7001.3 — L-ascorbate peroxidase (APX
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‘ Pg_S2104.14 — cellulose synthase (CESA)
Pg_S2082.3 — endoglucanase (EG) 3.00
Pg_S3777.4 — endoglucanase (EG) 2.50

Pg_S1621.11 — 1,4-beta-D-xylan synthase 200
I Pg_S2290.6 — 1,4-beta-D-xylan synthase ;

Pg_S3063.6 — 1,4-beta-D-xylan synthase 1.50

Pg_S4286.16 — alpha-1,4-galacturonosyltransferase (GAUT) 1.00
Pg_S8334.2 — cinnamoyl-CoA reductase (CCR)
Pg_S1106.44 — caffeoyl-CoA O-methyltransferase (CCoAOMT) 0.50

Pg_S0171.31 — shikimate O-hydroxycinnamoyltransferase (HCT)

Pg_S5690.2 — shikimate O-hydroxycinnamoyltransferase (HCT)

| Pg_S6086.3 — shikimate O-hydroxycinnamoyltransferase (HCT)
Pg_S5887.4 — ferulate-5-hydroxylase (F5H, CYP84A)

Pg_S0171.13 — peroxidase (PRX)

Pg_S1619.3 — peroxidase (PRX)

Pg_S1799.20 — peroxidase (PRX)
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Pg_S0857.48 — CDPK
Pg_S8174.1 — CNGCs
Pg_S2844.11 — CNGCs
Pg_S0804.55 — FLS2

Pg_S2811.14 — Pti6
Pg_S1072.1 — Pti6
Pg_S0743.1 — Pti6
Pg_S3941.3 — Pti6

Pg_S2722.2 — MAP2K1
Pg_S4267.22 — FRK1

Pg_S1613.20 — WRKY33
Pg_S3578.15 — WRKY33
Pg_S1067.29 — WRKY22

Pg_S38782 — Pti6
Pg_S70442 — Pti6
Pg_S3664.2 — Pti6
Pg_S6427.7 — RPM1
Pg_S1137.7 — RPM1

Pg_S2342.2 — WRKY1
Pg_S1870.1 — BAK1
Pg_S6212.1 — BAK1
Pg_S1290.7 — BAK1
Pg_S1372.9 — BAK1
Pg_S1692.22 — BAK1
Pg_S1029.2 — BAK1
Pg_S6282.5 — BAK1
Pg_S8206.1 — Pti4
Pg_S0650.3 — Pti4
Pg_S1369.3 — Pti6
Pg_S2811.13 — Pti6
Pg_S0096.26 — Pti6
Pg_S4436.7 — Pti6
Pg_S0370.13 — Pti6

Pg_S3326.4 — RAR1
Pg_S2057.11 — RPS2
Pg_S3581.9 — RPS2
Pg_S0858.20 — PBS1
Pg_S4471.3 — PBS1
Pg_S1790.4 — PBS1
Pg_S33682 — PBS1
Pg_S0727.9 — PBS1
Pg_S9190.1 — PBS1
Pg_S6670.3 — EDS1
Pg_S0927.3 — EDS1
Pg_S2763.9 — Rd19
Pg_S5707.4 — HCD1
Pg_S0423.3 — HCD1
Pg_S8560.2 — HCD1
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Gene

Chrom.cfsome Transcript IEnath Protein Molecular Isoele.ctric Subc.ellt.‘llar
Position Length (bp) (bp) Length (aa) =~ Weight (kDa) Point Prediction

GaSS1 Cotton_AAZ_llsfgz_BGI- Chr1:140573723..140578374+ 4651 2196 731 81.227 546 Chloroplast
GaSSs2 Cottcn_AAz_ZV?;O_BGIA Chr2:86130759..86139632+ 8873 2016 671 75.647 6.77 Chloroplast
Gass3 C°"°"1AZ*3V‘§9§5*BGI' Chr5:33843588.33846626+ 3038 1830 609 67.111 8.62 Chloroplast
Gassd c°"°“*:2* 1V311§4*BGI' Chr6:15698849..15701607+ 2758 1827 608 67.084 634 Chloroplast
GaSS5 Co(ton_A.Az_ZVSlGSI_BGI- Chr9:74934872..74940781+ 5909 3558 1185 135.17 625 Extracellular
GasSs6 Cotton_AA2_1V715‘5)9_BGI— Chr9:89705935..89712616+ 6681 3135 1044 118.228 577 Chloroplast
Gass? C°“°"ﬁ“lﬁ6§3jm' Chr10:20189943.20198403- 8460 3489 1162 132724 6.24 Extracellular
GaSs8 ColtoniA.A{ZlelgS,BGI- Chr11:26022930..26026865+ 3935 2253 750 82.949 5.74 Chloroplast
GaSs9 Co(ton;\A{UvSlO‘Q)Z_BGI- Chr11:62987706..62992597+ 4891 1971 656 72.697 5.05 Chloroplast
Gass10 Cmton_AA2_l:,811‘2)5_BGIA Chr11:63240798..63243999- 3201 1827 608 66.958 847 Chloroplast
GassS11 Colton_AAz_llslz‘Qf_BGI— Chr12:48675283..48683515+ 8227 3159 1052 119.237 5.63 Chloroplast
GasSs12 COHOH’AAZ’ZV(’!S;S‘BGL Chr12:137175811..137182383+ 6572 1944 647 7191778 6.05 Chloroplast
GrSS1 Cotton_D_gene_10013308 Chr01:5598457...5603107+ 4651 2196 731 81.117 5.769 Chloroplast
GrSS2 Cotton_D_gene_10024047 Chr01:23646928...23654622+ 7695 3024 1007 114.091 5.594 Chloroplast
GrSS3 Cotton_D_gene_10022657 Chr04:10268874...10272618+ 3745 2531 609 66.988 8.5 Chloroplast
GrSS4 Cotton_D_gene_10012591 Chr06:43056052...43061045+ 4994 1971 656 72782 4.867 Chloroplast
GrSS5 Cotton_D_gene_10015367 Chr06:43293981...43297188+ 3208 1821 606 66.652 8.147 Chloroplast
GrSS6 Cotton_D_gene_10016794 Chr08:7142124...7144888+ 2765 1650 549 60.557 7.256 Chloroplast
GrSS7 Cotton_D_gene_10033842 Chr09:21343492...21351966+ 8475 3489 1162 132.827 6.724 Extracellular
GrSs8 Cotton_D_gene_10040942 Chr10:23975409...23977272- 1864 570 189 20.253 8.089 Chloroplast
GrSS9  Cotton_D_gene_10031225 Chr11:985740...992232- 6493 4149 1153 131.428 6475 Extracellular
GrSS10 Cotton_D_gene_10031504 Chr11:3185920...3192480- 6561 2889 962 108.615 6.104 Chloroplast
GrSS11 Cotton_D_gene_10006008 scaffold290:154678...158515+ 3838 2175 724 80.357 5.035 Chloroplast
GrSS12  Cotton_D_gene_10008486 scaffold285:712164...718641+ 6478 1944 647 72.072 642 Chloroplast
GrSS13  Cotton_D_gene_10010688 scaffold222:75924...76829+ 906 906 301 34.062 5.785 Chloroplast
GrSS14 Cotton_D_gene_10013359 scaffold180:848473...857423+ 8951 1926 641 71.983 7.082 Chloroplast
GbSS1 GB_A02G1761 A02:98299054...98307933+ 8880 2073 690 77.701 7.126 Chloroplast
GbSS2 GB_A05G1732 A05:16661154...16669615+ 8462 3489 1162 132.725 6.597 Extracellular
GbSS3 GB_A05G4447 A05:107379972...107386470+ 6499 1944 647 71.992 6.331 Chloroplast
GbSs4 GB_A06G2286 A06:117132110...117140342- 8233 3159 1052 119.256 5.725 Chloroplast
GbSS5 GB_A07G2420 A07:90943188...90947677+ 4490 2040 679 75.098 5.581 Chloroplast
GbSSe GB_A08G1355 A08:79330426...79333473- 3048 1830 609 67.172 8.497 Chloroplast
GbSs7 GB_A09G0181 A09:3698540...3702608- 4069 2253 750 82.988 5917 Chloroplast
GbSS8 GB_A09G2111 A09:73121959...73130900+ 8942 3102 1033 115.461 6.162 Chloroplast
GbSs9 GB_A09G2142 A09:73365067...73368271+ 3205 1827 608 66.921 8.187 Chloroplast
GbSS10 GB_A10G0124 A10:1075690...1081600- 5911 3462 1153 131.275 6.744 Extracellular
Gbss11 GB_A10G0399 A10:3456087...3462770- 6684 3135 1044 118.172 6.049 Chloroplast
GbSS12 GB_A12G2707 A12:98508732...98511629- 2898 1740 579 64.236 7.275 Chloroplast
GbSS13 GB_D03G0326 D03:3519642...3528626- 8985 2073 690 77.544 7.105 Chloroplast
GbSS14 GB_D04G0016 D04:151693...158435- 6743 1944 647 72.102 6.42 Chloroplast
GbSS15 GB_D05G1757 D05:15059306...15067748+ 8443 3489 1162 132.827 6.767 Extracellular
GbSS16 GB_D06G1349 D06:31157612...31162477+ 4866 1017 338 37.808 5412 Chloroplast
Gbss17 GB_D06G2386 D06:61740366...61751025- 10660 3252 1083 122,672 6.002 Chloroplast
GbSS18 GB_D07G2390 D07:52912370...52916947+ 4578 2196 731 81.379 5.679 Chloroplast
GbSS19 GB_D08G1322 D08:39182218...39185261+ 3044 1830 609 67.016 8.5 Chloroplast
GbSS20 GB_D09G0157 D09:3475019...3478932- 3914 2259 752 83.461 5.576 Chloroplast
Gbss21 GB_D09G1958 D09:48280845...48285821+ 4977 1971 656 72.639 4.825 Chloroplast
GbSS22 GB_D09G1991 D09:48495518...48498719+ 3202 1827 608 66.653 8.191 Chloroplast
GbSS23 GB_D10G0125 D10:1021366...1027189- 5824 3462 1153 131.208 6.455 Extracellular
GbSS24 GB_D10G0404 D10:3344628...3356225- 11598 3120 1039 117.711 6 Chloroplast
GbSS25 GB_D12G2710 D12:57707314...57710086- 2773 1827 608 67.068 6.381 Chloroplast
GhSS1 GH_A02G1732.1 A02:104491293...104500171+ 8879 2073 690 77.671 7.239 Chloroplast
GhSS2 GH_A05G1711.1 A05:16206432...16214893+ 8462 3489 1162 132.725 6.597 Extracellular
GhSS3 GH_A05G4356.1 A05:110561301...110567799+ 6499 1947 648 72.091 6.331 Chloroplast
GhSS4 GH_A06G2253.1 A06:125423524...125431717- 8194 3159 1052 119.24 5.746 Chloroplast
GhSS5 GH_A07G2327.1 A07:92499849...92504493+ 4645 2196 731 81.277 5.685 Chloroplast
GhSS6 GH_A08G1286.1 A08:83900643...83903690- 3048 1830 609 67.146 8.497 Chloroplast
GhSS7 GH_A09G0154.1 A09:3598910...3602625- 3716 2055 684 76.408 6.216 Chloroplast
GhSS8 GH_A09G1998.1 A09:77010191...77015075+ 4885 1971 656 7273 4.828 Chloroplast
GhSS9 GH_A09G2029.1 A09:77250958...77254164+ 3207 1827 608 66.87 8.187 Chloroplast
GhSS10 GH_A10G0118.1 A10:937473...943383- 5911 3462 1153 131319 6.744 Extracellular
Ghss11 GH_A10G0401.1 A10:3394242...3400925- 6684 3135 1044 118.136 6.212 Chloroplast
GhSS12 GH_A12G2609.1 A12:104424370...104427129- 2760 1827 608 67.14 6.923 Chloroplast
GhSS13 GH_D03G0332.1 D03:3500078...3509060- 8983 2073 690 7747 7.105 Chloroplast
GhSS14 GH_D04G0013.1 D04:237881...244435- 6555 1947 648 72171 6.42 Chloroplast
GhsS15 GH_D05G1743.1 D05:14809632...14818068+ 8437 3489 1162 132.669 6.723 Extracellular
GhSS16 GH_D06G1301.1 D06:31949898...31952341+ 2444 534 177 19.013 8.48 Chloroplast
GhSS17 GH_D06G2293.1 D06:64282074...64290270- 8197 3159 1052 119.233 5.879 Chloroplast
GhSS18 GH_D07G2271.1 D07:54299057...54303634+ 4578 2196 731 81.351 5.586 Chloroplast
GhsS19 GH_D08G1263.1 D08:40766146...40769189+ 3044 1830 609 67.033 8.449 Chloroplast
GhSS$20 GH_D09G0162.1 D09:3533864...3537785- 3922 2265 754 83.65 5.379 Chloroplast
Ghss21 GH_D09G1945.1 D09:46599042...46604020+ 4979 1971 656 72.687 4.861 Chloroplast
GhSS$22 GH_D09G1976.1 D09:46819582...46822783+ 3202 1827 608 66.653 8.191 Chloroplast
GhSS23 GH_D10G0128.1 D10:1045921...1051744- 5824 3462 1153 131.131 6.474 Extracellular
Ghss24 GH_D10G0421.1 D10:3351239...3362836- 11598 3120 1039 117.711 6 Chloroplast

GhSs25 GH_DI12G2632.1 D12:58611668...58614429- 2762 1827 608 67.095 6.641 Chloroplast
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Trait Dataset Marker Chr Pos(bp) LOD Add Dom r* P-  Sign. Gene Homologous gene in Arabidopsis Reference

(%) value
Gene  Symbol Annotation
PA X snp22231 5 8057446 68.17 0.28 -024 1.18 6.74E- SIG Glyma05g08060 AT1G08510.1 FATB fatty acyl-ACP Zhou et al.
69 (GmFATBIA) thioesterases B (2021)
PA VIII  snp22231 5 8057446 28.06 0.27 -0.12 3.19 877E- SIG  Glyma05g08060 AT1G08510.1 FATB fatty acyl-ACP Zhou et al.
29 (GmFATBIA) thioesterases B (2021)
OA 11 snp73103 15 3855027 21.11 140 1.09 249 7.77E- SIG Glymal5g05470 AT5G13170.1 SAG29 senescence- Miao et al.
22 (GmSWEET39) associated gene 29 (2020)
OA X snp4406 1 48527274 1118 0.03 -1.62 0.62 6.62E- SIG Glyma0lg36011 AT3G51520.1 DGAT2  diacylglycerol Chen et al.
12 (GmDGAT2D) acyltransferase (2016)
family
LA I snp25555 6 751417  4.41 -0.58 039 165 391E- SUG Glyma06g01240 AT4G34590.1 bZIP11 G-box binding Song et al.
05 (GmbZIP123) factor 6 (2013)
LA it snp22226 5 8031324 6.88 -0.83 039 231 132E- SIG Glyma05g08060 AT1G08510.1 FATB fatty acyl-ACP Zhou et al.
07 (GmFATBIA) thioesterases B (2021)
LA X snp4406 1 48527274 822 -0.03 1.15 049 6.10E- SIG Glyma0lg36011 AT3G51520.1 DGAT2  diacylglycerol Chen et al.
09 (GmDGAT2D) acyltransferase (2016)
family
LA IX snp35733 7 37646716 1381 -031 -1.79 056 156E- SIG Glyma07g32850 AT2G43710.1 SACPD  Plant stearoyl-acyl- Kachroo
14 (GmSACPD-A) carrier-protein et al. (2008)
desaturase family
protein
LA X snp84224 17 4309255 20.79 0.51 003 097 1.63E- SIG Glymal7g06120 AT2G19450.1 DGAT1 membrane bound  Zhao et al.
21 (GmDGATI1B) O-acyl transferase ~ (2019)
(MBOAT) family
protein
LA VII  snp25550 6 720481 9.24 -0.11 235 3.03 572E- SIG Glyma06g01240 AT4G34590.1 bZIP11 G-box binding Song et al.
10 (GmbZIP123) factor 6 (2013)
LNA I snp73103 15 3855027 21.14 -047 070 3.54 7.34E- SIG Glymal5g05470 AT5G13170.1 SAG29 senescence- Miao et al.
22 (GmSWEET39) associated gene 29 (2020)
LNA VI snp73103 15 3855027 44.81 -0.79 -0.08 566 157E- SIG Glymal5g05470 AT5G13170.1 SAG29 senescence- Miao et al.
45 (GmSWEET39) associated gene 29 (2020)
LNA  VII  snp73103 15 3855027 2883 -0.50 -0.52 2.58 147E- SIG Glymal5g05470 AT5G13170.1 SAG29 senescence- Miao et al.
29 (GmSWEET39) associated gene 29 (2020)
OIL VI snp7349 2 14128122 6.29 045 -0.17 3.09 5.17E- SIG Glyma02g15600 AT2G43710.1 SACPD Plant stearoyl-acyl- Kachroo
07 (GmSACPD-B) carrier-protein et al. (2008)
desaturase family
protein
OIL VI snp73103 15 3855027 1148 0.61 -0.19 1.61 334E- SIG Glymal5g05470 AT5G13170.1 SAG29 senescence- Miao et al.
12 (GmSWEET39) associated gene 29 (2020)

PA, palmitic acid; OA, oleic acid; LA, linoleic acid; LNA, linolenic acid; OIL, oil content; Dataset I ~ VIII, the detection of main-effect QTNs for the phenotype of seed oil-related traits in
NJ2011, NJ2012, NJ2014, NJ2015, NJ2016, WH2014, WH2015, and BLUP using Single-Env method of 3VmrMLM; Dataset IX, the detection of main-effect QTN for the phenotype of seed
oil-related traits across all environment using Multi-Env method of 3VmrMLM; Chr, chromosome; Pos, position; Add, additive; Dom, dominance; SIG, significant; SUG, suggestion.
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